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Abstract 

Emissions reduction targets are pushing the shipping industry towards cleaner and more 

energy-efficient solutions. One option proposed is to replace conventional marine fuels with 

cleaner fuels. This is particularly important for vessels engaged in short-sea shipping and 

inland waterway transportation because their exhaust gases more negatively affect the local 

population than long-distance ships do. Hence the aim of this study is to undertake a 

technical, environmental and economic analysis of alternative fuels to reduce the 

environmental footprint and lifetime costs of inland waterway transportation. The analysis 

will focus on Croatia whose existing outdated inland waterway fleet needs to meet the goals 

of the Low-Carbon Development Strategy of the Republic of Croatia. In the study, a life-

cycle analysis and life-cycle cost assessment of different alternative fuels will be performed 

taking into account the operating profiles and technical characteristics of vessels working in 

Croatia. The potential effects of a carbon tax are also examined in a case study considering 

carbon emissions reduction targets in Croatia by 2030. The electrification of ships is 

highlighted as the most environmentally friendly option for each considered ship, reaching a 

carbon emission reduction of up to 51%, while the most cost-effective option varies for each 

ship. 
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Nomenclature   
   
Variables Abbreviations 

AC annual exploitation costs (€) AM Ammonia-powered vessel 
B breadth (m) BD B20-powered vessel 
BC battery capacity (kWh) CF Carbon Footprint 
CA carbon allowance (€/t CO2) CP Current policies 
DWT deadweight (t) D Diesel-powered vessel 
E emission (kg) E Electric-powered vessel 
EC energy consumption (kWh/km) GHG Greenhouse Gas 
EF emission factor (g emission/kg) GWP Global Warming Potential 
FC fuel consumption (kg/km) H Hydrogen-powered vessel 
IC investment cost (€) LCA Life-Cycle Assessment 
L length overall (m) LCCA Life-Cycle Cost Assessment 
l length of one-way trip (km) LNG Liquefied natural gas 
LCCCC life-cycle carbon credit cost (€) M Methanol-powered vessel 
LCFC life-cycle fuel cost (€) NT Non-taxation 
LM lifetime mileage (km) PEM Proton Exchange Membrane 
N number of round trips (-) PTW Pump-To-Wake 
n time of a ship lifetime (year) RES Renewable Energy Source 
NCV net calorific value (kWh/kg) SD Sustainable Development 
NPV net present value (€) SP Stated policies 
P Power (kW) WTP Well-To-Pump 
PR price (€) WTW Well-to-Wake 
r discount rate (%)  

SFC specific fuel consumption (kg/kWh) Subscripts 

t operational time (h) A annual 
TE tailpipe emission (g emission/kg) AE auxiliary engine 
x share of a fuel (%) AM ammonia-powered vessel 
  ave  average 
  CR cracker 
  D diesel-powered vessel 
  E electric-powered vessel 
  f fuel used in a power system 
Greek letters FC fuel cell 
η efficiency H hydrogen-powered vessel 
ρ density (kg/l) i emission 

  LNG LNG-powered vessel 
  M methanol-powered vessel 
  ME main engine 

  n year of a ship lifetime  
  ot one-way trip 

  P-f pilot fuel mixed with fuel f 
  P-LNG pilot fuel in LNG-powered vessel 
  P-M pilot fuel in the methanol-powered vessel 
  PR purifier 
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1. Introduction 

 The exhaust gas released by fossil fuel combustion negatively affects the 

environment, and is comprised of sulphur oxides (SOX), nitrogen oxides (NOX), carbon 

monoxide (CO), particulate matter (PM), but also Greenhouse Gases (GHGs), whose 

increased concentration in the atmosphere causes global warming [1]. These latter emissions 

relate to the emissions of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and 

fluorinated gases in very low concentrations [2]. In the international shipping sector, about 

70% of total emissions occur within 400 km of land, which impairs the air quality of coastal 

areas [3]. Current research into air pollution caused by the shipping sector mainly focuses on 

seagoing vessels and less on inland waterway vessels whose impact, however, is not 

negligible, since inland navigation vessels operate along the waterways and directly impair 

the air quality of the nearby population [4].  

 Inland waterway transport represents a mode of transport where passengers and 

freight are transported by vessels via inland waterways (canals, rivers, lakes, etc.) [5]. In 

contrast to rail and road transport, inland waterway transport offers a sustainable and 

environmentally friendlier mode of transport, especially in terms of energy consumption, 

noise and gas emissions. It is also considered the most cost-effective mode of transport due to 

low infrastructure and external costs [6]. In terms of safety, inland navigation is at least 50 

times safer than road transport [7]. However, some issues that could affect the operation of an 

inland waterway vessel are limited waterway widths, fluctuations in water level [8] and the 

effects of the river current [9]. In terms of sustainability, inland waterway transport has an 

advantage over road transport, e.g. inland waterway transport has lower operational emissions 

per transported unit. However, this advantage is decreasing since road transport is slowly 

adapting to environmental trends and implementing alternative options for emission 

reductions, at least more quickly than the inland waterway sector. In Europe, road 

transportation is the main mode of land transport with a market share of approximately 76%, 

while the rest of the market share is divided between railways (18%) and inland waterways 

(6%) [10]. According to the European Commission, by 2050 the GHG emissions from 

transport will need to be at least 60% lower than in 1990. Within the European Strategy for 

Low-Emission Mobility, three priority areas for action are identified: increasing the 

efficiency of the transport system and encouraging a shift towards transport modes with lower 

emissions, the use of alternative energy with an emphasis on electrification, and a transition 
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towards zero-emission vehicles [11]. The shift of freight traffic from roads to inland 

waterways would result in a decrease in road congestion [12], but the negative environmental 

impact of inland navigation would rise, especially in terms of atmospheric pollution and the 

impairment of air quality and human health [13] [14].  

 Since global warming is a major concern and given the existence of many national 

strategies to reduce transport emissions, which are in accordance with the most relevant 

climate agreement that promotes a reduction of GHGs, i.e. the Paris Agreement signed in 

2016 [15], this paper focuses only on GHG emissions. The contribution to global warming 

from different GHGs is evaluated with the Global Warming Potential (GWP) which is 

expressed as the appropriate CO2 equivalent (CO2-eq) [16]. In order to quantify the impact of 

CO2 emissions, the term Carbon Footprint (CF) is used, denoting the total amount of CO2 

emissions over the product lifetime [17] expressed in tons of CO2-eq.  

 The decarbonization of the shipping sector can be achieved through technical and 

operational measures [18] [19]. One of the technical measures relates to the replacement of 

conventional fossil fuel with alternative and cleaner fuel with lower carbon content which 

would reduce the CF of a ship power system [20]. The most frequently used alternative fuel 

in the shipping sector is Liquefied Natural Gas (LNG), whose application results in lower 

operating costs and emissions, but the investment costs, the required infrastructure and safety 

issues are major limitations of its wider use as a marine fuel [21]. Fan et al. [22] investigated 

its application in inland navigation ships. In their study, environmental and economic 

assessments indicated that using LNG in a hybrid power system results in lower overall 

emissions and costs.  

 Another fossil fuel that has been studied as a potential marine fuel is methanol, whose 

viability greatly depends on the area of navigation, the fuel price and the capital cost. The 

performed Life-Cycle Assessment (LCA) indicated that the total CF of fossil methanol is 

higher than the CF of conventional fuels, due to the larger amount of GHGs released from the 

LCA stages of fuel production and distribution [23]. A more viable option is to use renewable 

methanol (biomethanol) which has a lower environmental footprint [24]. However, as 

indicated by Helgason et al. [25] in their economic assessment of fossil and renewable 

methanol compared to heavy fuel oil, renewable methanol is expensive, and its application in 

the shipping sector will only be possible with subsidies. Biofuels, also called green fuels, are 

produced from renewable sources (waste, vegetable oil or plant biomass). According to 

environmental comparison of alternative marine fuels, Gilbert et al. [26] highlight biofuels as 
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an ecological option with a CF reduction of 57%-79% compared to conventional marine 

fuels.  

 The full electrification of ships is an attractive decarbonization solution. For this type 

of electrification, a battery is used as energy storage due to its high energy density and low 

cost compared to other energy storages [27]. This kind of alternative option provides zero-

emission shipping, i.e. ship operation without tailpipe emissions. However, an environmental 

impact analysis of a fully electric ship needs to be performed from the life-cycle point of 

view, since the emissions released during the electricity production process contribute to 

atmospheric pollution. The emissions also depend on the electricity mix used in the process 

[28]. Gagatsi et al. [29] investigated a fully electrified ferry from the point of view of 

sustainability and cost-effectiveness. Limitations such as battery capacity and sailing 

distance, but also the high investment costs, still represent obstacles in the wide deployment 

of battery-powered ships. One of the incentives for shipowners to electrify their ships is the 

introduction of carbon allowances in the shipping industry. If this happens, shipowners will 

have to pay a kind of carbon tax for each ton of CO2 that is released into the atmosphere [30] 

[31].  

 The possible application of carbon allowances could also open the way for the use of 

hydrogen as an alternative marine fuel for use in a fuel cell. However, one of the obstacles to 

its wider application is hydrogen storage, although it is possible for hydrogen to be produced 

onboard from hydrogen carriers (i.e. natural gas, methanol, ethanol, ammonia, etc.) [32], [33].  

 The implementation of alternative fuels in the shipping sector depends on multiple 

factors, i.e. fuel reserves, available infrastructure, emissions produced, etc. Prussi et al. [34] 

investigated these factors and found a lack of reliable infrastructure for the use of methanol, 

hydrogen and electricity as shipping fuel and that the future fuel mix would depend on the 

potential for reductions in GHGs, technology improvement, and the availability and cost-

effectiveness of such alternative solutions. The cost-effectiveness of a power system can be 

thoroughly investigated by performing a Life-Cycle Cost Assessment (LCCA), which is used 

in an economic analysis of a ship power system. For example, the comparison of an LCA and 

LCCA of different alternative fuels for onboard short-sea shipping vessels in a study by 

Perčić et al. [35] showed that a fully electric ship was the most cost-effective and most 

environmentally friendly option among those considered. Although they did not analyse 

electricity as a marine fuel, Nair and Acciaro [36] investigated six fuels for use in the 

shipping sector and concluded that LNG, besides satisfying environmental regulations in 

terms of reducing GHGs, represents a profitable investment since the price of the fuel is low. 
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However, the viability of alternative fuels depends on the fleet type, technical performance, 

total costs, environmental impact, and exploitation. In addition, the application of alternative 

fuels should also be investigated for the geographical area of navigation. 

 Based on the above overview, a gap in the literature is evident: research into 

alternative fuels to reduce the CF is mainly directed at the long-distance and short-sea 

shipping sectors, while the possibility of their application in the inland waterway sector has 

not been adequately investigated. Alternative fuels are particularly important for Croatian 

inland shipping which consists mainly of outdated vessels with low energy-efficient power 

systems that need to meet emission reduction targets. Therefore, this paper presents a techno-

economic assessment of alternative fuels (electricity, methanol, LNG, hydrogen, ammonia 

and biodiesel) to reduce the CF of Croatian inland waterways, where three ships are used as 

test cases. This paper provides a model to calculate the CF of different inland waterway 

vessels, identifies a set of alternative fuels that can be used in Croatian inland waterways, 

and, by performing an LCA and LCCA, highlights the most economical and ecological power 

system configuration. 

2. Methodology  

2.1. The Croatian inland waterway sector 

According to the International Energy Agency, a major contributor to total CO2 

emissions in Croatia is the transport sector with a share of 40% in 2018 [37]. In transport 

emissions, road transport causes 96.4% of total transport CO2 emissions, while navigation 

(which includes both seagoing and inland waterway vessels) generates 2.4% [38], Fig. 1. 
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Fig. 1. Croatian total CO2 emissions [37] and transport CO2 emissions [38] in 2018 

 

Even though the Croatian inland waterway sector contributes a small share to overall 

national CO2 emissions, the national Low-Carbon Development Strategy requires a reduction 

in GHGs under certain sectoral policies which also apply to the inland waterway sector. 

Measures for the transport sector include the use of low-carbon fuels, optimizing and 

increasing the energy efficiency of transportation modes, and promoting the sustainable 

integrated transportation of passengers and freight, i.e. shifting from road to railway and 

inland waterway transportation [39].  

The Croatian inland waterway network consists of the natural streams of the Danube, 

Sava, Drava, and Kupa, with a total length of 787.1 km. Even though it is geographically well 

placed, due to varying navigation conditions, technical obsolescence, and low capacity, 

Croatia’s inland waterways are underutilized [40]. Some Croatian inland waterway vessels 

operate on lakes, which mainly belong to protected areas of nature and serve primarily for 

touristic purposes. The Croatian inland waterway fleet includes several types of ships: 

dredgers, tugboats (tugs and pushers), passenger ships and cargo ships. All vessels use high-

speed four-stroke diesel engines (diesel-mechanical propulsion) [41]. The average age of 

these ships is around 40 years, which indicates that, in the near future, they will need to be 

replaced by new ships or at least retrofitted with a new power system. Even though their total 
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emissions are much lower than those generated by marine vessels, their effect on the 

population in the settlements they pass through is not negligible. Taking into account the 

relevant national strategy on reducing GHGs, which requires particular measures in the 

transport sector, the opportunity arises to replace conventional diesel with alternative fuels. 

 This study divides the Croatian inland waterway fleet into three groups: cargo ships, 

passenger ships, and working ships (dredgers and tugboats). For each group, a representative 

has been selected, Fig. 2, and their particulars are presented in Table 1 [41].  

 

 

Fig. 2. Analysed inland waterway vessels [42], [43], [44] 

 
Table 1 Particulars of the selected ships 

 Cargo ship Passenger ship Dredger 
Length overall, L (m) 75.9 13.2 68.94 
Breadth, B (m) 9.0 4.12 9.30 
Deadweight, DWT (t) 967 15.72 484.6 
Main engine(s) maximum continuous rating, PME (kW) 855 236 804 
Auxiliary engine(s) maximum continuous rating, PAE (kW) 100 - 476 
Total power installed, P (kW) 955 236 1,280 
Route length, l (km) 223 5 - 
Annual number of trips, NA 20 2,190 - 

 

 The representative of cargo ships is the tanker “Opatovac”, which is mostly used to 

transport oil between two Croatian refineries (Slavonski Brod and Sisak). Besides other 

factors, the ship speed depends on the direction of navigation (upstream or downstream). The 

average speed of a cargo ship of this size is 14.4 km/h, with an average main engine load of 

75% of the maximum continuous rating [45]. With an average speed of the Sava River of 1 

m/s [46], the average duration of the trip is 20.5 h for the upstream and 12.5 h for the 

downstream trip, respectively. The average load of the auxiliary engines is assumed to be 

50% of the maximum continuous rating.  The representative of passenger ships is the 

“Trošenj”, which operates in Krka National Park and usually sails between the Skradin and 

Skradinski Buk ports. The river speed is negligible. The duration of a one-way trip is 20 
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minutes, while the average speed is 15 km/h [43]. It is assumed that the ship operates at 70% 

of the total installed power. 

 Since the cargo and passenger ships have a particular route on which they sail, the 

energy consumption, EC (kWh/km), per distance travelled is calculated as follows: 

�� =  ���,	
�  ∙ ��
� +  ���,	
�  ∙ ��

�  , (1) 

where tot (h) represents the duration one-way trip. This general equation can be applied both 

to an upstream and downstream trip. The fuel consumption per distance travelled of a diesel-

powered ship, FC (kg/km), is calculated by multiplying EC with the specific fuel 

consumption, SFC (g/kWh), with the following equation:  

�� =  �� ∙  ���. (2) 

For high-speed diesel engines, SFCD is equal to 215 g/kWh [47]. Assuming a ship lifetime of 

20 years, the calculation of the lifetime mileage, LM (km), is performed as follows: 

 �� = 20 ∙ ��  ∙ 2 ∙ �. (3) 

 However, equations (2) and (3) cannot be used for the representative of working ships 

since it does not have a specific route of navigation. The primary task of the dredger “Papuk” 

is to arrange the riverbed. Using data on the annual fuel consumption of this ship, FCA (l), 

which amounts to 63,023 litres and is reported by the shipowner, and with the assumption that 

the average load of the ship power system is 50% of the rated load, it is possible to 

approximately determine the time that the dredger spends in operation annually, tA (h), using 

the following equation:  

 � =  ���  ∙  � 
0.5 ∙ � ∙ ����

, (4) 

where ρ denotes the fuel density (kg/l) and P (kW) denotes the total installed power of the 

vessel. The annual energy consumption of the dredger, ECA (kWh), can then be calculated 

according to the following equation: 

 ��� =  0.5 ∙ � ∙  �. (5) 

 The data for further analysis are calculated and presented in Table 2. For the cargo 

ship and passenger ship, the data are calculated by equations (1)-(3) and are expressed per km 

of the travelled trip, while for the ship without a particular route, i.e. the dredger, the annual 

data are calculated according to equations (4) and (5). 

 

Table 2 Calculated data for the selected ships 

Ship with a particular route 
 Cargo ship Passenger ship 
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Average duration of a one-way trip, tot (h) 33 0.33 
Average energy consumption, EC (kWh/km) 51.13 11.00 
Average fuel consumption, FCD (kg/km) 11.0 2.36 
Lifetime mileage, LM (km) 178,400 438,000 

 
Ship without a particular route 

 Dredger 
Annual operational time, tA (h) 387 
Average annual energy consumption, ECA 
(kWh) 

247,695 

Lifetime (years) 20 
  

 The combustion of fuel in marine engines results in tailpipe emissions, which are 

calculated by multiplying FC with the emission factors, EF (g emission/kg fuel), according to 

the following equation:  

 ��� = �� ∙  ���  , (6) 

where the subscript i refers to any emissions. This is a general equation whose principle is 

implemented on each considered power-system configuration. 

 

2.2. Life-cycle assessment  

2.2.1. General considerations on a life-cycle assessment  

 The most environmentally friendly alternative ship power system is one with the 

lowest environmental impact. One of the preferred methods for environmental impact 

analysis is the LCA which takes into account the emissions released throughout the life cycle 

of a product, involving several life stages [48]. 

 LCA is performed by means of GREET 2019 software [49], which enables 

investigation of emissions released from the processes in the Well-to-Pump (WTP) phase (i.e. 

raw material recovery, production of the fuel and its transportation to the pump) and those 

released from the processes in the Well-to-Wake (WTW) phase, i.e. the WTP phase and the 

process of product use, known as the Pump-to-Wake (PTW) phase. PTW emissions refer to 

the tailpipe emissions. In order to analyse the CF of the entire power system configuration, 

besides WTW emissions, the emissions released from the manufacturing of its key elements 

are taken into account. In this study, the total GHGs released during the life-cycle of different 

ship power systems are expressed in CO2-eq and calculated as follows: 

 �� =  !�"#$  ∙ �"#% +   !�"&'  ∙  �"&' +   !�(%#  ∙  �(%#, (7) 

where ECO2, ECH4 and EN2O refer to the total emissions of CO2, CH4 and N2O released during 

the ship lifetime. Among the considered marine fuels, diesel, LNG and methanol result in 
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tailpipe emissions. The emission factors for diesel and natural gas are obtained from [50], 

while the emission factor for methanol is obtained from [51], Table 3. 

 

 

 

Table 3 Emission factors 

GHG GWP 
Emission factors, EF (g/kg fuel) 

Diesel LNG Methanol 

CO2 1 3,206 2,750 1,380 
CH4 25 0.06 51.2 - 
N2O 298 0.15 0.11 - 

  

 The system boundary is set on the power system, where the inputs refer to the total 

energy sources used in the observed life-cycle of a power system configuration, while the 

output represents the emissions associated with these life-cycle stages. Since the emphasis is 

on comparing power systems, under consideration here are only emissions related to the 

power system configurations, and not the ship hull and other ship systems, are considered. 

 

2.2.2. The life-cycle assessment of a diesel-powered vessel 

 Analysis of the currently used diesel power system configuration represents a baseline 

to compare different alternative power options for the Croatian inland waterway fleet. It 

includes emissions released from processes of the WTP phase (crude oil recovery and its 

transportation to the refinery, refining, and its transportation to the oil pump) and the PTW 

phase (diesel combustion in an engine), Fig. 3. 

 
Fig. 3. Processes of the LCA of a diesel-powered vessel 

 The diesel used by the Croatian shipping sector corresponds to conventional diesel 

from the GREET 2019 database. Crude oil used for Croatian diesel production is primarily 
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imported from the Middle East since domestic crude oil production is not sufficient for 

Croatian demand. The process of crude oil transportation involves transport by tank trucks 

from the exploitation site to the port (500 km), where the crude oil is loaded onto a tanker, 

which sails for 4,000 km to the Croatian terminal [52]. After the production of diesel, it is 

transported to the pump by tank trucks. This distance for the cargo ship is 200 km (from 

Rijeka to Sisak), for the passenger ship it is 300 km (from Rijeka to Šibenik) and for the 

dredger, it is 450 km (from Rijeka to Osijek). 

 The emissions released from the PTW phase is calculated according to equation (6). 

The EFs are presented in Table 3. 

2.2.3. The life-cycle assessment of an electric-powered vessel  

 In recent years, fully electric ships have attracted great attention. The power system of 

these ships consists only of a battery as a power source, which leads to reduced emissions.  

 Even though it is expensive, a lithium-ion (Li-ion) battery has the highest energy 

density compared to other types of batteries, and has been widely investigated for shipping 

purposes [53]. The considered Li-ion battery has energy density values of 0.15-0.22 kWh/kg 

[54]. The battery capacity, BC (kWh), is defined depending on the operating requirements. It 

is assumed that for the cargo ship it is sufficient for a one-way trip with an average speed of 

14.4 km/h. The battery installed onboard the passenger ship is recharged after a round trip, 

while the battery used on the dredger has sufficient capacity to provide 8 hours of operation. 

For safety reasons, the required capacities are increased by 20% and determined by eq. (8) 

(for the cargo ship and the passenger ship) and eq. (9) (for the dredger): 

 )� = 1.2 ∙  �� ∙ +2, ∙ �, (8) 

 

 )� =  1.2 ∙  ���
�

 ∙ 8. (

9) 

 The LCA of an electric-powered ship includes electricity generation and the process 

of battery manufacturing, Fig. 4. During its operation, the vessel does not release exhaust 

gases. Hence, it produces zero PTW emissions. 
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Fig. 4. Processes of the LCA of an electric-powered vessel 

 The WTP phase of electricity refers to the process of electricity generation. The 

structure of the Croatian electricity mix is shown in Fig. 5 [55]. 

 

Fig. 5. Croatian electricity mix in 2018 [55] 

 The environmental impact of a battery is assessed taking into account the 

manufacturing process using data from the software database. The only required input is the 

battery weight which is calculated by dividing its capacity by its specific energy (0.22 

kWh/kg). Replacement of the battery after ten years is also assumed. 

 

2.2.4. The life-cycle assessment of a methanol-powered vessel 

 The second option to replace diesel fuel is methanol: a toxic, corrosive, but sulphur-

free and biodegradable fuel. The main raw material for its production is natural gas and, due 

to the low carbon content, it has been attracting wide attention. Its similarity to marine fuels 
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(due to its liquid state) allows for methanol to be used in the current diesel infrastructure with 

only minor modifications [56]. It can be easily used in the commercially available MAN dual-

fuel engine, which uses a small amount of pilot fuel to initiate combustion [57]. In this paper, 

the considered vessels operate only in a dual-fuel mode with 95% of methanol and 5% of 

diesel (pilot fuel). The power output of the dual-fuel engine needs to be sufficient to cover the 

total installed power. Specific fuel consumptions refer to a load of 75% [58], Table 4. 

 

Table 4 Dual-fuel engine for the considered vessels 

 Cargo Passenger Dredger 
Dual-fuel engine type MAN G50ME-C9.6-LGIM 
Engine power (kW) 955 236 1,280 
Specific consumption of methanol (SFCM), g/kWh 327.2 
Specific consumption of pilot fuel (SFCP-M), g/kWh 10.1 

 The fuel consumptions in a dual-fuel engine can be calculated as follows: 

 ��. =  /.  ∙  �� ∙  ���., (10) 

 ��01. =  /01.  ∙  �� ∙  ���01., (11) 

where FCf and FCP-f refer to the consumption of the main fuel and pilot fuel, while xf and xP-f 

represent the proportions of the main fuel and pilot fuel in a dual-fuel engine, respectively. 

This general equation can be applied to each power system configuration which includes a 

dual-fuel engine. 

 The processes included in the LCA of a methanol-powered vessel refer to the WTP 

phase of methanol, the WTP phase of diesel from section 2.2.2, and combustion in a dual-fuel 

engine in the PTW phase, Fig. 6. 

 

Fig. 6. Processes of the LCA of a methanol-powered vessel 

 



15 
 

 The WTP phase of methanol includes the processes of natural gas recovery, the 

production of methanol and its transportation to the pump. It is assumed that methanol is 

made from natural gas by steam reforming and is produced in the Egyptian methanol plant 

from which it is transported via tanker to Croatia (3,000 km) [59]. Once the methanol is 

shipped to Croatia, it is transported via tank truck to pumps.  

 In the dual-fuel engine, both methanol and diesel as a pilot fuel are combusted and the 

released emissions are calculated according to equation (6). The EFs are presented in Table 3.  

 
2.2.5. The life-cycle assessment of an LNG-powered vessel  

 As an affordable, non-toxic and non-corrosive fuel with lower carbon content than 

diesel, natural gas is competitive on the energy market for use as an alternative shipping fuel 

[60]. As in the case of a methanol-powered vessel, natural gas is usually used in a dual-fuel 

diesel engine that provides high efficiency and offers a smooth switch between one fuel and 

the other during ship operation without loss of power or speed [61]. Natural gas is originally 

in gaseous form. To make the handling process easier, natural gas is liquefied by cooling it at 

-163 °C. In this way, LNG has 600 times less volume than in its gaseous state [62]. This study 

investigates the use of LNG in the Croatian inland waterway sector. It is used in a dual-fuel 

engine with diesel as a pilot fuel in a proportion of 1%. For a load of 75%, the specific 

consumption of LNG (SFCLNG) is 154.4 g/kWh, while the specific consumption of pilot fuel 

(SFCP-LNG) is 1.8 g/kWh [63]. The fuel consumption of LNG (FCLNG) and pilot fuel (FCP-LNG) 

is calculated according to equations (10) and (11). 

 The LCA of an LNG-powered vessel includes the processes related to the diesel part 

of the configuration (from section 2.2.2), those related to LNG, and the ship operation during 

which PTW emissions are released, Fig. 7. 

 

Fig. 7. Processes of the LCA of an LNG-powered vessel 
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The WTP phase encompasses the processes of natural gas recovery, its liquefaction 

and transportation. It is assumed that LNG is transported from Qatar via LNG carriers that 

transport it around 7,000 km to Croatia. Further transportation is made by tank truck for 

distances that correspond to the distances for diesel transportation (section 2.2.2). 

 In the dual-fuel engine, both LNG and diesel as a pilot fuel are combusted and the 

released emissions are calculated according to equation (6). The EFs are presented in Table 3.  

 

2.2.6. The life-cycle assessment of a hydrogen-powered vessel 

 Hydrogen is an abundant and non-toxic fuel that is rarely found in pure form. It is 

usually produced from natural gas, but can also be obtained from biomass and by electrolysis 

[64]. Hydrogen is usually used in a fuel cell, which enables direct conversion of the chemical 

energy of fuel into electric energy via electrochemical reactions. Although the literature 

regularly considers the application of fuel cells only as an auxiliary power source, here, for 

comparative purposes, its use for ship propulsion is considered. Once the hydrogen is 

supplied to the ship, it is fed to a Proton Exchange Membrane (PEM) fuel cell. The 

characteristics of this type of fuel cell are its low operating temperature (65-85°C) and, given 

its intolerance to impurities, its requirement for pure hydrogen as fuel [65]. With an 

efficiency of 48% (ηFC) [66], the selected PEM fuel cells have power equal to the total 

installed power of the existing vessels. Considering the EC of a vessel, the net calorific value 

of hydrogen (NCVH) which is equal to 33.3 kWh/kg, and ηFC, the hydrogen consumption, 

(FCH) can be calculated: 

 ��& =  ��
23"  ∙  ��4&

. (12) 

 The LCA of a hydrogen-powered vessel includes the manufacturing process of a fuel 

cell, natural gas recovery, hydrogen production and its liquefaction, its distribution by tank 

trucks, and vessel operation during which there are no tailpipe emissions, Fig. 8. 

 

Fig. 8. Processes of the LCA of a hydrogen-powered vessel 
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 The considered hydrogen is produced from natural gas in Western Europe and, after 

its production and liquefaction, it is transported to Croatia by tank trucks (distances: cargo 

ship: 1,200 km; passenger ship: 1,300 km; dredger: 1,450 km). The weights of materials used 

in the PEM fuel cell are taken from [67] and further used as an input for GREET 2019. 

Replacement of the fuel cells after 10 years is also assumed. 

 

 

 

2.2.7. The life-cycle of an ammonia-powered vessel 

 Ammonia is a hydrogen-rich fuel. It is mostly produced through the Haber-Bosch 

process, where nitrogen from the air and hydrogen are combined at high temperature and 

pressure. A well-established infrastructure and the lack of carbon content in ammonia make it 

a promising option for the shipping sector [68] [69]. 

 In this paper, ammonia is considered as a hydrogen carrier. The ammonia needs to be 

processed through a cracker, where the decomposition of ammonia into hydrogen and 

nitrogen occurs, and then the hydrogen is passed through a purifier to ensure that only 

purified hydrogen enters into the fuel cell [70]. While the particulars for the PEM fuel cell 

correspond to those in section 2.2.6, the fuel consumption of ammonia (FCAM) is calculated as 

follows: 

 ���� =  ��
2"5  ∙  205  ∙  23"  ∙  ��4��

 . (13) 

where ηCR and ηPR refer to the efficiency cracker (80%) and purifier (90%) [70], while the 

NCVAM refers to the net calorific value of ammonia which is equal to 5.17 kWh/kg [64].  

 The LCA of an ammonia-powered vessel includes the manufacturing process of a fuel 

cell, natural gas recovery, ammonia production and its distribution by tank trucks, Fig. 9. 

There are no tailpipe emissions while the ship is operating. 

 

Fig. 9. Processes of the LCA of an ammonia-powered vessel 
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 Ammonia is considered to be produced on the same site as the hydrogen, where it is 

distributed in the same manner as the hydrogen. The environmental impact of a fuel cell is the 

same as the calculated for the hydrogen-powered ship. 

 
2.2.8. The life-cycle assessment of a B20-powered vessel  

 In recent years, biofuels have also been attracting interest. The most commonly 

produced biofuel is biodiesel whose feedstock can be classified into four main groups: edible 

vegetable oil (sunflower, soybean, rapeseed etc), non-edible vegetable oil (algae, cottonseed, 

jojoba etc.), recycled and waste oil, and animal fat [71]. Biodiesel is usually used as a blend 

with fossil fuels, and is designated as BXX, where XX indicates the biodiesel percentage in a 

blend. The blend usually used as a transportation fuel contains a low share of biodiesel [72].  

 This study considers the soybean biodiesel-diesel blend B20 in which Croatian diesel 

is used (section 2.2.2), while the soybean biodiesel is imported from the Veneto region of 

Italy [73]. The WTP phase of the biodiesel consists of several processes: soybean farming and 

soy oil extraction, soy oil transportation by tank trucks (50 km) to the transesterification 

plant. The produced biodiesel is then transported to a refuelling station where it is assumed 

that the biodiesel and diesel are mixed into a B20 blend. Transportation distances are different 

for each considered vessel: 450 km (cargo ship), 550 km (passenger ship) and 700 km 

(dredger). The performed LCA of a B20-powered vessel includes the processes presented in 

Fig. 10. 

 

Fig. 10. Processes of the LCA of a B20-powered vessel 

 Given the general opinion that biofuels are considered carbon-neutral fuels, biodiesel 

tailpipe CO2 emissions are not included in total life-cycle emissions, while CH4 and N2O 

emissions are considered negligible [74]. The PTW emissions released by a B20-powered 
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vessel consist of the emissions related only to the diesel and are calculated according to 

equation (6). The EFs are presented in Table 3. 

 

2.3. Life-cycle cost assessment 

2.3.1. General considerations on life-cycle cost assessment 

 LCCA considers the total costs of a power system configuration during the ship 

lifetime. These life-cycle costs refer to the investment cost and exploitation cost.  

 The investment cost represents the capital cost of the power system, the maintenance 

cost refers to the maintenance and equipment replacement cost, while the fuel cost relates to 

the life-cycle cost of a fuel that is used in the power system. The carbon credit cost refers to 

the cost of carbon allowance, which represents the right to emit 1 ton of CO2 [30]. Even 

though the inland shipping sector has not yet implemented carbon credit, this paper 

investigates its implementation through different scenarios, as performed by Trivyza et al. 

[75]. The considered scenarios refer to the non-taxation (NT) scenario and three carbon credit 

scenarios: the Current Policies (CP) scenario considers the current policies implemented in 

the energy sector, without additional changes in the future; the Stated Policies (SP) scenario 

relates to current policies and today’s policy targets; and the Sustainable Development (SD) 

scenario refers to the strategic pathway to meet global climate, air quality and energy access 

goals. The forecast carbon allowance, CA (€/t CO2) and the values for 2030 and 2040 in the 

European Union for each scenario are obtained from [76] and interpolated to obtain relevant 

trends. For 2020, the CA value is zero, since carbon credit has not yet been implemented, Fig. 

11.  
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Fig. 11. Carbon allowance scenarios according to [76]; NT - non-taxation scenario, CP - 

current policies scenario, SP - stated policies scenario, SD - sustainable development scenario  

 The carbon credit cost is illustrated only for ship power systems that release PTW 

emissions. The life-cycle carbon credit cost, LCCCC (€), for different scenarios yields:  

 
����� =  6 ��!�,7  ∙  �87

$9

7:;
, (14) 

where n refers to one year of the ship lifetime, PTWA,n denotes annual tailpipe emissions in t 

CO2-eq, while CAn refers to the carbon allowance for year n. 

 A proper cost comparison of different power system configurations can be achieved 

by reducing their total costs to the Net Present Value (NPV), a measure that discounts the 

future costs to the present value. The NPV of each power system is calculated as follows: 

 
��4 =  <� +  6 8�7

+1 + =,7

$9

7:;
 , (15) 

where IC (€) refers to the investment cost, ACn (€) represents all annual costs in a year n 

(including the fuel cost, maintenance cost and carbon credit cost), r refers to the discount rate 

and n is the number of years, i.e. the lifetime of a ship. 

 

2.3.2. The life-cycle cost assessment of a diesel-powered vessel  
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 Since most Croatian inland waterway vessels are powered by outdated diesel engines, 

the purchase of a new diesel power system configuration is investigated. The investment cost 

of a diesel engine is calculated by multiplying the total installed power with the assumed 

conversion factor of 250 €/kW. The maintenance conversion factor of this power system is 

obtained from [77] and is 0.014 €/kWh. The life-cycle maintenance cost of the diesel power 

system of the cargo and the passenger ship is calculated by multiplying the conversion factor 

by EC and LM, while for the dredger the conversion factor is multiplied by FCA and the 

lifetime of 20 years.  

 The life-cycle fuel cost (LCFCf) of the cargo ship and the passenger ship is obtained 

by equation (16), while for the dredger these total fuel costs can be calculated using equation 

(17), where subscript f refers to any fuel used in the power system: 

 ����. = �� ∙ ��.  ∙ �>., (16) 

 ����. = 20 ∙  ���,.  ∙  �>. . (17) 

The diesel price used in this assessment amounts to 0.78 €/kg [78]. The carbon credit cost is 

calculated according to equation (14). 

 

2.3.3. The life-cycle cost assessment of an electric-powered vessel 

 A major obstacle in the electrification of the shipping sector is the high investment 

cost of an electric-powered vessel (ICE). In this paper, it is calculated according to the 

equation below, where it is assumed that 45% of ICE refers to the battery price, while the rest 

represents installation, electric engine and additional equipment costs [79]: 

 <�� =  )� ∙  �>?
0.45  , (18) 

where PRB refers to the battery price which is assumed to be 200 €/kWh [80]. The 

maintenance cost relates only to the replacement of the battery after 10 years. According to 

Tsiropoulos et al. [80], the forecast Li-ion battery price for 2030 is 169 €/kWh. 

 The electricity price for a Croatian medium-sized enterprise is 0.078 €/kWh [78]. The 

life-cycle fuel cost of an electric-powered vessel can be calculated according to equations 

(16) and (17), where, instead of fuel consumption, energy consumption is considered.  

2.3.4. The life-cycle cost assessment of a methanol-powered vessel 
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 Conversion from a diesel power system configuration to a methanol power system 

configuration results in a cost of 750 €/kW for a new-build system which considers the 

purchase of a new engine and associated equipment [51]. It is assumed that the life-cycle 

maintenance cost of a methanol-powered ship is equal to the life-cycle maintenance cost of a 

diesel-powered ship. The life-cycle fuel cost of a methanol-powered vessel can be calculated 

with equations (16) and (17), where the FC and prices of both pilot fuel and methanol are 

considered. The methanol price amounts to 0.325 €/kg, which is calculated by increasing the 

price set by the producer, i.e. 0.26 €/kg with Croatian VAT of 25% [59]. The carbon credit 

costs are calculated according to eq. (14). 

 

2.3.5. The life-cycle cost assessment of an LNG-powered vessel  

 The investment cost of a new-build LNG system is calculated by multiplying the 

conversion rate (which includes the engine and all additional equipment costs) of 1,160 €/kW 

[51] by the engine power, Table 4. The life-cycle maintenance cost is calculated as for the 

diesel-powered vessel, where the conversion factor is equal to 0.015 € [77].  

 The price for 1 kg of LNG in Europe varies from 0.95 € to 1.1 €. For this assessment, 

the LNG price is assumed to be 1.1 €/kg. The life-cycle fuel cost of a methanol-powered 

vessel can be calculated with equations (16) and (17), where the FC and prices of both pilot 

fuel and LNG are considered. The carbon credit for each power system configuration is 

calculated according to eq. (14). 

 

2.3.6. The life-cycle cost assessment of a hydrogen-powered vessel 

 The investment cost of a hydrogen-powered vessel includes a PEM fuel cell (368 

€/kW) [81], which is increased by 20% in order to take into account additionally required 

equipment, while the hydrogen storage cost is calculated by multiplying the amount of 

hydrogen required for ship operation by the NCVH and liquid hydrogen storage price of 5 

€/kWh. The required mass of hydrogen is increased by 20% for safety reasons [82]. The life-

cycle maintenance cost refers only to the replacement once in the ship’s lifetime of the fuel 

cell and is equal to its capital cost. The life-cycle fuel cost of a hydrogen-powered vessel can 

be calculated with equations (16) and (17), where the hydrogen price lies in the range of 5.35- 

9.5 €/kg [83] [84]. For this assessment, the upper limit of the range is used in the assessment. 



23 
 

 

2.3.7. The life-cycle cost assessment of an ammonia-powered vessel 

 By considering the required cracker and purifier, the investment cost of an ammonia-

powered vessel is calculated by increasing the PEM fuel cell cost by 30%. The life-cycle 

maintenance cost refers only to the replacement of the fuel cell once in the ship’s lifetime and 

is equal to its capital cost. 

 The life-cycle fuel cost of an ammonia-powered vessel can be calculated with 

equations (16) and (17), where the price of ammonia is 0.7 €/kg [70].  

 

2.3.8. The life-cycle cost assessment of a B20-powered vessel 

 The investment and the maintenance costs of a B20-powered vessel are equal to the 

investment and maintenance costs of a diesel-powered vessel. The price of pure biodiesel is 

assumed to be the same as the price of Croatian diesel (1.48 €/kg) [78]. The life-cycle fuel 

cost of a B20-powered vessel can be calculated with equations (16) and (17), where the FC 

and the prices of both biodiesel and diesel are considered.  

The carbon credit for each power system configuration is calculated according to eq. 

(14). 

 

2.4. Limitations and approximations 

 The limitations and approximations in this paper are listed as follows: 

• The system boundary is fixed to the ship power systems, where the emissions and 

costs are related only to the ship power system, while the other units of the ship, i.e. 

the hull, additional equipment, crew, etc., are not taken into account given that they 

are considered to remain the same while the power is brought to the propeller. 

However, this approach is sufficiently accurate to identify technical solutions to 

reduce emissions generated by the power system. This is important since relevant 

regulations recognize the ship as a separate unit and evaluate its particular 

contribution.  
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• Since the cargo ship speed is approximated according to the ships of the same type 

and size (according to [45]) and has an impact on both emissions and costs, a relevant 

sensitivity study is included in the discussion section.  

• Idealization of the fuel distribution processes and the transportation of the raw 

material to the production facility are one of the approximations in the paper. 

However, stationary processes generate most of the WTP emissions, and, therefore, a 

change in the distribution and transportation pathways would not have a major impact 

on the WTP emissions. 

• Stationary processes of fuels within the WTP phase for all fuels are taken from the 

GREET 2019 database. For some fuels like biodiesel, this may cause some minor 

inaccuracies, bearing in mind the fact that this fuel is mainly produced from different 

feedstocks in the United States (soy and palm) and Europe (rapeseed, sunflower and 

palm). However, for biodiesel, the contribution of the stationary process to the total 

emission amounts is relatively small (particularly for biodiesel-diesel blend B20), and 

this assumption has practically no influence on the overall findings. 

• The assumption about the investment cost of additional equipment for fuel cell system 

does not have a major influence on the final LCCA results since the investment cost of 

such a power system is relatively minor compared to other costs of that power system. 

• An increase in fuel prices in the future is not considered, and therefore the cost 

assessments follow the business-as-usual scenario. The variability of hydrogen costs is 

presented in the sensitivity analysis within the discussion section. 

• Other limitations of the paper may be that the cost assessment is performed without 

considering interest rates and that the study focuses only on the ship power system 

without considering the costs of the ship crew, port fees and other expenses. 

 

3. Results  

 The LCA and LCCA results of the investigated vessels are presented in Fig. 12 where 

D denotes diesel, E denotes electricity, M refers to methanol, H refers to hydrogen, AM refers 

to ammonia, while BD refers to the biodiesel-diesel blend B20. In the LCCA, the SD scenario 

as a carbon credit implementation scenario is considered. 
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Fig. 12. A comparison of the LCA and LCCA of alternative fuels; D - diesel, E - electricity, 

M - methanol, LNG - liquefied natural gas, H - hydrogen, AM - ammonia, BD - biodiesel-

diesel blend B20 

 

An insight into the impact of individual costs on the total NPV of each power system, 

with an assumed discount rate of 5%, is performed and presented in Fig. 13. The analysis is 

performed using the example of the cargo ship. 

 



26 
 

 

Fig. 13. Impact of individual costs on the NPV for different power systems; D - diesel, E - 

electricity, M - methanol, LNG - liquefied natural gas, H - hydrogen, AM - ammonia, BD - 

biodiesel-diesel blend B20 

 

The obtained results are extensively discussed in the following section. 

 

4. Discussion 

 A comparison of the LCA results shows that the most environmentally friendly 

decarbonisation solution, for each considered vessel, is an electric-powered vessel that 

involves replacing the diesel engine with a Li-ion battery. The application of this power 
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system results in a CF reduction of 36% for the cargo ship, 51% for the passenger ship and 

40% for the dredger. The great difference between these percentages is mainly related to the 

required battery capacity as well as to the lifetime energy consumption of each vessel. This 

power system configuration does not release exhaust gas during operation, and its CF is 

constituted by the emissions related only to electricity generation and the manufacturing of 

the battery. The electricity mix used for electricity generation has a great effect on the WTP 

emissions, and an increased share of Renewable Energy Sources (RESs) in the mix would 

reduce these emissions. Three different scenarios with different electricity mixes are observed 

to describe the effect of the electricity power origin on the total WTP emissions of an electric-

powered ship, where the passenger ship is taken as a test case, Fig. 14. 

 

 

Fig. 14. The WTP emissions of an electric-powered passenger ship with different electricity 

mixes 

 Mix 2 refers to the Croatian mix used in this paper, Mix 1 is a mix of only fossil 

energy sources and nuclear energy, while Mix 3 represents an electricity mix with only RESs 

and nuclear energy. It is evident that Mix 3 results in the lowest total WTP emissions and that 

by increasing the share of RESs in the Croatian electricity mix, the emissions related to 

electrification would be lower.  

 Other alternative fuels that can be used in Croatian inland waterways and which have 

a lower CF than a diesel-powered vessel are methanol, LNG and B20. Methanol is indicated 

as the second most environmentally friendly option, and its application would result in a CF 
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reduction of 28% (for the cargo ship), 33% (for the passenger ship) and 30% (for the 

dredger). The reason for this is the lower emission factors, Table 3. The ammonia-powered 

vessel is the ship power system with the highest CF among those investigated in this study. 

The main reason is the use of fossil ammonia (produced from natural gas) which is required 

in great amounts due to losses in the cracker and purifier. Applying other fuel cells which 

tolerate impurities, hence allowing fuel to enter the fuel cell without a precleaning process, 

would lower the WTP emissions of the ammonia-powered vessel. Using hydrogen onboard 

inland waterway vessels would result in high emissions. Even though one of the benefits of 

this configuration is that there are no tailpipe emissions, the WTP emissions are not 

negligible, and they constitute most of the CF. 

 The performed LCCAs resulted in revealing the most cost-effective power option for 

each ship. This option for the cargo ship is a methanol-power system, while for the dredger 

the power option with the lowest total costs is diesel power. However, following 

environmental trends, diesel-powered vessels will need to be replaced with some power 

system that has a lower CF compared to the currently used power system and which does not 

involve high total costs. This kind of option is hence a methanol-powered system. Due to the 

required battery capacity, and consequently the high investment cost of battery and hydrogen, 

an electric-powered vessel and a hydrogen-powered vessel are rather expensive for use in 

cargo ships and dredgers engaged in the Croatian inland waterway fleet. 

 Bearing in mind that the target hydrogen price is below 3 €/kg [85], four different 

hydrogen prices are observed in the analysis where the passenger ship is taken as a test case, 

Fig. 15.  

 

Fig. 15. Sensitivity analysis of the hydrogen price on the total costs of the hydrogen-powered 

passenger vessel; D - diesel, H - hydrogen 
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 The analysis shows that a hydrogen-powered vessel has lower costs than a diesel-

powered vessel only when the price of hydrogen drops to 3 €/kg. Then, the cost of such a 

configuration is 4% less than the cost of an existing passenger ship. By using green hydrogen, 

i.e. hydrogen produced from RESs, and with a target fuel price, hydrogen will be a very good 

alternative solution for replacing the diesel power system configuration. However, in this 

paper, the LCCA results for the passenger ship indicate an electric-powered vessel as the 

most economical solution. The total life-cycle costs of this configuration are around 60% 

lower than the costs of the current power system installed on the considered vessels. It needs 

to be emphasized that the passenger ship has the longest operating time among the considered 

vessels, and it requires autonomy of approximately one hour. The calculated payback period 

is within 3 years.  

 For the considered cargo ship, a sensitivity analysis of the effect of speed on the life-

cycle emissions and the life-cycle costs of different power system configurations was 

performed. The speed varies by ± 30%, with a step increment of 10%. With a change of 

speed, the average power also changes. Since ship power is roughly proportional to the cube 

of its speed, the average ship power for different speeds is calculated. As presented in Fig. 16, 

the increase and decrease of speed have a great effect on total emissions. For example, a 20% 

increase in speed raises emissions by 44%, while a 10% decrease emissions by 19%. 
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Fig. 16. Impact of ship speed on the life-cycle emissions of different power systems; D - 

diesel, E - electricity, M - methanol, LNG - liquefied natural gas, H - hydrogen, AM - 

ammonia, BD - biodiesel-diesel blend B20  

 

The impact of speed variations on the NPV of an individual ship power system is 

presented in Fig. 17, where an assumed discount rate is also set at 5%. 
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Fig. 17. Impact of ship speed on the NPV for different power systems; D - diesel, E - 

electricity, M - methanol, LNG - liquefied natural gas, H - hydrogen, AM - ammonia, BD - 

biodiesel-diesel blend B20 

 

 According to Fig. 17, an electric power system would be the most expensive solution 

for the cargo ship. However, by reducing the speed by 30%, the NPV of the electric-powered 

ship is reduced by 51%, while for the methanol-powered ship it is reduced by 56%. The main 

reason for this difference is the great investment cost of the electric-powered ship which is 

not discounted since it is an initial cost that occurs in year zero.  

 The analysis reveals that for most of the power systems, the cost of fuel has a major 

effect on the NPV and that by reducing the fuel costs, that is, with a fall in the price of fuel, 

the costs of the power system configurations become more acceptable. However, this does not 

refer to the electric-powered ship since the price of electricity is already low, while the 

investment cost is a major contributor to the total NPV of a system.  

 The sensitivity analysis indicates that the use of alternative fuels is more feasible 

when the speed is reduced, and when the total costs of alternative power systems are lower 

and therefore more acceptable to shipowners.  
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5. Conclusion  

 The decarbonisation of ship power systems through the use of alternative fuels is 

investigated in order to comply with ever stringent environmental regulations on the 

reduction of GHGs. The applicability of five alternative fuels (electricity, methanol, LNG, 

hydrogen, ammonia and biodiesel) is illustrated using the example of three different vessels 

belonging to the Croatian inland waterway fleet: a cargo ship, a passenger ship, and a 

dredger. The main conclusions of this research are: 

• The LCA indicates that the most environmentally friendly option is an electric-powered 

vessel. This power system configuration results in a lower CF compared to the diesel 

power system configuration. The biggest CF reduction is achieved for the passenger ship, 

which amounts to 51%, while the cargo ship and the dredger achieved a CF reduction of 

36% and 40%. 

• The most cost-effective alternative is the one with the lowest total lifetime cost, which is 

a methanol power system configuration for the cargo ship. The LCCA highlighted that 

full electrification represents the most economical solution for the passenger ship, while 

for the dredger, the most economical option is still the diesel power system configuration. 

• Even though methanol is shown as the most economical alternative fuel for the cargo 

ship, this study indicates that further development of the bunkering infrastructure and 

distribution chains of methanol are required. Since, for the dredger, the existing power 

system is the most cost-effective solution, one of the options is to replace diesel with 

methanol, leading to a power system that is only 15% more expensive than the existing 

one. Besides the required appropriate battery charger in ports, Li-ion battery technology 

is well known and commercially available, while the electricity for charging the battery is 

Croatian electricity. Therefore, an electric-powered ship is the most suitable option for 

the passenger ship. 

 Further investigation will focus on different hybrid power systems that can be applied 

in the Croatian inland waterway sector, taking into account more advanced solutions of a 

ship’s power system, especially those with a high share of RESs. Their application, which 

depends on energy efficiency, i.e. environmental performance and cost-effectiveness, will be 

assessed with optimization methods. 

Finally, it should be mentioned that although this model has been applied in the case 

of Croatia, it is generally applicable to other inland waterways if a relevant set of ship 
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technical data, information on operating conditions, and insights into particular energy mixes 

of the considered country is available. 
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