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Synopsis

Interest in ship hybridization has increased as a result of policies to combat climate change and boost energy
independence. However, designing and optimizing hybrid propulsion systems is a challenging task. The
availability of numerous power, propulsion, and energy system topologies with different energy storage and
conversion technologies presents a significant challenge. In this paper, the optimum sizing of various
components and systems in a CTV is thoroughly investigated. The appropriate sizing of a maritime vessel
depends on energy management and control, making optimization and retrofitting a complex problem. Thus, this
paper develops a method to select a power, propulsion, and energy system architecture and optimize the power
and energy ratings of the components. The operational profile and various system structures make up the
system’s input. The technique provides optimized system architecture and contains the data required for vessel
retrofitting. Optimization criteria include cost, fuel volume, propulsion system rating, and other sustainability
factors. The proposed approach incorporates the price of fuel and electricity as an uncertainty element. As a
result, the developed strategy can assist ship owners in deciding whether and when to retrofit their vessels as
well as the optimum design for doing so at the chosen moment. In addition, it takes into account the effects of
the GHG emission reduction measures, which can lead to a more practical solution.

Keywords: Ship hybridisation; Marine power system; Offshore support vessel; Power system sizing; Design uncertainty

1 Introduction
Recently, the International Maritime Organization (IMO) established a new climate change plan, posing a

significant challenge to the shipping industry. In order to contribute to the targets of the Paris agreement, the
shipping sector needs to reduce its total annual GHG by 50% before 2050 and Carbon dioxide (CO2) emissions
by 40% before 2030, and 70% before 2050. Thus, a substantial change in ships design and operation is required
to achieve the IMO ambitious goals. The benefits of hybrid propulsion for de-carbonization of the shipping sector
have been studied in recent years, with hybrid propulsion being popular in the automotive industry as an example.
Hybrid propulsion systems have been deployed by naval vessels, yachts, harbor tugs, and supply vessels, and their
classification, benefits, obstacles, and opportunities have been evaluated in a review of developments for smart
ships by Geertsma et al. (2017); Nasiri et al. (2021a). It is found that offshore and passenger ships have the most
significant potential for fuel savings from hybridization, diesel-electric propulsion, or energy storage, as they spend
a significant fraction of their total operational time in part-load where the fuel efficiency is sub-optimal (Jafarzadeh
and Schjølberg, 2018).

A ship design challenge has several objectives and includes topology, sizing, control, and energy management.
These constraints necessitate a multidisciplinary, multi-objective approach. Due to the popularity of hybrid
propulsion in the automotive industry, optimization methodologies have been thoroughly researched and applied
to electric vehicle applications. Several studies have examined optimization problems associated with ships’
hybrid power systems employing automotive design and control knowledge. Furthermore, some studies have
attempted to incorporate the environmental impact of ships (Trivyza et al., 2018) and partial or full
decarbonisation of the maritime industry is explore as an objective in the design process in Baldi et al. (2019);
Wang et al. (2021). An investigation on hybrid renewable energy on ships and it’s challenges can be found in
Huang et al. (2021); Nasiri et al. (2022a). The impact of uncertainty at all stages of ship design, as well as its
implications in optimization studies, have been widely investigated in the literature (Nikolopoulos and
Boulougouris, 2020; Ebrahimi et al., 2020; Priftis et al., 2020; Nasiri et al., 2021b,c). Uncertainty needs to be
incorporated into the solution of the ship design optimization problem, as it dramatically influences ship design.
Traditional optimization techniques that ignore uncertainty result in over-optimized, unrealistic designs that are

Authors’ Biographies
Savvas Karagiorgis is currently a MSc student at Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology.
His research interests are ship electrification and maritime design optimization.
Saman Nasiri is currently Postdoc Researcher at Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology.
His research interests include transportation electrification, ship hybridization, and maritime power system control and stability.
Henk Polinder has been an Assistant/Associate Professor with the Delft University of Technology since 1996, working in the field of electrical
machines and drives. His main research interests include electric drive and energy systems for maritime applications and offshore renewables.



not robust. The required error margin that develops during the design process can be minimized if these
uncertainties and their impacts are promptly captured (Priftis et al., 2020; Nasiri et al., 2022b).

Considering the aforementioned challenges and to provide decision-makers with a more realistic picture of the
solution space, this paper proposes integrating uncertainties introduced by the physical and financial environments
into a multi-objective double-layer optimization methodology. A Crew transfer vessel (CTV) is a good option for
a hybrid propulsion system. Hence, a CTV is examined in this paper, and the sizing and control of a proposed
hybrid propulsion powertrain are optimized based on its specific measured operational profile. Then, according to
the results, an optimal cost-effective and emission-free power plant for retrofitting the vessel is obtained. Based on
forecast reports provided by experts, various scenarios are developed to represent the impact on design and sizing
of the uncertainties related to fuel costs, regulations, CO2 prices, and technology advances. In each scenario,
consequences of hybridization on the CTV are analysed. The results are a set of optimum hybrid propulsion
system layouts, an analysis of the expenses of each configuration over the span of a ship’s life, retrofitting costs,
and projected emission reductions.

The rest of the paper is organized as follows. In section 2, a conventional propulsion system and the proposed
hybrid topology are described. Section 3 describes the optimization methodology that is utilized in this paper.
The studied scenarios are explained, and the outcomes of the simulation experiments are presented in section 4.
In addition, the analysis of the optimized hybrid electric propulsion system layouts are discussed in this section.
Finally, conclusions are drawn in section 5, and suggestions for future works are presented.

2 Hybrid propulsion system and operational profile of the vessel
A CTV with 19.5 meter length is considered for this study . The fixed pitch propellers are powered by two 720

kW diesel engines. The propulsion power is the primary load since it has major power consumption. Thus, the
shipbuilder does not change/retrofit the power system for the auxiliary loads. The Capital Expenditures (CAPEX)
of the mechanical propulsion system is estimated to be $432000, with the diesel engines costing $300/kW based
on Stapersma (2002); Livanos et al. (2014); Zhu et al. (2018). It should be noted that in most cases, just the power
sources are considered in the CAPEX calculation. The assumed crew transfer vessel goes through different phases
during its operation. Figure 1 depicts typical operation profiles of the vessel’s power demand as measured by
the main diesel engines during two different operations. The journey takes about 12 hours. The CTV travels to
it’s destination in 1.5 hours and stays there for roughly 7 hours. The return journey also takes 1.5 hours. The fuel
consumption for one operation is estimated to be 1.050 tons of diesel fuel. Further details about the presumed CTV
and it’s operation profile can be found in Wang et al. (2021). Without losing generality, the analysis in the paper
does not take into account the dynamic properties on the time scale of a few seconds. The measured operational
profiles are therefore condensed to the operational profile shown in Figure 2.

Figure 1: Measured operational profiles in the measured operating scenario

It is assumed that the CTV is retrofitted and its propulsion system is transformed to hybrid for reducing
emissions and costs. Therefore, a powertrain topology with diesel engines, batteries, and fuel cells is considered
for the vessel’s structure. The scheme of the considered ship power system is shown in Figure 3. Since Li-ion
batteries have higher power/energy density, they are used in this configuration. Moreover, the batteries are
supposed to be charged by on-shore electricity. Proton Exchange Membrane Fuel Cell (PEMFC), which is in its
advanced stages of development, are chosen for this study. They can run at low temperatures and have the lowest
cost per installed power (Van Biert et al., 2016).

3 The proposed optimization strategy
This section provides an overview of the double-layer optimization method along with the description of the

goals and constraints for the optimization problem. Moreover, the evaluation method for analysing the costs of
hybrid propulsion system layouts over its remaining life of the CTV are described. A multi-objective double-layer



Figure 2: Simplified operational profile in the measured operating scenario

Figure 3: The proposed hybrid propulsion system structure

optimization methodology is employed in this paper based on the strategy presented in Wang et al. (2021). The
technique is a nested architecture combining plant sizing with control design optimization. The control design
(the inner layer) is nested within the plant design (the outer layer). The operational profile of the vessel is given
as an input together with the quantity, initial suggested power/energy rating, cost of investment per kW/kWh of
the components, the purchase price of fuels, and cost of on-shore electricity. Operational restrictions, such as
the state-of-charge (SOC) of the battery and the fuel cell operation range, are included to form the constraints of
the problems. The optimization problem has three objectives: 1) Capital Expenditures (CAPEX), 2) Operating
Expenditures (OPEX), and 3) weight of diesel fuel consumed (WDF ). Three objective functions of the outer layer
are given by equations 1, 2 and 3. In these equations, Pr

DE , Er
Bat , and Pr

FC are power/energy rating of the components.
Furthermore, NDE , NBat , and NFC are the number of the power sources.

OFGA
1 =CAPEX(Pr
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r
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r
FC,NDE ,NBat ,NFC), (1)

OFGA
2 = OPEX(WDF ,VH2 ,CCO2)+OPEXBat (2)

OFGA
3 =WDF(PDE ,NDE ,XDE) (3)

In addition, in this paper, a CO2 tax per ton of diesel fuel consumed (CCO2 ) is also added as an extra costs in the
objective function of OPEX in the outer layer by equation 4. This equation’s objective is to take emission reduction
policies into account. In this equation, VH2 is the volume of the consumed H2.

OFLP = OPEX(WDF ,VH2 ,CCO2) (4)

The CAPEX and OPEX formulations are represented in 5 and 6, respectively. A mixed integer linear programming
(MILP) algorithm is used in the inner layer of optimization and has a single objective to minimize the OPEX given
by 6. The non-dominated sorting genetic algorithm II (NSGA-II) is used to find Pareto optimal solutions for this
multi-objective problem. Further details about the constraints of this optimization problem can be found in Wang
et al. (2021).
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In this paper, the Total Cost of Ownership (TCO) is proposed as 7. This formula is used to asses the investment
and operation costs of the optimal hybrid propulsion designs under various conditions.

TCO =CAPEX +COP ·OPEX ·Y (7)

In 7, COP is the number of days per year that the vessel operates. COP is assumed 300 days in this study.
Additionally, Y is the estimated lifespan of the vessel in years once it has been modified with a new propulsion
system, which is presumed 15 years. As mentioned, this study proposes a strategy to incorporate uncertainty in
the ship design optimization to derive robust and future-proof guidelines for the retrofitting of CTVs. The optimal
designs from the multi-objective double-layer optimization methodology vary according to CAPEX, fuel and
electricity prices and the introduction of new regulations such as a carbon tax. Available reports are used to get
different predicted values of the uncertain parameters to be included in a multi-objective double-layer
optimization methodology DNV-GL Maritime (2019), PwC (2020), BloombergNEF (2019), Man Energy
Solutions (2019). By employing the proposed approach, the optimization can be carried out repeatedly with
various parameters, returning designs that are optimum and representative of all potential scenarios (possible
futures). The next section presents different scenarios used to evaluate the advantages of the proposed approach.

4 Simulations
This section explains how the multi-objective double-layer optimization methodology determines the

uncertainty parameters. Then, two future scenario trajectories that differ in the penetration of renewable energy
sources in the energy generation supply are investigated.

4.1 Scenarios
Stakeholders are searching for projections that can tell them what the future will look like or methods to lessen

uncertainty in order to assist them in making smart decisions. In these tables, the investment price per kW for diesel
engines is assumed to be constant through the years due to the technological maturity (Stapersma, 2002; Livanos
et al., 2014; Trivyza et al., 2018; Zhu et al., 2018). In addition, price projections for marine fuel cells and lithium
batteries can be found in the tables (DNV-GL Maritime, 2019; DNV-GL, 2021). Due to mass production and
consumer demand, battery prices are falling significantly. The total cost of the battery system, which includes the
cost of system integration, module fabrication, battery control hardware and software, power electronics, thermal
management, and testing, is anticipated to be 600$/kWh in 2020 (DNV-GL Maritime, 2019). It is 90% of the cost
in 2019. Prices between 2022 and 2035 are expected to be 70%, 60%, 52%, 47%, 42%, 38%, 34%, 32%, 29%,
28%, 27%, 26%, 25%, 24% lower than its price in 2019, respectively DNV-GL Maritime (2019). The prices for
PEMFC are following the same projections. Adopting from Battelle Memorial Institute (2017) and TNO (2020),
a total price of 2000$/kW is considered for the fuel cell system, which is 65% of 2018 price. The prices between
2023 and 2035 are anticipated to be 63%, 61%, 60%, 58.5%, 58%, 57%, 56%, 55.5%, 54.5%, 54%, 53%, 52.5%,
52% lower than 2018 price. According to the average of recent prices in The Netherlands, the diesel fuel price
are set at $2.20 per litre, and the prices for 2023 and 2024 are modified Trading Economics (2022). Due to the
unpredictability of fuel prices, a constant increase of 5% has been assumed for the ensuing years. The costs of
H2 per litre used in this research are based on PwC study for the Netherlands’ cost-development of renewable
hydrogen. Standards for a carbon tax on shipping emissions are escalating. The Marshall and Solomon Islands are
one of the first nations to propose a landmark carbon shipping tax, calling for a levy of $100 per ton of CO2 in
early 2021 (Metzger, 2022). A carbon price is added to the study after 2025 according to these costs. The carbon
tax is consequently 300 per ton of diesel fuel, assuming a 3 ton CO2-eq (GWP-20 well to wake) per ton of diesel
fuel. In addition, an increase of $90 per ton of diesel per year is assumed.

Using two alternative estimates for onshore electricity costs, two possible future trajectories are generated.
Increased use of renewable energy sources (RES) in power systems will result in more hours of cheaper electricity.
In the first future scenario, from 2026 onward, it is presumed that the penetration of renewable energy sources is
sufficient to lower electricity prices. Between 2026 and 2030, a 10% decline each year is predicted, followed by
a 20% decline per year between 2031 and 2035. Prior to the penetration of RES in 2026, it is estimated that the
energy price rises by 5% per year, establishing the price of electricity for 2022 by recent prices for business in The
Netherlands. The assumption used to create the second future path is that prior to 2035, the penetration of RES in
the power systems is insufficient to significantly impact the distribution of electricity prices. As a result, a constant
increase of 5% per year is implemented. The input parameters for the two pricing scenarios represent plausible
futures paths, as well as the variance in the parameter determining electricity price development, are shown in
Tables 1 and 2. In this study, the input parameters are adapted from technical reports.



Table 1: The optimization problem’s input parameters in the first scenario

2022 2023 2024 2025 a 2026 b 2027 2028 Source

Diesel engine CDE [$/kW] 300 300 300 300 300 300 300 (Stapersma, 2002; Livanos et al., 2014; Zhu et al., 2018)
Batteries CBat [$/kWh] 466.67 400 346.67 313.33 280 253.33 226.67 (DNV-GL, 2021)
Fuel cells CFC [$/kW] 2000 1938.46 1876.92 1846.15 1800 1784.62 1753.85 (DNV-GL Maritime, 2019)
Diesel Fuel CDF [$/L] 2.2 2.86 3.05 3.20 3.36 3.53 3.71 (Trading Economics, 2022)+Assumed based on accessible data
Hydrogen price CDF [$/L] 0.141 0.131 0.131 0.121 0.121 0.111 0.111 (PwC, 2020)
Onshore Electricity price Ce [$/kWh] 0.239 0.251 0.263 0.277 0.249 0.224 0.202 Assumed based on accessible data
CO2 price CCO2 [$/tonDF ] 0 0 0 300 390 480 570 Assumed based on available data

2029 2030 2031 2032 2033 2034 2035 Source

Diesel engine CDE [$/kW] 300 300 300 300 300 300 300 (Stapersma, 2002; Livanos et al., 2014; Zhu et al., 2018)
Batteries CBat [$/kWh] 213.33 193.33 186.67 180 173.33 167.67 160 (DNV-GL, 2021)
Fuel cells CFC [$/kW] 1723.08 1707.69 1676.92 1661.54 1630.77 1615.39 1600 (DNV-GL Maritime, 2019)
Diesel Fuel CDF [$/L] 3.89 4.09 4.29 4.51 4.73 4.97 5.22 (Trading Economics, 2022)+Assumed based on accessible data
Hydrogen price CDF [$/L] 0.101 0.101 0.101 0.091 0.091 0.091 0.081 (PwC, 2020)
Onshore Electricity price Ce [$/kWh] 0.182 0.163 0.131 0.105 0.084 0.067 0.054 Assumed based on accessible data
CO2 price CCO2 [$/tonDF ] 660 750 840 930 1020 1110 1200 Assumed based on available data

aCarbon tax implementation
bImplementing RES penetration

Table 2: The optimization problem’s input parameters in the second scenario

2022 2023 2024 2025 a 2026 2027 2028 Source

Diesel engine CDE [$/kW] 300 300 300 300 300 300 300 (Stapersma, 2002; Livanos et al., 2014; Zhu et al., 2018)
Batteries CBat [$/kWh] 466.67 400 346.67 313.33 280 253.33 226.67 (DNV-GL, 2021)
Fuel cells CFC [$/kW] 2000 1938.46 1876.92 1846.15 1800 1784.62 1753.85 (DNV-GL Maritime, 2019)
Diesel Fuel CDF [$/L] 2.20 2.86 3.05 3.20 3.36 3.53 3.71 (Trading Economics, 2022)+Assumed based on accessible data
Hydrogen price CDF [$/L] 0.141 0.131 0.131 0.121 0.121 0.111 0.111 (PwC, 2020)
Onshore Electricity price Ce [$/kWh] 0.239 0.251 0.263 0.277 0.291 0.305 0.320 Assumed based on accessible data
CO2 price CCO2 [$/tonDF ] 0 0 0 300 390 480 570 Assumed based on available data

2029 2030 2031 2032 2033 2034 2035 Source

Diesel engine CDE [$/kW] 300 300 300 300 300 300 300 (Stapersma, 2002; Livanos et al., 2014; Zhu et al., 2018)
Batteries CBat [$/kWh] 213.33 193.33 186.67 180 173.33 167.67 160 (DNV-GL, 2021)
Fuel cells CFC [$/kW] 1723.08 1707.69 1676.92 1661.54 1630.77 1615.39 1600 (DNV-GL Maritime, 2019)
Diesel Fuel CDF [$/L] 3.89 4.09 4.29 4.51 4.73 4.97 5.22 (Trading Economics, 2022)+Assumed based on accessible data
Hydrogen price CDF [$/L] 0.101 0.101 0.101 0.091 0.091 0.091 0.081 (PwC, 2020)
Onshore Electricity price Ce [$/kWh] 0.336 0.353 0.371 0.389 0.409 0.429 0.451 Assumed based on accessible data
CO2 price CCO2 [$/tonDF ] 660 750 840 930 1020 1110 1200 Assumed based on available data

aCarbon tax implementation

4.2 Results
The optimization is executed multiple times with various inputs based on the parameters of the two projected

future trajectories. The optimization algorithm returns several optimal hybrid designs on the Pareto front according
to the three objectives set in its last generation. The TCO approach is then used to identify the optimum hybrid
system structure.

4.2.1 First scenario
The power/energy ratings of the optimal designs for the first future path after applying the TCO approach are

given in Figure 4. According to the results, the designs with the lowest TCO have the smallest diesel engines and
zero diesel fuel usage. Therefore, batteries and fuel cells are considered according to their power schedules and
the diesel engines are constantly off. The installation of a hybrid system based entirely on batteries and fuel cells
results in a long-term cost-effective design when operational expenses are incorporated into the TCO.

In addition, it is depicted that the optimal battery rating is within the range of approximately 2100 and 2700
kWh until 2031 and that fuel cells are between 400 and 600 kW. The results of the optimal ratings of the
components are less subject to changes between 2022 and 2031. Therefore, choosing a battery and fuel cell rating
within these ranges is recommended if retrofitting the CTV is intended to be completed before 2031. After 2032,
the size of batteries and fuel cells is impacted by the sharp decline in electricity. The outcomes of optimization are
closer to the maximum value specified for the battery energy rating variable due to the low cost of electricity. The
fuel cell optimal power rating values are less than half the size of the average of the previous years. If
replacement is required due to the batteries and fuel cells deterioration, these rating ranges can be installed as the
new batteries and fuel cells. Figure 5 shows the total cost of ownership of optimal hybrid layouts. Moreover, the
TCO of the conventional propulsion system is depicted in this figure for a better comparison. The introduction of
carbon tax in 2025 is taken into account for the calculation of the operational expenses of the conventional



Figure 4: Optimal power/energy rating considering the lowest TCO in the first scenario

system. It can also be seen in figure 5 that the optimal design capital expenses are decreasing each year. It is
expected based on the adopted battery and fuel cell investment costs trends in the scenarios. Although the capital
costs are three times higher than those of the conventional system, it can be predicted that over time, the
operational costs and TCO of the optimal solutions will differ significantly from those of the conventional system.
It highlights the cost-effectiveness of a hybrid propulsion system that only uses batteries and fuel cells. This
analysis can determine if and when to invest in retrofitting the ship as well as how much money will be saved
relative to the current propulsion system over the ship’s remaining usable life.

Figure 5: Total cost of ownership in optimal solutions in the first scenario

This scenario is also looked into from a different perspective. In this assessment, the design among the Pareto
optimal solutions that gives a 50% emission reduction is adopted, as opposed to using the lowest TCO as the
criterion to find one optimal hybrid system layout per year. The results of this analysis for the first future path are
shown in Figure 6 and Figure 7. It can be seen that diesel engines are included in the solution of the optimal hybrid
configurations this time. The results are less subject to changes between 2022 and 2029. Figure 7 shows that the
TCO is increasing through the years. Despite the fact that capital costs are decreasing as previously mentioned, the
implementation of the carbon tax and the consistent annual increase in the price of diesel fuel have an impact on
the operational costs over the long term because diesel engines and their emissions are a part of the solution. This
leads to the conclusion that, in order to make a more cost-effective choice, the vessel should be retrofitted as soon
as possible in the upcoming years if the objective is to reduce the emission in half. In addition, the power/energy
ratings of the components should be first within the ranges of the produced solutions between 2022 and 2029.
Additionally, the evaluation depicts how the sharp decline in electricity by 2030 affects the size of batteries and
fuel cells, leading to predictions of larger batteries and smaller fuel cells. The diesel engine size is decreasing after
2030, approximately half of the average rating of the preceding years’ optimal ratings. Thus, size ranges from the
optimal solutions after 2030 serves as a guide for a future replacement of the battery and the fuel cell. If two small
diesel engines are installed for the hybrid propulsion configuration, one of them can be removed.

4.2.2 Second scenario
The power/energy ratings of the optimal designs for the second future path after applying the TCO approach are

given in Figure 8. Similar conclusions regarding the cost-effectiveness of a hybrid propulsion system using solely



Figure 6: Optimal power/energy rating based on 50% emission reduction in the first scenario

Figure 7: Total cost of ownership of optimal solutions based on 50% emission reduction in the first scenario

batteries and fuel cells can be drawn as the optimal design with the lowest TCO have zero fuel consumption and
the smallest diesel engines possible. In this scenario, the results of the components optimal ratings are less subject
to changes between 2022 and 2028. The battery rating for the optimal designs is within the range of approximately
2100 and 2450 kWh until 2028, and that fuel cells are between 450 and 600 kW. This concludes that if the CTV
is to be retrofitted before 2028, a battery and fuel cell rating within these ranges is recommended. The steady
increase in electricity price impacts the size of batteries and fuel cells after 2029. According to the optimization
results, the batteries optimal energy rating values are decreasing from 2029 to 2035 rapidly, and the power demand
is covered by the simultaneous increase of the fuel cell ratings. Suppose replacement is necessary after 2029 due
to the degradation of the batteries and fuel cells over time. In that case, the average values of the optimal ratings
between 2029 and 2035 can be installed as the new batteries and fuel cells estimated at around 830 kWh and 1140
kW, respectively.

Figure 9 shows that the capital expenses are initially decreasing for the optimal designs annually until 2028.
However, the CAPEX starts to rise in 2029. Although the optimal rating of batteries is declining and the predicted
installation cost per kW/kWh adopted is on the decline, the growth in the optimal fuel cell ratings has a considerably
more significant influence on the investment costs. Until 2029, operating costs are about the same. After that, they
start to decrease annually. In comparison to the steadily rising cost of electricity price, the decline in the optimal
battery ratings and hydrogen prices substantially influence operating expenses. The TCO is marginally declining
annually, and operational expenditures account for a higher portion of the total TCO. The ship owner can determine
whether and when to invest in ship retrofitting based on this information.

The next assessment aims to determine the optimal hybrid system among the Pareto optimal solutions that
reduces 50% emission. The results are shown in Figure 10 and Figure 11. Similar conclusions can be drawn as
with the case of the first future path analysis. The diesel engines are also included in the solution. The TCO is
increasing through the years in this case too. The steady increase of electricity prices results in higher operating
costs and thus higher TCO than the first scenario. The power/energy ratings of the components should be first
within the ranges of the produced solutions between 2022 and 2029. In this instance as well, retrofitting the vessel
as soon as possible is a cost-effective choice based on the TCO development of the optimal designs. In contrast to
expectations, the optimal battery size tends to increase through the years, especially after 2028. It is important to



Figure 8: Optimal power/energy rating based on the lowest TCO for the second scenario

Figure 9: Total cost of ownership of optimal solutions in the second scenario

note that even though the electricity price is steadily increasing, the predicted decrease in battery cost investments
has a more considerable impact on the optimization problem. The fuel cell rating has been within the range of
100 to 200 kW. Thus, it is the size for the retrofit and a potential replacement for this trajectory. If the retrofit is
intended to occur before 2028, the battery size should be 1200-1700 kWh and the diesel engine between 250 to
360 kW. A larger battery should be installed as a replacement according to the solutions after 2028 and a smaller
engine within the range of 100 to 270 kW. It should be noted that the first future trajectory is the more likely to
occur and that out of the two alternative future trajectories, RES will most likely penetrate the energy supply.

Figure 10: Optimal power/energy rating based on 50% emission reduction in the second scenario

5 Conclusions
This paper presents a straightforward approach to including uncertainty factors into an optimization

methodology for identifying the optimal sizing of a proposed hybrid propulsion topology. This approach can be
used to determining the potential retrofitting of a vessel. Various future trajectories have been constructed by



Figure 11: Total cost of ownership of optimal solutions based on 50% emission reduction in the second scenario

adopting future projections from technical reports. Then, the most cost-effective optimal results produced by the
optimization methodology are identified and the results are compared for the developed future paths. Two
scenarios for the future prices are defined and the advantageous of the proposed strategy is evaluated in these
conditions. Furthermore, the optimal designs that reduce the propulsion system emissions by 50% are evaluated
for each scenario. According to the results the benefits of the proposed strategy is discussed. The analysis of two
future scenarios reveals that their eventual conclusions are rather close to one another. In addition, the analysis
revealed that the study’s vessel should be retrofitted as soon as possible in the coming years if halving emissions
is the target in order to avoid incurring excessive operational expenditures. Additionally, it is demonstrated that,
despite the fact that electricity prices are continually rising in the second scenario, the optimization problem is
more significantly impacted by the anticipated decline in battery cost investments. It is shown the proposed
method’s design recommendations consider a certain degree of uncertainty and can be beneficial for the
stakeholders. For future works, the optimization process will be enhanced by considering component replacement
costs and maintenance. In addition, the sensitivity of the outcomes to the operational profile will be investigated.
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