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ABSTRACT

Increased social awareness on the greenhouse gases
led to climate agreements setting their strict reduction
targets. In order to achieve decarbonization of the
shipping industry, some technical measures can be
applied, such as replacement of classical ship power
system with diesel engine as a prime mover with some
alternative solution. This paper investigates the
applicability of alternative power system configurations
that can be implemented on board passenger and cargo
ships from Croatian inland waterway fleet. The
environmental impact of three different potential power
system configurations (diesel engine-powered ship,
battery-powered ship and photovoltaic cells-battery-
powered ship) was investigated through the Life Cycle
Assessment (LCA) by means of GREET 2019 software. The
comparison identified the photovoltaic cells-battery-
powered ship configuration as the most environmentally
friendly power system configuration.

Keywords: inland waterway transportation; LCA; carbon
footprint; ship power system

NONMENCLATURE
Abbreviations
BAT Battery-powered ship
C Cargo ship
CF Carbon footprint
DE Diesel engine-powered ship
GHG Greenhouse gas
LCA Life cycle assessment

P Passenger ship

PTW Pump-to-Wake

PV Photovoltaic

PV-BAT Photovoltaic cells-battery-powered
ship

WTP Well-to-Pump

WTW Well-to-Wake

Variables

A Area (m?)

Epy Electric power from PV system (MJ)

Erad Annual solar irradiation (MJ/m?)

Symbols

n Efficiency (-)

1. INTRODUCTION

In order to mitigate the problem of the global
warming, the global community needs to reduce
Greenhouse Gases (GHGs) generated by human
activities. These gases refer to carbon dioxide (CO3),
methane (CH4), nitrous oxide (N,O) and fluorinated
gases. Their increased concentration in the atmosphere
causes the greenhouse effect leading to the global
warming and climate changes [1]. Since the fuel oil
combustion represents the most important source of
GHGs, the energy and the transport sectors contribute
the most to this pollution [2]. According to the Third GHG
Study conducted by the International Maritime
Organization (IMO), in 2012 the international shipping
was responsible for 2.1% of global GHGs. Presented
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forecasts indicate that reported percentage could grow
up to 50%-250% by the end of 2050, depending on
economic growth and energy development [3]. In order
to ensure emission control, IMO established several
Emission Control Areas (ECAs) where emission
requirements are stricter than outside of them [4].
Furthermore, IMO has obliged ship-owners and ship-
operators to reduce fuel oil consumption in order to
achieve goal of GHG reduction from international
shipping, according to which at least 70% of annual GHGs
need to be reduced by 2050 compared to 2008 [5].

The investigation of shipping emissions and their
impact on the environment is primarily focused on
seagoing vessels and less on the inland waterway vessels.
The inland navigation is, together with road and rail
transport, one of the main three land transport modes
and it can be considered as the most cost-effective and
safest mode of transport [6]. However, due to frequent
exposure to highly inhabited areas, emissions from
inland navigation should not be ignored [7].

To achieve the 2050 GHG goal, the CO, emissions
from shipping should be reduced by a set of technical and
operational measures. The released CO, can be
quantified by Carbon Footprint (CF) calculation which
refers to a measure of the total CO, emissions that are
caused by an activity or are accumulated over the life
stages of a product and it can be expressed in tons of CO;
or in tons of CO; equivalent (CO,-eq) [8]. The estimation
of the ship’s CF through its lifetime can be achieved by
performing Life Cycle Assessment (LCA) [9]. Some of the
technical CF reduction measures are the replacement of
the fuel oil with alternative fuels and the replacement of
the conventional propulsion system (diesel engine-
powered ship) with hybrid propulsion system (HPS)
which is characterized by the use of different types of
power sources [10]. Renewable energy sources for
offshore power generation are also leading to the
decarbonization of the maritime sector [11], [12], [13].
Ghenai et al. [14] presented a ship whose HPS consists of
photovoltaic (PV) system, fuel cells and diesel engine,
and its application onboard resulted in lower emissions
in contrast to emissions released from the ship powered
only by a diesel engine. Perci¢ et al. [15], [16]
investigated alternative marine fuels and power systems
in the short-sea shipping sector and identified
electrification as the most environmentally friendly and
cost-effective decarbonization solution. The fully electric
ferry is presented by Gagatsi et al. [17], where the
advantages and limitations of these ships are presented,

such as the battery capacity, its price, weight and
charging as well as sailing distance.

The aim of this paper is to investigate the
applicability of different power system configurations for
the retrofit of two different ships engaged in the Croatian
inland waterway sector. By performing LCA comparison
of the selected power system configurations, the most
ecological one is highlighted. It should be noted that
some aspects of battery analysis are omitted in this
paper, such as the battery thermal management.
However, by considering the sea as the unlimited cooling
tank, the battery can easily be cooled down.

2. SHIPS PARTICULARS

Selected ships are the cargo ship and the passenger
ship with main particulars presented in Table 1, [18].
Both ships are equipped with high-speed four-stroke
diesel engines with diesel-mechanical propulsion.

Table 1 Main particulars of the selected ships

Cargo ship Passenger ship
Length overall (m) 75.9 13.2
Breadth (m) 9.0 4.12
Deadweight (t) 967 15.72
Main power (kW) 855 236
Auxiliary power (kW) 100 -
Total power (kW) 955 236

The cargo ship, Fig 1, is mostly used to transport oil
between the two Croatian refineries, and at an average
distance of about 223 km it performs 20 round trips
annually.

Ship speed is dependent on several factors, as well
on river speed and direction of navigation (upstream and
downstream). The average speed of a cargo ship of this
size is equal to 14.4 km/h, with the average main engine
load equal to 75% of power installed [20], while the
average load of the auxiliary engines is estimated to be
50% of auxiliary power installed. The average power of
the ship is the sum of the average power of main and
auxiliary engines.
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With an average river speed of 1 m/s [21], the
estimated average duration of the upstream trip is 20.5
h, and of the downstream trip is 12.5 h. The fuel oil
consumption of the ship is calculated by multiplying the
energy consumption with specific fuel oil consumption.
As proposed by Anci¢ et al. [22], for high-speed engines
this value is assumed to be 215 g/kWh.

The passenger ship, Fig 2, operates in the Krka
National Park and it usually sails on 5 km long route. On
annual basis, the ship sails around 2,190 round trips [23].
The river speed is very low, so it is not considered. With
the average speed of 15 km/h, it takes around 20
minutes for a one-way trip. It is assumed that the ship
operates at 70% of the total installed power.

3. METHODOLOGY
3.1 LCA

In this paper, LCAs are performed by means of GREET
2019 software, while the focus was directed on the
emissions released through the life cycle of power
system configurations. Processes of raw material
recovery, production of the power source and its supply
to the vessel are referred as “Well to Pump” (WTP), while
WTP processes and use of power source in vessel
operations (known as “Pump to Wake” (PTW)) as “Well
to Wake” (WTW). The WTW emissions and emissions
released during the manufacturing process of the power
system configuration represent the total CF of that
configuration.

3.2 LCA of diesel engine-powered ship

The first option considered in this paper is to retrofit
the selected ships with new MAN high-speed four-stroke
diesel engines with details presented in Table 2.

LCA of diesel engine-powered ships includes
processes of diesel engine manufacturing, crude oil
recovery and its transportation to a refinery, diesel

refining, distribution and combustion of diesel in the ship
engine, Fig 3.
Table 2 Selected engines [24]

Cargo ship Passenger ship
Selected engine MAN D2862 MAN D2676
LE444 LE461
Engine power, kW 735 147
Engine mass, kg 2,270 1,215
Number of engines 1 2

Fig 3 Life cycle of the diesel engine-powered ship
configuration

The environmental impact of diesel engine was
assessed by observing its manufacturing process and
considering the weight ratios of material contents in the
engine as proposed by Jeong et al. [25].

WTP emissions refer to fuel oil production and
distribution, where all analysis parameters are adapted
for the case study of Croatia.

PTW emissions, i.e. emissions released due to the
combustion of diesel, are calculated by multiplying the
fuel oil consumption with the emission factors [26]. To
evaluate the contribution to the greenhouse effect from
different GHGs, the Global Warming Potential (GWP) has
been developed. It represents a measure of how much
energy the emission of one ton of a gas will absorb over
a given period, relative to the emission of one ton of CO..
The time range usually used is 100 years and typically,
GHGs are reported in CO,-eq [27].

3.3 LCA of battery-powered ship

The battery-powered ship, where only a Lithium-ion
(Li-ion) battery is installed on board, represents a second
option for retrofitting the selected ships. Total CF of this
configuration consists of the WTP of electricity and
battery manufacturing process since during operation
ship does not release gases, Fig 4.

Battery
il manufacturing

Fig 4 Life cycle of the battery-powered ship configuration
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It is assumed that the ship is powered by the electric
motor and that the power needs (for the existing ship)
remain unchanged. Due to losses, the required power
supplied by the battery should be increased by 10%. Due
to gradual battery degradation (reduction of capacity up
to 20%), the required battery capacities are increased by
25% to ensure the vessel’s necessary range without
recharging the battery. Since the typical power density of
Li-ion battery is around 0.25 kWh/kg, the weights of
batteries were calculated [28], and the battery
manufacturing process parameters are obtained from
the GREET 2019 database.

The WTP of electricity refers to the process of
electricity generation. The data on main energy sources
for Croatian electricity generation are obtained from
[29]. In order to describe the electricity generation
process in GREET 2019, data on the Non distributed U.S.
Mix were combined with shares characteristic for
Croatia, Fig 5.

5.9 % 0.1%
1.4%
8.7%
® oil
@ Natural gas
Coal
Biomass power
Hydropower
@ Wind power
11.0% Solar power
Other
2.3%
48.7 %

Fig 5 Croatian electricity generation mix

3.4 LCA of PV cells-battery-powered ship

The third power system configuration considered for
retrofit is the PV cells-battery-powered ship, which
consists of a PV system implemented on board battery-
powered ship. A PV system is made of PV modules, which
consist of many individual interconnected PV cells. The
off-grid PV system needs a rechargeable battery, which
can be used when there is little or no output from PV
system [30]. LCA of the PV cells-battery-powered ship
considers the WTP of electricity and processes of Li-ion
battery and PV module materials manufacturing, Fig 6.
Like the previous one, this option also has zero PTW
emissions.

Fig 6 Life cycle of the PV cells-battery-powered ship
configuration

In this investigation, the crystalline silicon (c-Si) cells
were used due to their low cost, high density, high
efficiency and suitability for use on horizontal surfaces
[31], while their efficiency ranges between 12-19% [32].
Material’s manufacturing process parameters are
obtained from the GREET 2019 database.

4. RESULTS AND DISCUSSION

In the following text C denotes cargo ship, P denotes
passenger ship, while the DE stands for diesel engine-
powered ship, BAT refers to battery-powered ship and
PV-BAT stands for PV cells-battery-powered ship.

The PTW emissions from diesel engine-powered ship
configuration are shown in Table 3.

Table 3 PTW emissions from the diesel engine-powered ships

Emission factor PTW emissions (g/km)
GWP (g emission/kg C p
diesel) Up Down
CO, 1 3,160 42,976 26,228 7,584
CHg4 25 0.30 4.08 2.49 0.72
N,O 298 0.08 1.16 0.71 0.20

The LCA of diesel engine-powered option considers
diesel engine manufacturing process (DE), diesel
production and distribution (WTP) and PTW emissions.
The total CF of battery-powered ship is equal to WTP
emissions of electricity generation, i.e. WTW emissions,
and emission released during battery manufacturing
process. In order to calculate the CF of the PV cells-
battery-powered ship, emissions during the PV system
manufacturing process should be added to the CF of the
battery-powered ship, while the WTP emissions are
reduced due to the lower energy consumption. All these
results are summarized in Table 4 and in the Figure 7.

The most ecological alternative for the retrofit both
cargo ship and passenger ship is the PV cells-battery-
powered ship configuration since during the life cycle of
configuration was released lesser GHG than other power
system configuration did and therefore the total CF of
this configuration is lower.
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Table 4 Annual emissions released from alternative power
system configurations (t CO,-eq)
Diesel engine-powered ship

WTP PTW DE CF
C 30.3 311.9 0.4 342.6
P 16.0 167.7 0.2 183.9
Battery-powered ship
WTW BAT CF
C 156.0 34.1 190.1
P 66.5 0.3 66.8
PV cells-battery-powered ship
WTW BAT PV CF
C 138.5 34.1 3.5 176.1
P 65.8 0.3 0.1 66.2

B DE W BAT PV-BAT
66.2

183.9

| 176.1

c 190.1
342.6

0 25 50 75 100 125 150 15'5 260 2‘25 2‘50 2%’5 360 3"25 3%0
tC02-eq
Fig 7 Annual CFs of considered ships with different power

system configurations, (t COz-eq)

5. CONCLUSION

The applicability of different power system
configurations for the retrofit of ships engaged in the
Croatian inland waterway sector was investigated from
the environmental point of view. The most ecological
power system configuration for both ships is highlighted
and, it is the one with the lowest CF.

It is necessary to mention that the accuracy of the
performed LCAs can be further improved by analyzing
every step in the electricity production in more detail as
well other transportation types in crude oil manipulation
can be considered. However, it is reasonable to expect
that irrespective on the scenario, the electrification of
the shipping industry will be advantageous from the
environmental viewpoint.

Complete insight into the viability of considered
power system configurations can be achieved by
comparing them also from the economic viewpoint,
which will be subject of further investigation.

ACKNOWLEDGEMENT
This research was supported by the Croatian Science
Foundation under the project Green Modular Passenger

Vessel for Mediterranean (GRiMM), (Project No. UIP-
2017-05-1253) as well as within the Croatian-Chinese
bilateral project “Energy Efficient and Environmentally
Friendly Power System Options for Inland Green Ships”
between the University of Zagreb, Faculty of Mechanical
Engineering and Naval Architecture (Croatia) and Wuhan
University of Technology (China). In this paper, LCAs
were performed by GREET 19 software produced by
UChicago Argonne, LLC under Contract No. DE-AC02-
06CH11357 with the Department of Energy.

REFERENCES

[1] United Nations Framework Convention Climate
Change (UNFCCC). Climate Change Information Kkit,
https://unfccc.int/resource/iuckit/cckit2001en.pdf;
2001 [accessed 20 September 2020].

[2] Odeh NA, Cockerill TT. Life cycle GHG assessment of
fossil fuel power plants with carbon capture and storage.
Energy Policy 2008; 36 (1): 367-80.

[3] IMO GHG Study: Executive Summary and Final
Report; 2014.

[4] Chen L, Yip TL, Mou J. Provision of Emission Control
Area and the impact on shipping route choice and ship
emissions. Transport Research Part D: Transport and
Environment 2018; 58: 280-291.

[5] International Maritime Organization (IMO). “Marine
Environment Protection Committee (72nd session)”,
http://www.imo.org/en/MediaCentre/MeetingSummari
es/MEPC/Pages/Default.aspx; 2018 [accessed 20
November 2019].

[6] Wiegmans B, Witte P, Spit T. Inland port
performance: a statistical analysis of Dutch inland ports.
Transportation Research Procedia 2015; 8: 145-154.

[7] Keuken MP, Moerman M, Jonkers J, Hulskotte J,
Denier van der Gon HAC, Hoek G, Sokhi RS. Impact of
inland shipping emissions on elemental carbon
concentrations near waterways in The Netherlands.
Atmospheric Environment 2014; 95: 1-9.

[8] Wiedmann T, Minx J. A Definition of Carbon
Footprint in: Pertsova C.C., Ecological Economics
Research Trends: Chapter 1. Nova Science Publishers,
Hauppauge NY, 2008; 1-11.

[9] Ling-Chin J, Heindrich O, Roskilly AP. Life cycle
assessment (LCA) from analysing methodology
development to introducing an LCA framework for
marine photovoltaic (PV) systems. Renewable and
Sustainable Energy Reviews 2016; 59: 352-378.

[10] Angi¢ |, Vladimir N, Runko Luttenberger L. Energy
efficiency of ro-ro passenger ships with integrated power
system. Ocean Engineering 2018; 16: 350-357.

5 Copyright © 2020 ICAE


https://unfccc.int/resource/iuckit/cckit2001en.pdf
http://www.imo.org/en/MediaCentre/MeetingSummaries/MEPC/Pages/Default.aspx
http://www.imo.org/en/MediaCentre/MeetingSummaries/MEPC/Pages/Default.aspx

[11] Ahn J, Ho Park S, Noh Y, Il Choi B, Ryu J, Chang D,
Brendstrup KLM. Performance and availability of a
marine generator-solid oxide fuel cell-gas turbine hybrid
system in a very large ethane carrier. Journal of Power
Sources 2018; 399: 199-206.

[12] Diaz-de-Baldasano MC, Mateos FJ, Nufiez-Rivas LR,
Leo TJ. Conceptual design of offshore platform supply
vessel based on hybrid diesel generator-fuel cell power
plant. Applied Energy 2014; 116: 91-100.

[13] Klebanoff LE, Pratt JW, Leffers CM, Sonerholm KT,
Escher T, Burgard J, Ghosh S. Comparison of the
greenhouse gas and criteria pollutant emissions from the
SF-BREEZE high-speed fuel-cell ferry with diesel ferry.
Transportation Research Part D: Transport and
Environment 2017; 54: 250-268.

[14] Ghenai C, Bettayeb M, Brdjanin B, Hamid AK. Hybrid
solar PV/PEM fuel Cell/Diesel Generator power system
for cruise ship: A case study in Stockholm, Sweden. Case
Studies in  Thermal Engineering  2019; 14,
https://doi.org/10.1016/j.csite.2019.100497.

[15] Per¢i¢ M, Vladimir N, Fan A. Life-cycle cost
assessment of alternative marine fuels to reduce the
carbon footprint in short-sea shipping: A case study of
Croatia. Applied Energy 2020; 279: 115848.

[16] Per¢ic M, Anci¢ |, Vladimir N. Life-cycle cost
assessments of different power system configurations to
reduce the carbon footprint in the Croatian short-sea
shipping sector. Renewable and Sustainable Energy
Reviews 2020; 131: 110028.

[17] Gagatsi E, Estrup T, Halatsis A. Exploring the
potentials of electrical waterborne transport in Europe:
the E-ferry concept. Transportation Research Procedia
2016; 14: 1571-1580.

[18] Croatian Register of Shipping (CRS). Register of

inland waterway vessels,
http://www.crs.hr/Portals/0/CRS%20Knjiga%20Registra
%202017.pdf?ver=2018-07-04-155704-933, 2017
[accessed 25 October 2020].

[19] Cargo ship “Opatovac”, Figure,

https://www.marinetraffic.com/en/ais/details/ships/shi
pid:209454/mmsi:238401840/imo:0/vessel:OPATOVAC;
2019 [accessed 07 November 2019].

[20] van Essen HP, Faber J, Wit RCN. Charges for barges?
Preliminary study of economic incentives to reduce
engine emissions from inland shipping in Europe. Delft,
CE, 2004.

[21] Croatian Meteorological and Hydrological Service
(CMHS). Hydrology sector, https://hidro.dhz.hr/; 2020
[accessed 25 October 2020].

[22] Anci¢ I, Vladimir N, Cho DS. Determining
environmental pollution from ships using Index of Energy
Efficiency and Environmental Eligibility (14E). Marine
Policy 2018; 95: 1-7.

[23] National Park Krka (NP Krka). Passenger ship
“Trosenj”, Figure and schedule,
http://www.npkrka.hr/stranice/izleti-brodom/33.html,
http://www.npkrka.hr/stranice/ulaz-skradin/30.html,
2019 [accessed 14 October 2019].

[24] MAN. Marine high-speed propulsion engines,
https://www.engines.man.eu/man/media/content_me
dien/doc/global _engines/marine/Marine_Commercial
180613 web.pdf, 2020 [accessed 25 October 2020].

[25] Jeong B, Wang H, Oguz E, Zhou P. An effective
framework for life cycle and cost assessment for marine
vessels aiming to select optimal propulsion systems.
Journal of Cleaner Production 2018; 187: 111-130.

[26] Intergovernmental Panel on Climate Change (IPCC).
Guidelines for National Greenhouse Gas Inventories,
Chapter 3: Mobile Combustion, https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/2 Volume2/V2 3 C
h3 Mobile Combustion.pdf, 2006 [accessed 25 October
2020].

[27] Environmental Protection Agency (EPA).
Understanding the Global Warming Potentials,
https://www.epa.gov/ghgemissions/understanding-
global-warming-potentials, 2020 [accessed 25 October
2020].

[28] Manthiram A. An Outlook of Lithium lon Battery
Technology. ACS Central Science 2017; 3: 1063-1069.
[29] HEP. Resources for Croatian electricity generation,
http://www.hep.hr/elektra/trziste-elektricne-
energije/izvori-elektricne-energije/1553#, 2019
[accessed 14 October 2019].

[30] Energy Market Authority and Building and
Construction Authority (EMABCA). Handbook for solar
photovoltaic (PV) systems. ISBN: 978-981-08-4462-2,
http://www.bca.gov.sg/publications/others/handbook
for solar pv systems.pdf; 2011 [accessed 14 October
2019].

[31] Kobougias |, Tatakis E, Prousalidis J. PV Systems
Installed in Marine Vessels: Technologies and
Specifications. Advances in Power Electronics 2013.
http://dx.doi.org/10.1155/2013/831560.

[32] IRENA  (Istrian  Regional Energy Agency).
Photovoltaic systems, http://www.irena-
istra.hr/uploads/media/Photovoltaic_systems.pdf; 2012
[accessed 17 October 2020].

6 Copyright © 2020 ICAE


http://www.crs.hr/Portals/0/CRS%20Knjiga%20Registra%202017.pdf?ver=2018-07-04-155704-933
http://www.crs.hr/Portals/0/CRS%20Knjiga%20Registra%202017.pdf?ver=2018-07-04-155704-933
https://www.marinetraffic.com/en/ais/details/ships/shipid:209454/mmsi:238401840/imo:0/vessel:OPATOVAC
https://www.marinetraffic.com/en/ais/details/ships/shipid:209454/mmsi:238401840/imo:0/vessel:OPATOVAC
https://hidro.dhz.hr/
http://www.npkrka.hr/stranice/izleti-brodom/33.html
http://www.npkrka.hr/stranice/ulaz-skradin/30.html
https://www.engines.man.eu/man/media/content_medien/doc/global_engines/marine/Marine_Commercial_180613_web.pdf
https://www.engines.man.eu/man/media/content_medien/doc/global_engines/marine/Marine_Commercial_180613_web.pdf
https://www.engines.man.eu/man/media/content_medien/doc/global_engines/marine/Marine_Commercial_180613_web.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_3_Ch3_Mobile_Combustion.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_3_Ch3_Mobile_Combustion.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_3_Ch3_Mobile_Combustion.pdf
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
http://www.hep.hr/elektra/trziste-elektricne-energije/izvori-elektricne-energije/1553
http://www.hep.hr/elektra/trziste-elektricne-energije/izvori-elektricne-energije/1553
http://www.bca.gov.sg/publications/others/handbook_for_solar_pv_systems.pdf
http://www.bca.gov.sg/publications/others/handbook_for_solar_pv_systems.pdf
http://dx.doi.org/10.1155/2013/831560
http://www.irena-istra.hr/uploads/media/Photovoltaic_systems.pdf
http://www.irena-istra.hr/uploads/media/Photovoltaic_systems.pdf

