The study of an innovative propulsion plant for a High-Speed Catamaran Ferry for decarbonisation in the marine industry
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Abstract. This paper supports decarbonisation in the marine industry by demostrating that a proper design methodology and state of the art technologies can significantly reduce greenhouse gas emissions. The paper demonstrates the possibility of reducing the environmental footprint of Marine High-Speed passenger transportation with innovative propulsion plant designs. The challenging solutions to designing a high-speed hybrid catamaran ferry, that satisfy design criteria and requirements, are presented and applied to a realistic case study. The design process investigated the potential electrification of the vessel to reduce its carbon footprint without compromising function and performance and a quantitative comparison to a conventional propulsion plant was carried out and presented.
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1. INTRODUCTION
The incentives and international pressures to reduce emissions from waterborne transport are constantly growing, and with the emission targets getting more stringent, technological solutions are becoming more challenging. New regulations have motivated the industry to catalyse the evolution process and seek/explore long-term solutions with the industry prepared to invest $5billion in R&D aimed at identifying the pathways to zero-carbon shipping [1]. Large ships that travel long distances are relying on a fuel revolution [2] while it has been demonstrated that short-range vessels can be successfully fitted with fully electric propulsion plants [3]. With smaller vessels, the number of challanges increases. Barriers to the adoption of electrification in the ferry market are generally linked to technical, operational as well as regulatory issues [4]; overcoming these barriers becomes an even greater challenge when the design in question is a high-speed boat. The significant power demand of such vessels generally requires a large battery pack due to the low energy density of batteries, therefore storage/space allocation and weight limitation often present a bottleneck. High-speed ferries are mainly used for the transportation of passengers, generally operating a very tight schedule with back-to-back trips and very limited stationary time: this minimises the time available to charge batteries thus requiring specific electric infrastructure facilities [5] as well as thorough planning of the logistics. Given the complex design criteria that have been described, the shipbuilding industry has yet to venture into the sector of low-emission, high-speed crafts.
This paper investigates various scenarios and power generation configurations for electrifying a high-speed catamaran ferry to reduce emissions and maximise energy efficiency. It presents the optimal solution based on a real-life case study application. 
2. BACKGROUND 
With the increasing demand for shorter travel times, there is a continuous need for high-speed passenger ferry services [6]. This market will continue to increase in size [7] as the ferry services become more efficient, cost-effective, and reliably consistent. Most passenger ferries operate in coastal and urban areas, and their environmental impact on public welfare is a matter of concern. It is highlighted in [8] that vessels operating at high speeds raise concerns with issues of safety, environmental impact, comfort, and powering, and as Cooper [6] indicates, harbour emissions during berthing manoeuvres and stoppages are of special interest. Although fast ferries have been operating for decades, very few sources can be found in the literature regarding the impact that the high-speed regime may have on the environment. [9] debates this topic and analyses two case studies where the implementation of fast ferry service into the existing fleet had a negative outcome due to the environmental threats such as high local emissions, coastline erosion and destruction of marine wildlife. The continuous development in technologies is now providing feasible solutions to the market: smaller and more efficient engines, lighter construction materials, and the adoption of technologies such as the electric propulsion plant, are paving way for the next generation of high-speed passenger craft.
[bookmark: _Hlk94003036]Diesel-electric hybrid propulsion is a configuration that allows the vessel to be propelled by coupling, or alternating, electric motors with the main internal combustion engines. Such a system gives the option of operating a direct diesel-driven engine when the power demand is high and switching to electric propulsion for lower speeds and power requirements. Diesel engines are most efficient when operating around 65% - 85% MCR, with the losses increasing outside this range [10], while electric motors have a quite constant efficiency over the whole working range. Vessels that spend a significant amount of time operating at lower speeds can benefit from such a hybrid system [11]. Dynamic loads on the hull, such as manoeuvring operations, change of course or speed, cause irregular power demand from the engines. By integrating an Energy Management System, one can transfer power between the mechanical drive and the electrical network to cater for load fluctuations so the engines continuously operate at their efficient range leading to reduced fuel consumption. 

Table 1. Advantages & Drawbacks of Hybrid Systems

	Advantages
	Drawbacks

	Improved vessel performance 
	More batteries

	Reduced Emissions 
	Added Weight 

	Safety
	Reduced cargo space

	Lower operating costs 
	High Initial Investment 

	EM requires lower maintenance than ICE
	System is more complex

	Reduced vibrations and noise levels
	





Hybrid systems can be set up and installed with different configurations: Figure 1 reports the parallel arrangement, which was used for this study.  
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Figure 1. Parallel Hybrid System Configuration
[bookmark: _Hlk73018267][bookmark: _Hlk94165757]4. CASE STUDY 
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[bookmark: _Ref99706292]Figure 2. Case Study Catamaran Ferry (NAS Ltd. Concept Design)
The case study vessel, an NAS Ltd. in-house concept design shown in Figure 2, is a 37m high speed catamaran designed with an optimal hybrid configuration to operate a realistic schedule structured to satisfy the demand for local transportation by a community of approx. 100 thousand users. The vessel is intended for all-year-round operation in conditions of significant wave height of up to 1.5 metres and a schedule anticipated to engage back-to-back trips every day. This hybrid vessel is designed to run at a maximum speed of 30 knots using internal combustion diesel engines and a speed of 7 knots in near/approaching waters using electric propulsion. This combined with optimised hull design ensures low impact of the wave pattern on the shoreline and lower CO2 production. 
Table 2. Case Study Vessel Characteristics
	Vessel Particulars

	Length Overall 
	LOA
	~ 38.00
	m 

	Length of Waterline 
	LwL
	~ 35.00
	m

	Depth
	D
	~ 3.50
	m

	Beam 
	B
	~11.00
	m

	Draught 
	T
	~1.5
	m

	Gross Tonnage 
	GT
	495
	T

	Passengers 
	Pax.
	450
	-


The operational speed range of the case study vessel is between 20 knots and 30 knots. This is a grey area for the selection of the optimal propulsive configuration with propellers generally having higher efficiency below speeds of 20 knots and waterjets best performing at speeds of over 30 knots. The determining factor for the selection of a waterjet over a propeller was, in this case, given by the shallow waters that characterize some landing areas that the ferry would have to approach. Installing a waterjet with its inlet flush to the hull bottom would maintain the overall draught of the vessel within the 1,7 m boundary, allowing berthing operations in waters as shallow as 2,5 m. Matching waterjet propulsion to a diesel-electric hybrid system means combining two constantly evolving technologies. Literature on the subject is limited and very few designs are currently sailing with this propulsion configuration.
3. DESIGN METHODOLOGY
3.1 Resistance Estimation
The main dimensions of the vessel were defined through a statistical study of reference vessels combined with the operational criteria. A good prediction of the resistance experienced by the vessel in calm water was then computed for the estimation of power requirements: the software DelftShip was used for the modelling of the hull form, which was then tested for resistance with analytical, empirical, and numerical methods. In the high-speed range, the hull’s geometric ratios allowed for the use of the systematic series developed by Insel and Molland [12] and then revised in 1994 by Molland and associates [13], which offered a term of comparison above 0.4 Fn (approx. 15kts). A CFD analysis was at the same time performed to achieve more accuracy for the critical speeds of 30 knots and 7 knots: Commercial flow solver, Star- CCM+ was used to compute the multiphase flow using Unsteady Reynolds Averaged Navier-Stokes (URANS) equations to simulate a three-dimensional environment and predict the performance of the vessel in the aforementioned conditions at full scale. The results of the latest were deemed to be the most accurate of all the methods adopted, particularly at slow speed, but the information obtained was limited to the two critical speeds. A resistance curve that could describe the vessel’s behaviour in the whole speed range was required for the selection of the waterjet: the analytical slender body method was used for this purpose. Based on the Michell [14] approach, this resistance prediction method computes the wave resistance of a port/starboard symmetrical monohull, to which the viscous resistance component is calculated using the ITTC’57 friction coefficient method [15], and the specified form factor, are then added to obtain the total resistance. Eventually, the results obtained with this method were used for power estimation purposes and a correction factor, based on the values obtained with CFD, was applied to the resistance curve, as reported in Figure 3.
 
[bookmark: _Ref99706459][bookmark: _Ref99702886]Figure 3. Resistance Curve
3.2 Waterjet Selection
While there is extensive literature and data, that a designer can use to estimate the power losses of a conventional propeller-driven vessel, there is limited information available on waterjet systems. A designer-friendly analytical method proposed in  [16], was used for this purpose. The paper also suggests the criterion to estimate the optimal jet size and offers a preliminary prediction of thrust, required torque and propulsive efficiency. Contacts with a manufacturer of waterjets proved, at a later stage of the project, the accuracy and reliability of this method. The main engines could then be selected, as well as the electric motors for the slow speed operations. The motor is fitted on the gearbox through a PTI/PTO clutch that allows for mechanical or electrical engagement/disengagement to the shaft line. Solutions such as a parallel hybrid with the electric motor aligned on the shaft, or a “hybrid ready” waterjet were also investigated, both discarded because currently, systems of this type that are available on the market do not meet the powering needs of the case study vessel.
3.3 Battery Charge Analyses 
A battery pack is considered in each demihull, its state of charge is maintained above the minimum level by the generators and/or by the fast-charging stations, depending on the number of modules considered for the pack. The hotel load of the vessel was calculated and considered in the comparison of different scenarios where charging and discharging times are differently alternated. Both the number of daily trips and the duration of the eco-mode sailing time were kept as fixed parameters, the variables were limited to the running time of the generators, the number of battery modules and the location of the fast-charging stations.
5. RESULTS
5.1 Power Estimation 
The selected waterjet unit revealed a value of 63% overall propulsive efficiency for the speed of 30 kts. With this information available, it was possible to calculate the brake power (Pb) requirement.  The selected engines “2 x M72-2000-16V” can deliver 1440kW each at 100% MCR and run at 85%MCR for the operational speed of 30kts. The same study was used to estimate the power requirement at slow speed and evaluate the correct sizing of the electric motors: a propulsion configuration of 2 x 100 kW E-motors was defined as a suitable arrangement considering that the vessel may have to manoeuvre in adverse weather conditions and that no bow-thrusters will be installed. 
4.1 Propulsion configuration
In view of the operational nature of the vessel, which would not allow any PTO from the engines during high-speed cruising, the highest impact on the reduction of emissions was deemed achievable by having the electric motors stand in for the main engines during the time spent approaching and leaving each jetty at slow speed. Five configurations (A, B, C, D, E) were investigated by looking into the different combinations of battery modules (7.8kWh each), generator modes and the number of fast-charging points. 
Configuration A indicates that 68 battery modules are required to have one of the generators running constantly and at all times. For B and C, it was ensured that the weights of the battery packs did not exceed 1.3 tonnes in total, considered a crucial limit for the influence on vessel performance. For the second solution, B, both generators are switched on when underway and are both switched off during eco-mode operations. The third configuration, C, discusses the option of having two generators running during transition time but then having one of them switched off when approaching moorings in the metropolitan area and both generators switched off when reaching more natural environments, the number of battery modules is then reduced to 10. The other two options include the possibility of connecting to a fast charger during the 3 minutes of docking that allow for passengers to disembark and board the vessel; option D sees the installation of a charger in one single stop, while option E considers a fast charger in 3 different stops. The running time of the generators is also different between the two solutions, in the first case (D) one generator is kept running during transition time, while in option E, the only need for generators on board is to have redundancy of powering solutions in case of failure of both main engines. These two solutions feature a battery pack respectively made of 19 and 23 modules. A summary of the results is reported in Table 3.
[bookmark: _Ref73020418]Table 3. Battery Configurations
	Configuration
	No. Modules
	Pack Weight
	Battery Pack Cost
	Cost of charging station

	
	
	Kg
	€ ꞏ 103
	€ ꞏ 103

	A
	68
	4000
	86
	--

	B
	18
	1300
	29
	--

	C
	10
	600
	13
	--

	D
	19
	1126
	24
	650

	E
	23
	1351
	29
	1950


5.2 Optimal configuration – Costs, Weight, Battery Lifespan, Emissions
When compared to the full diesel configuration, the first three systems offer a return of investment within one year from the beginning of operations, thanks to fuel savings. Option A considers the installation of 60 batteries, the associated costs are considerable, but the high capacity of the battery pack allows for a reduced number of full discharge cycles per day, increasing the lifespan of the batteries and extending the time between their replacement; the main drawback of this system is its weight of four tonnes, which would harm the performance of the vessel. On the other side of the spectrum, Option C offers the lowest initial investment, but the reduction in fuel consumption is minimal and the replacement of the batteries would have to take place almost every year, following a maintenance schedule that is not suitable for the operations of this kind of vessel. From the configurations that do not consider the installation of fast chargers, Option B was found to offer the best compromise; the initial investment of 70 thousand Euro for the hybrid system would be recovered within three months of operations, and the operator would benefit from fuel-saving for two years before having to replace the battery pack. With an acceptable battery pack weight of 1.2 tonnes, this system reduces CO2 emissions by 735 tonnes per year. 
Option D and E are extremely interesting in terms of emissions; although investors would have to wait from 2 (option D) to 4 (option E) years before being able to benefit from any profits. These options would respectively reduce the emission of CO2 by approx. 950 and 1100 tonnes per year. 
Table 4. Costs and ROI
	Scenario
	Daily Fuel 
	Annual Fuel Savings
	Additional System Cost
	RoI

	
	L ꞏ 103
	€ ꞏ 106
	€ ꞏ 103
	months

	A
	8.05
	0.36
	216
	8

	B
	8.15
	0.32
	72
	3

	C
	8.27
	0.27
	32
	2

	D
	7.9
	0.41
	725
	21

	E
	7.7
	0.51
	2041
	48



The charge/discharge cycles of the battery packs in configurations B and E are shown respectively in Figure 4 and Figure 5.


[bookmark: _Ref99707254]Figure 4. Battery Daily Charge- Configuration B

[bookmark: _Ref99707260]Figure 5. Battery Daily Charge- Configuration E
5.3 Environmental Impact
[bookmark: _Ref73028542]Table 5. Hybrid System Environmental Impact 
	 
	 
	Hybrid
	Conventional

	Distance Covered (day)
	nm
	423
	423

	Distance Covered (Total)
	nm
	2284200
	2284200

	Eco Time (Total) 
	hrs
	35190
	0

	Transit Time (Total)
	hrs
	67950
	103140

	Fuel Consumption (Total)
	L
	44037000
	48006000

	CO2 Emissions
	tonnes
	122423
	133457

	% Diff CO2
	 
	8.3
	 



 The environmental impact of this hybrid configuration, B, was then assessed over a 15-year period operational profile of the vessel and the benefits clearly identified. The respective values are reported in  Table 5 above. The table indicates that over the 15-year period, 9000 tonnes of CO2 are saved when compared to the conventional propulsion system indicating an 8% overall improvement.  
6. CONCLUSION
[bookmark: _Hlk99724086]The innovative powering technologies that are being developed thanks to the great effort of the research community are mostly applicable on slow speed crafts or on vessels that operate discontinuous daily schedules. The demand for faster and readily available means of public transportation can find a meeting point with emerging technologies only in the form of a hybrid solution that features both the standard internal combustion engine and also a secondary propulsive system that can be used for slow speed operations. This study demonstrates the economical and environmental benefits of such a solution, finding an optimal configuration that reduces fuel consumption by 8% over 15 years of operations and a return of investment of 3 months in battery replacement cycles of 2.5 years. 
A significant design constraint was set by the density of trips per day and an optimisation of the daily schedule would certainly lead to much higher performance achievements. High-speed crafts should deserve greater attention from the research community since they present very challenging parameters. Moreover, policy-makers should decide to apply also to these kind of vessels the regulations that are coming into force to reduce the environmental impact of the world fleet.
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Battery Charge



7.0149999999999997	7.0249999999999995	7.038899999999999	7.4091560937982095	7.4878560937982099	7.5178560937982102	7.5328560937982099	7.5478560937982095	7.5478560937982095	7.5578560937982093	8.0399999999999991	8.2008299907435962	8.2239709966059849	8.2539709966059842	8.2839709966059836	8.2939709966059834	8.317112002468372	8.5546544276457865	8.5685544276457861	9	9.0150000000000006	9.0300000000000011	9.0300000000000011	9.0400000000000009	9.09	9.4463714902807769	9.5343073125578517	9.564307312557851	9.5793073125578516	9.5943073125578522	9.5943073125578522	10	10.087935822277075	10.236038259796359	10.259179265658748	10.289179265658747	10.319179265658747	10.329179265658746	10.352320271521135	10.58986269669855	11	11.03	11.045	11.06	11.06	11.07	11.083884603517433	11.321427028694847	11.344568034557236	11.374568034557235	11.404568034557235	11.414568034557234	11.437709040419623	11.585811477938908	12.13	12.16	12.175000000000001	12.190000000000001	12.190000000000001	12.200000000000001	12.287935822277076	13.04	13.053899999999999	13.083899999999998	13.098899999999999	13.113899999999999	13.113899999999999	13.123899999999999	13.137784603517431	13.375327028694846	13.398468034557235	13.428468034557234	13.458468034557233	13.468468034557233	13.491609040419622	14.05	14.1287	14.1587	14.1737	14.188700000000001	14.188700000000001	14.198700000000001	14.2774	15.05	15.0639	15.0939	15.1089	15.123900000000001	15.123900000000001	15.133900000000001	15.1478	15.51805609379821	15.596756093798209	15.626756093798209	16.04	16.055	16.055	16.065000000000001	16.143700000000003	16.3045299907436	16.327670996605988	16.357670996605989	16.387670996605991	16.397670996605992	16.420812002468381	17.059999999999999	17.073899999999998	17.103899999999999	17.1189	17.133900000000001	17.133900000000001	17.143900000000002	17.157800000000002	17.528056093798213	18.010000000000002	18.040000000000003	18.055000000000003	18.070000000000004	18.070000000000004	18.080000000000005	18.158700000000007	18.319529990743604	18.342670996605992	18.372670996605994	18.402670996605995	18.412670996605996	18.435812002468385	19.07	19.0839	19.113900000000001	19.128900000000002	19.143900000000002	19.143900000000002	19.153900000000004	19.167800000000003	19.524171490280782	20.010000000000002	20.040000000000003	20.055000000000003	20.070000000000004	20.070000000000004	20.080000000000005	20.16793582227708	20.316038259796365	20.339179265658753	20.369179265658754	20.399179265658756	20.409179265658757	20.432320271521146	21.07	21.083884603517433	21.113884603517434	21.128884603517434	21.143884603517435	21.143884603517435	21.153884603517437	21.167769207034869	21.405311632212282	21.42845263807467	21.458452638074672	21.488452638074673	21.498452638074674	21.521593643937063	22.07	22.157935822277075	22.187935822277076	22.202935822277077	22.217935822277077	22.217935822277077	22.227935822277079	22.448679952617045	23.16	23.1739	23.203900000000001	23.218900000000001	23.233900000000002	23.233900000000002	23.243900000000004	23.257784603517436	23.495327028694849	23.518468034557237	23.548468034557239	23.57846803455724	23.588468034557241	0.99317962114914149	0.98034785687988524	0.96089803193239465	0.71667485597853986	0.60655246580821531	0.56805717300044645	0.56123679414958805	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.87022546670956058	0.76414102465460476	0.73176055608393553	0.69326526327616667	0.67962450557444976	0.6667927413051935	0.63441227273452416	0.47772784141162922	0.45827801646413863	0.41978272365636982	0.41296234480551136	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96089803193239465	0.72583322507680947	0.60278744450826605	0.56429215170049729	0.55747177284963878	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.85730207631134192	0.75961280592979996	0.72723233735913062	0.68873704455136187	0.67509628684964496	0.6622645225803887	0.62988405400971936	0.47319962268682442	0.45377134154442278	0.41527604873665397	0.40845566988579551	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96091957573748366	0.80423514441458854	0.7718546758439192	0.73335938303615034	0.71971862533443343	0.70688686106517717	0.67450639249450783	0.57681712211296587	0.45377134154442245	0.41527604873665364	0.40845566988579518	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.85730207631134192	0.62223726945575653	0.60278744450826605	0.56429215170049718	0.55747177284963878	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96091957573748366	0.80423514441458854	0.7718546758439192	0.73335938303615034	0.71971862533443343	0.70688686106517717	0.67450639249450783	0.56842195043955213	0.45829956026922758	0.41980426746145877	0.41298388861060031	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.87022546670956058	0.62600229075570579	0.6065524658082152	0.56805717300044634	0.56123679414958794	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96089803193239465	0.71667485597853986	0.60655246580821531	0.56805717300044645	0.56123679414958805	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.87022546670956058	0.76414102465460476	0.73176055608393553	0.69326526327616667	0.67962450557444976	0.6667927413051935	0.63441227273452416	0.47772784141162922	0.45827801646413863	0.41978272365636982	0.41296234480551136	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96089803193239465	0.71667485597853986	0.60655246580821531	0.56805717300044645	0.56123679414958805	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.87022546670956058	0.76414102465460476	0.73176055608393553	0.69326526327616667	0.67962450557444976	0.6667927413051935	0.63441227273452416	0.47772784141162922	0.45827801646413863	0.41978272365636982	0.41296234480551136	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96089803193239465	0.72583322507680947	0.60278744450826605	0.56429215170049729	0.55747177284963878	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.85730207631134192	0.75961280592979996	0.72723233735913062	0.68873704455136187	0.67509628684964496	0.6622645225803887	0.62988405400971936	0.47319962268682442	0.45377134154442278	0.41527604873665397	0.40845566988579551	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96091957573748366	0.80423514441458854	0.7718546758439192	0.73335938303615034	0.71971862533443343	0.70688686106517717	0.67450639249450783	0.57681712211296587	0.45377134154442245	0.41527604873665364	0.40845566988579518	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.85730207631134192	0.62223726945575653	0.60278744450826605	0.56429215170049718	0.55747177284963878	0.99317962114914149	0.99317962114914149	0.98034785687988524	0.96091957573748366	0.80423514441458854	0.7718546758439192	0.73335938303615034	0.71971862533443343	0.70688686106517717	Time of the Day


Battery Charge



Corrected	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	9.1999999999999993	12.184806301045917	16.3778439743223	20.484268371465383	27.759932183338631	30.338233722702515	30.05405981865167	34.471584377558997	44.834800613841765	55.857717664274276	64.813145765003696	71.264812564175728	75.681488249843468	78.748227556232479	81.056229871440635	83.052276059387964	84.874586572846894	86.816767898567292	88.841754994376387	91.024156975461864	93.329721424876325	95.748553310425308	98.143517903528291	100.8	Systematic Series	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	53.961487663562131	63.370852920502031	73.953973039059903	85.609957949190374	89.209344729931317	92.256717548331167	94.785811454466469	97.196721960913962	99.695074752162597	101.70707431300515	103.21844168059273	106.80085504420748	110.71058252453646	114.39656321401684	118.34893192905557	123.93667472318886	Analytical 	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	6.5049999999999999	8.7328957142857142	11.967229999999999	15.259545714285714	21.419237142857142	23.709182857142856	23.453911428571427	27.50554	37.764442857142861	50.007725714285712	61.149352857142858	69.949495714285717	76.395047142857138	81.090312857142848	84.750470000000007	88.00790714285715	91.059449999999998	94.396550000000005	97.972927142857145	101.94305285714286	106.27381285714286	110.97587	115.80003428571428	121.358342857143	Kts


kN
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