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Abstract: The International Maritime Organization aims to reduce the total annual greenhouse gas emissions from ships by more 

than 50% by 2050. South Korea has established the goal of a 37% reduction in global greenhouse gas emissions by 2030, and many 

studies have been conducted in relation to this. In this study, a diesel fuel propulsion system with the same output as a fuel cell–

battery hybrid electric propulsion system was constructed as a test bed to demonstrate the fuel consumption and greenhouse gas 

emission reduction characteristics of fuel cell–battery hybrid electric propulsion systems. The characteristics of the exhaust emissions 

and fuel consumption were compared and analyzed under the load profile of actual ships operating in the sea. The exhaust emissions 

and fuel consumption of the diesel propulsion system installed on the test bed were measured and analyzed, and the economics of the 

two propulsion systems were evaluated by comparing the hydrogen consumption and price of ships using the fuel cell–battery hybrid 

system. Furthermore, a hybrid electric propulsion system using a fuel cell and a battery was designed to verify the stability of the 

ship’s load power system, and its usefulness and applicability to real ships were verified through simulation. 

Keywords: Proton-exchange membrane fuel cell (PEMFC), Lithium-ion battery, NOx, Sox 

1. Introduction
The International Maritime Organization has established 

regulations on exhaust emissions from ships to reduce the 

global greenhouse gas (GHG) [1] and aims to reduce the carbon 

dioxide emissions per voyage in international shipping by at 

least 50[%] by 2050. The Ministry of Environment in South 

Korea has also established the “2030 Greenhouse Gas 

Reduction Roadmap,” which includes the total permissible 

amount of GHG for the three years from 2018 to 2020, to 

achieve the national GHG reduction goal.  

To comply with these regulations on pollutant emissions, the 

shipping industry is reviewing the application of 

environmentally friendly propulsion systems to replace 

conventional diesel propulsion systems and is striving to 

develop electric ship propulsion systems with environmentally 

friendly energy sources [3][4]. 

In this study, we compared the environmental and economic 

characteristics of ships with a fuel cell–battery hybrid system 

with the same output as a target ship using a diesel engine as its 

power source. The actual operation load profile of the target 

diesel engine ship was established through measurements. The 

nitrogen oxide (NOx) emissions, carbon dioxide emissions, and 

fuel consumption from the operation of a diesel engine installed 

on a testbed in accordance with the load profile were measured 

and compared with those of a ship equipped with a fuel cell–

battery hybrid system to demonstrate the superiority of the fuel 

cell–battery hybrid system. Furthermore, to verify the stability 

of the ship’s load power system, a hybrid electric propulsion 

system was designed with a fuel cell and a battery, and its 

applicability to real ships was verified through simulation. 

2. Selection of Target Ship for Applying Fuel
cell–battery Hybrid System 

In consideration of the output of the fuel cell–battery hybrid 

system, the passenger vessel “Hansol No. 2,” which operates 

between Tongyeong Port and Somaemul Island, was selected as 
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the target ship. Table 1 lists the specifications of the target ship. 

The load profile was analyzed by investigating the operation 

characteristics of the ship. Then, the exhaust emission 

components for each engine load of the target diesel ship were 

measured and converted into masses. 

Table 1: Specifications of the Hansol No. 2 passenger vessel 
Content Parameter 

Capacity 230 passengers 

Length 33.80 [m] 

Breadth 6.00 [m] 

Depth 2.40 [m] 

Draft 1.90 [m] 

Displacement 109 [ton] 

Top speed 13 [knot] 

Power at top speed 500 [kW] × 2EA 

The one-way route from Tongyeong Port to Somaemul Island 

was divided into 9 sections, as shown in Figure 1, and the 

actual load profile was derived, as shown in Figure 2. 

Figure 1: Analysis of target vessel navigation route for load 

profile creation 

Figure 2: Hansol No. 2 load profile 

3. Simulation According to Load Profile

3.1 System configuration 
The fuel cell–battery hybrid electric propulsion system was 

composed of a fuel cell, battery, power converter, and 

propulsion motor, as shown in Figure 3. For the fuel cell, a 

low-temperature-type proton-exchange membrane fuel cell 

(PEMFC) with a 150[kW] output was applied. The battery 

was a lithium-ion battery with a capacity of 350 [kW].  

Figure 3: Basic block diagram of the fuel cell–battery hybrid 

electric propulsion system  

For the fuel cell, which is the power source of the hybrid 

electric propulsion system, a fuel cell stack and a fuel and air 

supply control system were designed using MATLAB/ 

Simulink, as shown in Figure 4. The “Simcoupler” tool was 

used for connection with the power analysis program PSIM. 

Using PSIM, the propulsion system was set up with a 

battery, power converter, and propulsion motor, as shown in 

Figure 5. 

Figure 4: Circuit configuration for fuel cell system simulation 
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Figure 5: Circuit configuration for propulsion system simulation 

3.2 Load profile sections 1, 3, 5, and 7 (only battery mode) 
The load profile sections 1, 3, 4, and 5 in Figure 1 and 

Figure 2 are the sections for arrival, departure, and narrow 

channel navigation, which require small propulsion power from 

the ship. Thus, these sections were simulated to make speed 

changes using only the battery. As shown in Figure 6, the ship 

was operated with a battery power of 150 [kW], propulsion 

motor power of 150 [kW], and rotation speed of 300 [rpm] 

according to the speed load. 

(a) Battery power of 150 [kW] 

(b) Propulsion motor speed of 300 [rpm] 

Figure 6: Battery power and speed in sections 1, 3, 5, and 7 

3.3 Load profile sections 4 and 8 (only battery mode) 
The load profile sections 4 and 8 in Figure 1 and Figure 2 

are short-distance low-speed navigation sections. The load 

profiles of these sections were simulated using the battery only. 

As shown in Figure 7, the ship was operated with a battery 

power of 250 [kW], propulsion motor power of 250 [kW], and 

rotation speed of 500 [rpm]. 

(a) Battery power of 250 [kW] 

(b) Propulsion motor speed of 500 [rpm] 

Figure 7: Battery power and speed in sections 4 and 8 

3.4 Load profile section 9 (fuel cell + battery mode) 
The load profile section 9 in Figure 1 and Figure 2 is a fuel 

cell and battery hybrid operation section, and a total 

propulsion power of 350 [kW] is required. As shown in 

Figure 8, the ship was operated through simulation with a fuel 

cell power of 150 [kW], battery power of 200 [kW], 

propulsion motor power of 350 [kW], and rotation speed of 

600 [rpm]. 

(a) Fuel cell power 150 [kW] 

(b) Battery power of 200 [kW] 
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(c) Propulsion motor speed of 600 [rpm] 

Figure 8: Fuel cell and battery power and speed in section 9 

3.5 Load profile sections 2 and 6 (fuel cell + battery mode) 
The load profile sections 2 and 6 in Figure 1 and Figure 2 

are full-speed navigation sections using the maximum power of 

the fuel cell and battery. As shown in Figure 9, the ship was 

operated with a fuel cell power of 150 [kW], battery power of 

350 [kW], propulsion motor power of 500 [kW], and rotation 

speed of 1000 [rpm]. 

(a) Fuel cell power of 150 [kW] 

(b) Battery power of 350 [kW] 

(c) Propulsion motor speed of 1000 [rpm] 

Figure 9: Fuel cell and battery power and speed in sections 2 and 6 

3.6 Simulation analysis results 
To evaluate the applicability of the fuel cell–battery hybrid 

propulsion system to real ships, the actual operation load profile 

of a diesel engine propulsion ship was measured and divided into 

9 sections. The propulsion system consisting of a 150 [kW] fuel 

cell, 350 [kW] battery, and 500 [kW] propulsion motor was 

simulated by applying the navigation conditions of the target ship. 

The simulation was performed by combining the fuel cell and 

battery to different extents depending on the navigation modes of 

departure, arrival, narrow channel navigation, full-speed 

navigation, long-distance navigation, and short-distance 

navigation. The results confirmed that the fuel cell power, battery 

power, propulsion motor power, and rotation speed were operated 

in the same load profile as that of the existing diesel ship. 

4. Exhaust Emissions and Fuel Consumption

Measurements of Target Ship 

4.1 Measurement of exhaust emissions 
The target ship selected for this study was a passenger vessel 

with two engines, each with 500 [kW] output power. To 

measure the fuel consumption of the engines in actual load 

profiles, 20 [%], 40 [%], 60 [%], 80 [%], and 100 [%] loads 

were applied to the 500 [kW] engine installed on the testbed. 

The exhaust output gas from a sample device was analyzed 

using a gas component analyzer. In addition, the carbon dioxide 

and NOx components in the exhaust emissions were converted 

to masses, and the quantified values were compared. 

4.1.1 Exhaust emission measurement results for load profile 

sections 1, 3, 5, and 7 

The exhaust emissions were measured for 10 s per session 50 

times, and average values were derived. As shown in Figure 10, 

the average value of carbon dioxide was 3.31 [vol-%], and the 

average value of NOx was 401.18 [ppm]. Converted to mass 

flow rates, they were 78,235.00 [g/h] for carbon dioxide and 

1,069.60 [g/h] for NOx. 

4.1.2 Exhaust emissions measurement results for load profile 

sections 4 and 8 

The exhaust emissions were measured 50 times for 10 s per 

session, and average values were calculated. As shown in 

Figure 11, the average value of carbon dioxide was 5.09 [vol-

%] and the average value of NOx was 761.73 [ppm]. When 
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converted to mass flow rates, they were 130,584.00 [g/h] for 

carbon dioxide and 2,195.50 [g/h] for NOx. 

Figure 10: Gas emission measurement data for Load profile 

sections 1, 3, 5, and 7 

Figure 11: Gas emission measurement data for load profile 

sections 4 and 8 

4.1.3 Exhaust emission measurement results for load profile 

section 9  

The exhaust emissions were measured 50 times for 10 s per 

session, and the average values were determined. As shown in 

Figure 12, the average value for carbon dioxide was 5.15 [vol-

%], and the average value for NOx was 961.38 [ppm]. 

Converted to mass flow rates, they were 180,981.00 [g/h] for 

carbon dioxide and 3,585.50 [g/h] for NOx. 

Figure 12: Gas emission measurement data for load profile 

section 9 

4.1.4 Exhaust emission measurement results for load profile 

sections 2 and 6 

The exhaust emissions were measured 50 times for 10 s per 

session, and the average values were determined. As shown in 

Figure 13, the average value for carbon dioxide was 5.17 [vol-

%], and the average value for NOx was 1049.66 [ppm]. When 

converted to mass flow rates, they were 289,408.00 [g/h] for 

carbon dioxide and 6,571.00 [g/h] for NOx. 

Figure 13: Gas emission measurement data for load profile 

sections 2 and 6 

4.2 Comparison of exhaust emission measurement results 

according to the ship’s load profile 
Hansol No. 2 operates along the following route: Tongyeong 

– Bijin Inner Port – Bijin Outer Port – Dangguem – Dae Port -

Somaemul Island. It operates three voyages per day on 

weekends and two voyages per day on weekdays. Therefore, the 

exhaust emissions were calculated based on the two voyages 

per day on weekdays. Table 2 compares the NOx and carbon 

dioxide emissions of a diesel engine propulsion ship and a fuel 

cell–battery hybrid ship. 

When the diesel engine was replaced with a fuel cell–battery 

hybrid system, the carbon dioxide emissions were reduced by 

1,737.60 [kg] per day and NOx emissions by 66.32 [kg] per day. 

4.3 Comparative analysis of fuel consumption according 

to the ship’s load profile 
The energy density per mass of hydrogen is 142 [kJ/g], which 

is approximately 4 times higher than that of gasoline and three 

times that of natural gas. Because the fuel efficiency ratio of 

diesel to gasoline is 4:3, the amount of hydrogen required to 

navigate the same route as the target ship is as follows:        [ ]   =      [ ]  ×    ×     (1)
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The hydrogen consumption according to the load profile of a 

fuel cell–battery hybrid can be calculated using Equation (1), 

and the results are outlined in Table 3. 

Table 2: Comparison of exhaust emissions 

Load profile 
CO2 [kg] NOx [kg] 

Diesel Hybrid Diesel Hybrid 

1 1.30 × 0.02 × 

2 172.80 × 7.50 × 

3 1.30 × 0.02 × 

4 22.40 × 0.37 × 

5 1.30 × 0.02 × 

6 172.80 × 7.50 × 

7 1.30 × 0.02 × 

8 22.40 × 0.37 × 

9 38.80 × 0.76 × 

One way 434.40 × 16.58 × 

Round trip 868.80 × 33.16 × 

2 round trips 1737.60 × 66.32 × 

Table 3: Comparison of fuel consumption 

Load profile 

Fuel consumption [kg] 

Diesel propulsion Hybrid 

Diesel oil H2 

1 1.20 0.23 

2 69.10 12.96 

3 1.20 0.23 

4 8.80 1.65 

5 1.20 0.23 

6 69.10 12.96 

7 1.20 0.23 

8 8.80 1.65 

9 18.00 3.38 

One way 178.60 33.49 

Round trip 357.20 66.98 

2 round trips 714.40 133.95 

Because the target ship operates twice per day, the fuel 

consumption is 714.40 [kg]/day, and the fuel cost required for 

one-day operation is 817,202 [Won] for the conventional diesel 

engine. Furthermore, the current hydrogen fuel price is 6,000-

8,000 [Won/kg]. The amount of hydrogen required for 

navigation via the same route as that of the target ship is 133.95 

[kg]. If the hydrogen price is 6,000 [Won/kg], the fuel cost for 

one-day operation is 839,700 [Won]. Therefore, the hydrogen 

engine ship has a similar cost of fuel consumption compared to 

the existing diesel engine ship.  

At the end of 2015, the Korean government predicted the 

expansion of infrastructure for hydrogen charging to spread the 

use of hydrogen, as disclosed in “The Third Basic Plan for 

Environment-Friendly Vehicle Development and Propagation” 

[5]. There are various methods to produce hydrogen, such as 

using byproduct hydrogen, modifying fossil fuels, and using 

water electrolysis. With the development of these hydrogen 

production technologies, the price of hydrogen fuel is expected 

to remain stable and be competitive in the future. 

4.4 Comparative analysis of fuel consumption between diesel 

engine propulsion ship and fuel cell–battery hybrid ship 
The simulation results for the fuel cell–battery hybrid 

propulsion system showed that in the operation environment of 

the target ship using a 150 [kW] fuel cell, 350 [kW] battery, and 

500 [kW] propulsion motor power, the propulsion motor power 

and rotation speed approached the target values stably in the 

same operation conditions as those of the existing diesel engine. 

This result demonstrates that the fuel cell–battery hybrid system 

is applicable to the operation pattern of existing diesel ships. 

5. Conclusion
A fuel cell–battery hybrid electric propulsion ship was 

modeled in this study, and it was verified that the modeled ship 

can operate in the same environment as an existing diesel 

engine using a 150 [kW] fuel cell, 350 [kW] battery, and 500 

[kW] propulsion motor through simulation under the 

assumption that the specifications of the two ships are identical. 

Furthermore, empirical research was conducted on the 

environmental and economic effects of replacing a diesel engine 

propulsion system with a fuel cell–battery hybrid system. 

In terms of environmental effects, the proposed hybrid engine 

had the advantage of reducing carbon dioxide emissions per day 

by 1,737.60 [kg] and NOx emissions per day by 66.32 [kg]. 

In terms of economics, the proposed hybrid system could 

reduce fuel consumption per voyage by 357.20 [kg] and diesel 

consumption per day by 714.40 [kg]. The diesel fuel cost for 

one-day operation was 817,202 [Won]. If hydrogen fuel prices 

are maintained at their current level of 6,000–8,000 [Won/kg], 

hydrogen could maintain price competitiveness with diesel. 
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