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Abstract

:

In this study, real voyage data and ship specifications of a general cargo ship are employed, and it is assumed that diesel generators are replaced with hydrogen proton exchange membrane fuel cells. The effect of the replacement on CO2, NOX, SOX, and PM emissions and the CII value is calculated. Emission calculations show that there is a significant reduction in emissions when hydrogen fuel cells are used instead of diesel generators on the case ship. By using hydrogen fuel cells, there is a 37.4% reduction in CO2 emissions, 32.5% in NOX emissions, 37.3% in SOX emissions, and 37.4% in PM emissions. If hydrogen fuel cells are not used instead of diesel generators, the ship will receive an A rating between 2023 and 2026, a B rating in 2027, a C rating in 2028–2029, and an E rating in 2030. On the other hand, if hydrogen fuel cells are used, the ship will always remain at an A rating between 2023 and 2030. The capital expenditure (CAPEX) and operational expenditure (OPEX) of the fuel cell system are USD 1,305,720 and USD 2,470,320, respectively, for a 15-year lifetime, and the hydrogen fuel expenses are competitive at USD 260,981, while marine diesel oil (MDO) fuel expenses are USD 206,435.
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1. Introduction


The maritime industry plays a key role in facilitating international trade. The international shipping industry is responsible for transporting over 80% of global trade in terms of volume [1]. Compared to other types of transport, maritime transport allows more cargo to be transported from one place to another at once. For this reason, it is the most efficient type of transportation that emits the lowest carbon dioxide (CO2) emissions into the atmosphere in terms of its cargo-carrying capacity per mile. In addition to this huge amount of transported goods, ships use fossil fuels such as heavy fuel oil (HFO), marine diesel oil (MDO), and marine gas oil (MGO) for their propulsion and electric generation. Although vital to the worldwide economy, ship emissions have become a significant concern due to their contribution to GHG emissions and air pollution. The maritime industry has come under increasing examination due to its substantial environmental footprint, especially considering the release of greenhouse gases (GHGs) and pollutant emissions in coastal areas. The shipping industry is responsible for approximately 3% of global CO2 emissions [2], 19.35% of global NOX emissions, 11.05% of global SOX emissions, 4.41% and 8.39% of global PM10 and PM2.5 emissions, and 1.89% of global CO emissions [3]. As the world copes with the challenge of mitigating pollution, climate change, and global warming, shipping emissions have increasingly drawn the attention of policymakers, researchers, and the public due to their significant contributions to climate change and air quality degradation. Furthermore, these emissions have adverse effects not only on the global climate but also on the health of coastal communities and ecosystems [4].



Shipping emissions cover a wide range of pollutants, including CO2, NOX, SOX, and particulate matter (PM) [5]. The scale of these emissions is substantial, with the International Maritime Organization (IMO) estimating that global shipping was responsible for emitting around 796 million tons of CO2 in 2019 [6]. In response to this issue, the International Maritime Organization and other international entities have adopted emission reduction policies such as the Energy Efficiency Design Index (EEDI), the Energy Efficiency Existing Ship Index (EEXI) which covers existing ships, the Carbon Intensity Index (CII), and the Ship Energy Efficiency Management Plan (SEEMP) to improve energy efficiencies and mitigate the environmental impact of shipping [7,8]. Starting from 2023, the required CII must be reduced by 2% per year. To benchmark the annual performance of ships, a rating mechanism is introduced based on the 2019 performance of the global fleet. Ships rated as C or better are not facing corrective actions. However, a D rating for three consecutive years or an E rating leads to a corrective action plan for the SEEMP to maintain compliance [9]. These measures aim to achieve a reduction in GHG emissions and improve energy efficiency in ships [10]. With the candidate measures, it is aimed to reduce CO2 emissions by 40% in 2030 compared to the 2008 level, and by 70% in 2050 compared to the 2008 level [5]. Additionally, the industry is exploring alternative fuels such as liquefied natural gas (LNG), methanol, ammonia, and new propulsion/electric generation systems, for instance, fuel cells [11,12,13]. One approach to reducing ship emissions is through optimizing ship energy efficiency. Energy efficiency management strategies that consider both safety and economic factors are of practical significance in enhancing ship energy efficiency, which leads to reduced CO2 emissions [14]. Acting on mission profile and mission constraints by reducing ship speed is another recommended measure to reduce emissions [15]. Alternatively, the use of after-treatment systems, such as scrubbers and exhaust gas cleaning systems, can effectively reduce harmful emissions such as sulfur dioxide (SO2) and NOX from ships, as well as the implementation of emissions trading systems as a market-based measure to mitigate CO2 emissions [16,17]. Another option is the adoption of fuel cells, an important emission reduction method in terms of compliance with the CII regulation which was put into effect by IMO in January 2023.



Reducing ship emissions is a crucial step in addressing climate change and achieving emission reduction targets. The adoption of various strategies, including optimizing energy efficiency, reducing ship speed, using alternative fuels, and implementing market-based instruments, can contribute to the reduction in GHG emissions and improve the environmental performance of the shipping industry.



In this study, real voyage data and ship specifications of a general cargo ship are taken from a ship management company, and it is assumed that diesel generators are replaced with proton exchange membrane fuel cells (PEMFCs) that use hydrogen as an alternative fuel. The effect of the replacement on CO2, NOX, SOX, and PM emissions and the CII value is calculated. The PEM fuel cell replacement produces promising results that deserve attention.



This article investigates hydrogen fuel cell availability by utilizing a data-driven approach from a real general cargo ship. To be more precise, the article merges information gathered from the existing literature with real-world data provided by a prominent cargo ship operator. This combination serves two main purposes: (a) to determine the potential reduction in emissions specific to each ship based on technical and operational compliance choices, and (b) to assess the economic and technological consequences of implementing short-term measures on a chosen vessel.



This approach illustrates the dependency of the results on ship-specific characteristics. Unlike the current literature, it analyzes the operational data of the case ship to provide the evidence-based perspective missing from the more generalized model-based previous results. This paper is structured as follows. First, Section 2 introduces the methodology used for the case study by giving the properties of hydrogen PEMFCs. Section 3 analyzes the obligations resulting from the recent regulatory interventions while introducing a set of technical and operational compliance options for which ship-specific reduction potentials are calculated. Lastly, Section 4 concludes this study.




2. Methodology


The methodology section comprises the introduction of the case ship, the voyage information of the case ship, and the equations and assumptions for the calculations.



2.1. Ship Specifications


The case ship subject to this study is a general cargo ship that undertakes voyages in the Mediterranean Sea, the Black Sea, and the Marmara Sea. The case ship is a medium-sized general cargo ship. This kind of ship constitutes 43% of the total global fleet undertaking international voyages [18]. The ship specifications are obtained from the ship management company, Seahorse Shipping and Engineering Co., Ltd. (Istanbul, Turkey), and are shown in Table 1.




2.2. Voyage Data


The management company of the case ship provided the real voyage data between March 2020 and January 2021. Table 2 shows eighteen voyages with the voyage duration, port stay duration, and idle stay duration. The voyage distances were calculated by the Netpas Distance 4.0 program [19]. The ports and average ship speed were entered into the program and it calculated the shortest route and voyage duration. The average speed, port stay duration, and idle stay duration were given by the management company. The idle stay duration means that the ship waited to berth at a port or for a new voyage to be fixed.




2.3. Equations and Assumptions


This case study focuses on fuel consumption, CO2, NOX, SOX, and PM emissions, CII rating, cost, and storage space calculations. The calculations are initiated by the fuel consumption calculation. To calculate the fuel consumption, Figure 1 and Figure 2 and Equations (1)–(4) are used [13].
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    γ   M E     is the main engine load.     P   a c t u a l , M E     and     V   a c t u a l     are the actual main engine power in kW and the actual ship speed in knots during the voyage, and     P   d e s i g n , M E     and     V   d e s i g n     are the design power of the main engine in kW and the design ship speed in knots. α is the speed coefficient which is between 2.5 and 3 [20]. It is taken as 2.5 in this study according to the ship power–ship speed data taken from the noon reports.     γ   D G     is the diesel generator (DG) load in percent.     P   a c t u a l , D G     and     P   d e s i g n , D G     are the actual DG power in kW and the design power of the DG in kW, respectively.     F   v o y     is the voyage-based fuel consumption in fuel tons,     D   v o y     is the voyage duration in hours, and     F   t o t     is the total fuel consumption of eighteen voyages. SFCME and SFCDG are the specific amounts of fuel consumption derived from the instruction books of the main engine and diesel generators and are given by the curve of Figure 1 for the main engine and Figure 2 for the diesel generators.



The total emissions of the eighteen voyages are calculated by Equations (5)–(9) [12,13].
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where     V     C O   2       is the voyage-based CO2 emissions in tons,     C     f   M D O       is the carbon content of MDO, which is 3.206,     V     C O     2   t o t a l         is the total CO2 emissions of the eighteen voyages in tons,     V     N O   X       is the total NOX emissions of the eighteen voyages in tons, and     C     N O   X       is the NOX coefficient in g/kWh, which is assumed as 12.1 g/kWh for the maximum limit for the NOX Tier I.     D   p o r t     is the port stay duration in days and     D   i d l e     is the idle stay duration in days.     V     S O   X       is the total SOX emissions of the eighteen voyages in tons, 2 is the ratio of the molecular weight of SO2 to sulfur, 0.97753 is the conversion factor of fuel sulfur to SOX,     f   s     is the sulfur fraction, which is 0.1% for LSMDO, and 0.23 is the fuel type coefficient for MDO.     V   P M     is the total PM emissions of the eighteen voyages in tons, 7 is the ratio of the molecular weight of sulfate PM to sulfur, and 0.02247 is the conversion factor of fuel to PM [6].



Lastly, the CII rating is calculated by the following equations [21,22,23,24]:
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where a and c are the coefficients, which are 588 and 0.3885 for a general cargo ship [22], respectively, capacity is the deadweight of the ship, z is the year-based reduction factor, and distance is the total voyage distance, which is 16,841 NM for this study.




2.4. PEMFC Selection and Calculations


The case ship has two diesel generators with a maximum power of 220 kW each. However, according to the statement of the ship management company, the ship requires an average of 140 kW during voyages and port stays, and 85 kW during idle stays. That means that it can be considered that one of the two DGs is operated at 64% of engine load and 39% of engine load during voyages/port stays and idle stays, respectively. There is a variety of PEMFC units in the market with different maximum net power. The PEMFC unit that is assumed to be used in this study is the Marine 200 PEMFC unit of PowerCell Group (Gothenburg, Sweden). This is a marine-type fuel cell unit with a maximum net power of 200 kW, which is suitable for the case ship. The main characteristics of this PEMFC unit are given in Table 3. A configuration with two units of the Marine 200 PEMFC is adequate for the case ship, as one of them operates and the other one is in a standby position.



By using Equation (14) and Figure 3, it is calculated that the fuel consumption is 4.4 kg/h and 8.1 kg/h at 85 kW and 140 kW electrical load with 58% and 52% fuel cell efficiency, respectively. The voyage-based H2 consumption calculation of the PEMFC unit is carried out by using Equation (15).
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where     P     D G     v o y   p o r t         is the required electrical power from the DG which is 140 kW/h during voyage and port stay conditions,     D   p o r t s t a y     is the duration of the port stay in days,     P     D G   i d l e       is the required electrical power from the DG which is 85 kW/h during the idle stay condition, and     D   i d l e s t a y     is the duration of the idle stay in days.



Another calculation is the H2 tank capacity calculation. It is calculated by using Equation (16).


    V   t a n k   =       F     H     2   v o y           ρ     H   2         ×   c   t a n k    



(16)




where     ρ     H   2       is the density of compressed H2 at 350 bar, which is 23 kg/m3 [28],     c   t a n k     is the ratio of external tank volume of 60 L/kg and internal tank volume of 44 L/kg [29], which is 1.364, and     V   t a n k     is the required tank volume for each voyage. The calculation is also carried out to ascertain the required tank volume for MDO usage. The     ρ   M D O     density is taken as 860 kg/m3 [30].




2.5. Economic Calculations


The economic calculations of the case study consist of system costs and fuel costs. The system costs are the PEMFC cost of PowerCell which is 1400 EUR/kW, the installation cost of 280 EUR/kW, the annual maintenance cost of 0.044 EUR/kWh [31], and the compressed H2 tank (350 bar) cost of 86 USD/kg [32] that equates to 1978 USD/m3. Since there is an existing DG and related systems on the case ship, the system costs are not calculated for the existing system. All EUR currency is converted to USD with an exchange rate of 1.06. Fuel cost is assumed to be 860 USD/ton [33] and 4000 USD/ton [34] for MDO and H2, respectively.





3. Case Study Results


This case study is conducted to analyze all aspects, including fuel consumption, emissions, compliance with the new CII regulation, tank space requirement, and costs, of using PEMFCs instead of DGs for the electricity requirement of the case ship.



The fuel consumption of the ME and DGs is calculated with the initial configuration. Figure 4 shows the voyage-based ME fuel consumption. The voyage-based fuel consumption varies between 8.5 tons and 39.9 tons depending on the ship’s average speed, voyage distance, and voyage duration. These data will be used during the calculation of voyage-based emissions.



The voyage-based DG fuel consumption is shown for each voyage in Figure 5. The graph shows fuel consumption both with PEMFCs and without PEMFCs in the place of DGs. The total consumption is the sum of fuel consumption during the voyage, port stay, and idle stay conditions. MDO consumption of the DGs varies between 3 tons and 20.8 tons depending on the voyage; on the other hand, H2 consumption of the PEMFCs varies between 0.8 tons and 5.4 tons. The reasons for the lower fuel consumption of PEMFCs are a higher lower heating value (LHV) of H2, at 120.1 MJ/kg [35], than MDO and a higher efficiency of chemical to electrical conversion of PEMFCs than the internal combustion engines, around 50% and 40%, respectively.



Emission calculations show that there is a significant reduction in emissions when H2 PEMFCs are used instead of DGs on the case ship. Although the main engine power and fuel consumption are higher than the power and fuel consumption of diesel generators, there has been a significant reduction in emissions based on total voyages. Figure 6 shows the total CO2, NOX, SOX, and PM emissions when the PEMFC is not used and when the PEMFC is used as an electric generator. As a result of the carbon-free structure of hydrogen fuel and the production of the electrical energy required for the ship in the form of a chemical reaction in the fuel cell, CO2, NOX, SOX, and PM emissions originating from the DGs do not occur. As a result of the reaction, only water is released as a product. By using hydrogen fuel cells instead of DGs, there is a 37.4% reduction in CO2 emissions, 32.5% in NOX emissions, 37.3% in SOX emissions, and 37.4% in PM emissions.



The CII regulation is a rule that came into force in January 2023 and gives an energy rating between A and E according to the annual voyage-based CO2 emission amount of a ship. Figure 7 shows the required CII values of the case ship, the A-E rating range values, and the attained CII values calculated when the ship uses and does not use fuel cells. According to the figure, if the PEMFC is not used in place of DGs, the considered ship will receive an A rating between 2023 and 2026, a B rating in 2027, a C rating in 2028–2029, and an E rating in 2030. According to the CII regulation, if a ship receives an E rating, the ship will not be able to sail until it improves its energy efficiency and achieves a higher rating. On the other hand, if the PEMFC is used in place of the case ship’s DGs, the ship will always remain at an A rating between 2023 and 2030.



Another important aspect of using hydrogen PEMFCs is the size of the compressed H2 tanks. The total fuel tank capacity of the case ship is 363 m3, which is taken from the general arrangement plan of the ship. After the calculations, voyage-based required tank volumes are found and are shown in Figure 8. The calculations comprise both ME and DG fuel consumption volume. If the PEMFC unit is applied to the case ship, the required tank volume is significantly higher than the existing tank volumes. The highest tank capacity requirement is 337.4 m3, which is below the total fuel tank capacity. The 298.7 m3 of this volume is the H2 volume. Therefore, it is required that the case ship has to undertake H2 bunkering at almost every port that she berths.



The last analysis of the case study is the economic analysis. Figure 9 shows the system costs in detail. The main part of the system costs is the PEMFC cost and H2 tank cost (300 m3), at USD 593,600 and USD 593,400, respectively. Installation and maintenance costs are relatively small portions of the system costs. The maintenance cost is the annual cost of the H2 PEMFC system. If it is assumed that the lifetime of the PEMFC is 15 years [31,36], the total maintenance cost is USD 2,470,320, which is the operating cost (OPEX) of the system. The capital cost (CAPEX) of the system includes the PEMFC, H2 tank, and installation costs which is equal to USD 1,305,720. The total lifetime cost of the system is USD 3,776,040. In addition to the system costs, fuel cost is an important part of the economic analysis because fuel expenses constitute 50–70% of the total management cost of a ship [16]. The total fuel expenses of eighteen voyages of the case ship are calculated both without PEMFCs and with PEMFCs. If the ship is retrofitted with PEMFCs, the fuel expenses are USD 260,981. In the existing condition, without PEMFCs, the fuel expenses are USD 206,435. The costs of the two cases are not far away from each other, so the fuel expenses do not trigger commercial concerns for the management companies. If the hydrogen ton price decreases by 21% while the MDO ton price remains at a similar level in the future, the fuel expenses will be the same both for MDO and hydrogen.



The hydrogen PEMFC is a carbon-free electricity generation option for ships. This study reveals that using H2 PEMFCs instead of DGs combusting fossil fuel decreases shipboard emissions and maintains the compliance of the ship with the new emission regulations at the highest standard. Despite the H2 PEMFC being an expensive system nowadays, the benefit of the system during the decarbonization of maritime transport and the intention to achieve zero-carbon shipping by 2050 cannot be disregarded. It is obvious that the system costs and fuel prices will be reduced in the near future by the initiatives and support given by the IMO.




4. Conclusions


This case study using real voyage data has shown that hydrogen PEMFCs being placed on the ship instead of diesel generators will result in the following:




	
A 37.4% reduction in CO2 emissions, 32.5% reduction in NOX emissions, 37.3% reduction in SOX emissions, and 37.4% reduction in PM emissions.



	
The case ship will remain at an A rating according to the CII regulation until 2030, which means the case ship can transport more valuable cargoes with the highest freight rate if the CII regulation is combined with market-based measures in the future.



	
H2 fuel requires a larger tank capacity than conventional fuels, but the calculations of the case ship show that the largest fuel tank capacity requirement is 337.4 m3, which is lower than the maximum fuel tank capacity of 363 m3.



	
The CAPEX of the H2 PEMFC system is USD 1,305,720 and the OPEX is USD 2,470,320 for 15 years.



	
The fuel expenses of DGs with conventional MDO fuel are USD 206,435 and the H2 PEMFC fuel expenses are USD 260,981.








This study focuses on the use of H2 PEMFCs as a replacement for conventional DGs which use fossil fuel. Even though this study does not consider that the PEMFC stack overhauls an electrolyte change and it assumes a total fuel cell lifetime of 15 years, the results of this study are promising for the path of decarbonization of maritime transport. Nowadays, hydrogen and fuel cells are in demand both for academicians and ship owners/managers, and this interest will increase more in a few years. Future studies on hydrogen fuel cells for the replacement of the main engine of a ship or the comparison of various alternative-fueled fuel cell options will draw the attention of academicians and the industry in maritime transport.
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Figure 1. The specific fuel consumption/ship speed–ME engine load graph. 
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Figure 2. The specific fuel consumption–DG load graph. 
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Figure 3. The specific fuel consumption and efficiency of PEMFC [27]. 
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Figure 4. Voyage-based ME fuel consumption. 
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Figure 5. Voyage-based DG fuel consumption. 
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Figure 6. Total voyage emissions of the case ship with fuel cell and without fuel cell. 
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Figure 7. Rating levels and attained CII values with fuel cell and without fuel cell. 
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Figure 8. Voyage-based required tank volumes. 
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Figure 9. System costs of the PEMFC. 
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Table 1. The ship specifications of the case ship.
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Ship Specifications






	
Ship type

	
General cargo




	
Date of the keel laid

	
2004




	
Deadweight [tons]

	
10,300




	
Gross tonnage (GRT)

	
6177




	
Net tonnage (NRT)

	
3680




	
Length overall (LOA) [m]

	
128




	
Beam [m]

	
18




	
Depth molded [m]

	
9.7




	
Draught [m]

	
7.6




	
Main engine

	
S.X.D.—Daihatsu 8DKM-28

(Daihatsu: Ikeda, Japan)

2500 kW at 70 rpm




	
Diesel generator

	
2 × 220 kW at 800 rpm




	
Design speed [knot]

	
12.3




	
Fuel type

	
HFO/MDO




	
Fuel tank capacity [m3]

	
363











 





Table 2. Voyage data of the case ship.
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	Voyage No
	Departure
	Arrival
	Distance

(nm)
	Average Speed (Knots)
	Voyage

Duration (Days)
	Port Stay

Duration (Days)
	Idle Stay

Duration (Days)





	01
	Istanbul
	Berdyansk
	521
	9.2
	2.4
	10
	3



	02
	Berdyansk
	El Dekheila
	1250
	7.9
	6.6
	12
	3



	03
	El Dekheila
	Berdyansk
	1250
	8.8
	5.9
	13
	2



	04
	Berdyansk
	Trabzon
	385
	7.8
	2.1
	11
	1



	05
	Trabzon
	Varna
	551
	8.8
	2.6
	12
	2



	06
	Varna
	Mariupol
	527
	7.6
	2.9
	13
	3



	07
	Mariupol
	Sousse
	1572
	7.6
	8.6
	15
	2



	08
	Sousse
	Galati
	1367
	8.5
	6.7
	15
	2



	09
	Galati
	Ravenna
	1471
	8.5
	7.2
	11
	1



	10
	Ravenna
	Ghazaouet
	1496
	7.6
	8.2
	11
	2



	11
	Ghazaouet
	Rijeka
	1484
	9.2
	6.7
	15
	1



	12
	Rijeka
	Sousse
	869
	8.6
	4.2
	14
	2



	13
	Sousse
	Nemrut
	858
	8.9
	4.0
	16
	2



	14
	Nemrut
	Haifa
	648
	8.0
	3.4
	16
	6



	15
	Haifa
	Nemrut
	648
	9.1
	3.0
	0
	2



	16
	Nemrut
	Haifa
	648
	7.6
	3.6
	16
	13



	17
	Haifa
	Nemrut
	648
	9.0
	3.0
	0
	2



	18
	Nemrut
	Haifa
	648
	7.0
	3.9
	16
	15










 





Table 3. The specifications of the PEMFC unit [25].
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Marine 200 PEMFC Unit Specifications






	
Max. net power [kW]

	
200




	
Dimensions [m]

	
0.7 × 0.9 × 2.0




	
Volume [L]

	
1260




	
Weight [kg]

	
700




	
Gross output (rated power) [V/A]

	
600/380




	
Voltage output [VDC]

	
500–1000




	
Current output [A]

	
60–450




	
Fuel quality

	
Hydrogen ISO 14687:2019 [26]




	
Fuel consumption [kg/h]

	
13 at 200 kW




	
System efficiency at 200 kW output [%]

	
46
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