<]
TUDelft

Delft University of Technology

Lifetime design, operation, and cost analysis for the energy system of a retrofitted cargo
vessel with fuel cells and batteries

Mylonopoulos, Foivos; Durgaprasad, Sankarshan; Coraddu, Andrea; Polinder, Henk

DOI
10.1016/j.ijhydene.2024.10.235

Publication date
2024

Document Version
Final published version

Published in
International Journal of Hydrogen Energy

Citation (APA)

Mylonopoulos, F., Durgaprasad, S., Coraddu, A., & Polinder, H. (2024). Lifetime design, operation, and cost
analysis for the energy system of a retrofitted cargo vessel with fuel cells and batteries. International Journal
of Hydrogen Energy, 91, 1262-1273. https://doi.org/10.1016/j.ijhydene.2024.10.235

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ijhydene.2024.10.235
https://doi.org/10.1016/j.ijhydene.2024.10.235

International Journal of Hydrogen Energy 91 (2024) 1262-1273

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

International Journal of

Check for

Lifetime design, operation, and cost analysis for the energy system of a | e
retrofitted cargo vessel with fuel cells and batteries

Foivos Mylonopoulos ', Sankarshan Durgaprasad, Andrea Coraddu, Henk Polinder

Department of Maritime and Transport Technology, Delft University of Technology, 2628, CD Delft, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:
Lifetime
Fuel cell
Battery
Design
Operation
Cost

Fuel cell-battery electric drivetrains are attractive alternatives to reduce the shipping emissions. This research
focuses on emission-free cargo vessels and provides insight on the design, lifetime operation and costs of
hydrogen-hybrid systems, which require further research for increased utilization. A representative round trip is
created by analysing one-year operational data, based on load ramps and power frequency. A low-pass filter
controller is employed for power distribution. For the lifetime cost analysis, 14 scenarios with varying capital and
operational expenses were considered. The Net Present Value of the retrofitted fuel cell-battery propulsion

system can be up to $ 2.2 million lower or up to $ 18.8 million higher than the original diesel mechanical
configuration, highly dependent on the costs of green hydrogen and carbon taxes. The main propulsion system
weights and volumes of the two versions are comparable, but the hydrogen tank (68 tons, 193 m®) poses sig-
nificant design and safety challenges.

1. Introduction

Approximately 90% of the world’s goods are transported by marine
vessels, most of which are powered by diesel engines, which emit
harmful exhaust gases such as carbon dioxide (CO2) and monoxide [1].
The shipping industry is responsible for 3% of global emissions but this
percentage may increase exponentially in the next few years without
drastic changes in the utilized fuels and power systems of ships [2].
Cargo vessels including bulk carriers, containerships and oil tankers
represent 85-90% of the world’s merchant fleet according to Ref. [3].
General cargo vessels are a subcategory of merchant ships and they are
usually short sea vessels operating between countries in proximity to
urban areas. Hence, reducing the carbon footprint of such ships is
crucial.

The International Maritime Organization (IMO) envisages a 40%
reduction in carbon emissions by 2030 (compared to 2008) and until
this period the goal is to cover 5-10% of the required global shipping
energy by alternative fuels (e.g., hydrogen, methanol, ammonia) and
power sources (e.g., fuel cells, batteries, solar panels, wind turbines) [4].
The emissions should be reduced by 70-80% until 2040, and the ulti-
mate maritime goal is to reach net-zero well-to-wake emissions by 2050.
The adoption and increasing utilization of green fuels and systems will
be crucial to adhere to the strict regulatory requirements and achieve the
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maritime emission targets.

Hydrogen fuel cells and lithium-ion batteries are among the most
attractive zero-emission alternatives to conventional diesel propulsion
systems for short sea cargo vessels [5,6]. Fuel cells and batteries have
low energy density, so they can be used for ships with short sailing
distances near refuelling and recharging infrastructures. Despite the
safety concerns associated with the explosiveness of hydrogen and the
fire risks of batteries, there has been an increasing interest in these new
technologies as these hazards can be mitigated by implementing
appropriate risk control options [7]. Hybrid configurations with fuel
cells and batteries as power supply sources eliminate the dynamic lim-
itations of pure hydrogen-based systems and the weight limitations of
pure battery-electric propulsion [6].

Different studies have focused on the design and operation of hybrid
ship energy systems. A comprehensive review on modelling and opti-
mization of the power and propulsion components is presented in
Ref. [8]. The focus of this literature review section is on the design and
operation of ship power systems that utilize alternative energy sources,
with a particular emphasis on fuel cells and batteries.

Ganjian et al. [9] presented an optimal design analysis for a fuel
cell-battery hybrid fishing vessel to minimize system mass, volume, costs
and improve electrical safety. A genetic algorithm was used to optimize
separately each objective function. The degradation and the
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replacement costs of the components were not included in the optimi-
zation analysis. Vieira et al. [10] optimized the configuration of a hybrid
platform supply vessel with fuel cells, diesel gensets and batteries to
reduce the CO, emissions. However, the total costs were not included in
the analysis. Wang et al. [11] proposed a nested design and control
optimization for a similar type of hybrid system with [10], but including
the capital and operational costs in the objective functions. The degra-
dation of batteries and fuel cells was not included in the two studies [10,
11]. Wu and Bucknall [12] presented a two-layer optimization for a fuel
cell-battery driven ferry incorporating the degradation effects, for an
averaged simplified load profile. The focus of this study was on the
estimation of emissions reduction after retrofitting. Bassam et al. [13]
developed an improved Proportional Integral (PI) controller to reduce
the fuel cell consumption and degradation. The controller was tuned to
satisfy the specific input conditions of the given power profile. The same
authors in Ref. [14] developed a multi-scheme control strategy that
could switch between different energy management approaches during
the a-priori predicted power profile, based on battery SoC and power
demand. However, the online adjustment of control strategies due to
unpredicted operating conditions was not demonstrated.

The above studies [9-14] focus on global optimization and do not
include real-time controllers. Some research works that utilize online
control approaches are listed below.

In [15,16] fuzzy logic controllers were used to optimize fuel
cell-driven ships with hybrid energy storage systems, in terms of effi-
ciency and components’ degradation. The implemented strategies are
rule-based, so they rely on human experience and engineering knowl-
edge. Si et al. [17] also implemented fuzzy rules, but combined with an
artificial bee colony algorithm to optimize the design of a bulk carrier
consisting of wind turbines, solar panels, fuel cells, batteries and diesel
gensets. The practical challenges of integrating all these systems into one
design were not discussed. Fan et al. [18] presented a robustly coordi-
nated two-stage control approach for the power splitting between fuel
cells, batteries and diesel gensets. Pre- and intra-voyage information
(based on short term prediction) were utilized to reduce the operational
costs and emissions.

The above studies [9-18] include optimization problems which do
not take into account the design, lifetime performance and cost un-
certainties of retrofitting. The remainder of the literature section focuses
on studies that consider the systems’ (fuel cells and batteries) lifecycle
performance and/or costs.

Zhu et al. [19] optimized a diesel-battery hybrid ship system using a
genetic algorithm and a rule-based controller to minimize the annual
fuel consumption, emissions, and lifecycle costs, considering a single
power profile. The diesel tank and converter investment costs, and the
maintenance costs of the components were not considered. Further-
more, there was no degradation model for the estimation of battery
lifetime and its replacement cost. A battery cycling degradation model
was presented by Chen et al. [20] for the minimization of lifecycle costs
of a diesel genset-battery hybrid passenger vessel. The genset model
equations, the battery calendar aging effects and the fuel prices were not
discussed. Wang et al. [21] presented a lifecycle optimization problem
for a battery hybrid energy storage system, considering the design cost
and lifetime of batteries and supercapacitors. However, the investment
costs of other systems such as engines, converters, tanks, motors, and the
fuel and maintenance costs were not considered in the economic
analysis.

Bassam et al. [22] optimized the sizes of a hydrogen-hybrid ferry
using a PI controller considering Capital Expenses (CAPEX), Operational
Expenses (OPEX), maintenance and replacement costs. There were no
battery and fuel cell degradation models. The components were replaced
at their expected end of life, provided by the manufacturer. The
implemented PI controller is not real-time, so it cannot adapt to varying
operating conditions due to uncertainties and disturbances. Its param-
eters have been tuned to satisfy the specific conditions of a given power
profile. Dall’armi et al. [23] used the Mixed Integer Linear Programming
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algorithm, for the optimal sizing problem, to minimize the fuel con-
sumption and degradation, focusing on the lifetime performance and the
progressive ageing of fuel cells and batteries. Fixed fuel and component
prices were considered for the cost analysis. Dall’armi et al. [24]
extended the previous work [23] by utilizing the MonteCarlo analysis to
account for uncertainties related to hydrogen, fuel cell and battery costs.
In both studies [23,24] a single power profile was used as input to the
optimization frameworks. The original and the retrofitted versions were
not compared in terms of design, lifetime operation and costs. Moreover,
these are global optimization studies in which the operating profiles are
assumed to be known in advance, without real-time controller capabil-
ities. Zhang et al. [25] developed an online real-time controller
combining the Equivalent Consumption Minimization Strategy (ECMS)
and a filter-based approach to maximize the power plant efficiency and
minimize the fuel cell and battery degradation of a passenger ship. Chen
et al. [26] optimized the size and control of a fuel
cell-battery-supercapacitor hybrid system, using a controller combining
support vector machine and low-pass filter, to minimize energy losses,
bus voltage fluctuations and battery degradation. In both studies [25,
26], the impact of the design and control solutions on the lifetime costs
were not discussed, since the focus was on the technical objectives.

Lagemann et al. [27] presented a study for the selection of the
optimal power systems and fuels in terms of lifecycle costs and emis-
sions, considering the potential retrofits along the lifetime of the case
vessel. Methanol, ammonia, hydrogen and liquefied natural gas were
among the fuels that were compared, but hybrid configurations were not
considered due to the constraint that the algorithm can select only one
compatible fuel and power system option. Uncertainties in fuel costs and
carbon emission prices were included in the authors’ extended work in
Ref. [28]. In both studies [27,28], a high-level approach was used for the
system design and operation. There was no discussion about the con-
figurations and the control of the systems that can have a significant
impact on the estimation of the lifetime costs.

There have been a few studies that focus on the techno-economic
feasibility and lifecycle assessment of fuel cell and battery powered
vessels.

Monaaf et al. [29] presented a lifetime techno-economic study for a
retrofitted fully battery powered ferry. The packs were sized based on
the Depth of Discharge (DoD) and the maximum load. The calendar
aging effects were not considered, and the cycling degradation was
estimated assuming the battery operates at 80% DoD over its lifetime,
for a single profile. Furthermore, the retrofitting implications in terms of
overall weight and volume changes were not discussed. Wang et al. [30]
presented a lifecycle emission and cost assessment for two ferries, a tug
and a trawler, that were conceptually retrofitted with hydrogen engines.
This study did not discuss the uncertainties associated with the low
technological system maturity, the required retrofitting changes, and
the design and cost specifications of the rest of the energy systems.

Inal et al. [31] presented a lifecycle emission and cost assessment
case study for a retrofitted hydrogen-fuelled general cargo vessel, and
compared the results to the original diesel version. The tank placement
onboard and the replacement of the fuel cell stacks were not considered.
It was assumed that the fuel cells can last for 15 years and cover the load
fluctuations without hybridization with batteries. Furthermore, fixed
fuel and component prices were considered for the economic analysis.
Karvounis et al. [32] presented a lifecycle emission and cost assessment
using hydrogen and ammonia as substitute fuels for marine engines, but
without discussing the practicality and feasibility of retrofitting
considering the design constraints (weight, volume, costs) and the low
system technical maturity. In both case studies of short sea cargo vessels
[31,32] a single power profile was considered. Trillos et al. [33]
demonstrated that a fuel cell-battery passenger ferry could reduce the
well-to-wake emissions by 89% compared to the diesel-hybrid version.
This study focused on environmental and health aspects such as emis-
sions, maritime ecotoxicity and human carcinogenic toxicity. The
impact of the design decisions on the lifetime costs was not discussed.



F. Mylonopoulos et al.

Overall, the studies that perform a lifecycle emission and cost assess-
ment do not discuss the control strategies and lifetime operation of the
systems.

The main outcomes and gaps from the literature review are sum-
marized below.

- There is a gap in the literature for retrofitting studies of cargo vessels
with hydrogen fuel cells and batteries, considering the impact of
multiple power profiles on system sizing and control, using a robust
real-time controller. Most studies focus on developing control ap-
proaches and sizing methods tailored to specific applications with a
single (simplified) power profile.

There is a lack of comprehensive design, lifetime operation and cost
analyses under varying economic scenarios, especially for hydrogen-
based ship energy systems.

To the best of the authors’ knowledge, there is no study that con-
siders all the following: the degradation effects of both fuel cells and
batteries (combined cycling and calendar aging), the replacement
periods and costs, and the tank sizing based on the lifetime increase
in fuel consumption.

The focus of this research is on the design and operation of emission-
free cargo ships. A diesel-mechanical vessel is retrofitted with hydrogen
fuel cells and lithium-ion batteries to reduce its environmental footprint.
A representative round trip is selected for the analysis. The power dis-
tribution between the fuel cells and batteries, and the system sizes are
obtained using a real-time low-pass filter controller. The fuel con-
sumption, system weights and volumes, component degradations, and
lifetime costs of the retrofitted fuel cell-battery propulsion system are
estimated and compared to the conventional diesel mechanical version.
This study provides insight on the design and operation of hydrogen
hybrid cargo vessels, for the research community, shipowners and vessel
operators regarding the implications and uncertainties of such
retrofitting.

To summarize, the novelty of this study is threefold.

- Proposal of a method for the selection of representative ship power
profiles.

- A detailed methodology including system design, sizing, real-time
control, lifecycle operation, and net present value analysis of a
ship propulsion system for varying OPEX and CAPEX.

- Estimation of fuel cell degradation, combined battery cycling and
calendar aging, component replacement costs, and the impact of
degradation on tank sizing.

The rest of the paper is organised as follows. In Section 2, the case
study details for the vessel and the retrofitted hydrogen-based energy
system are presented. In Section 3, the proposed methodology for the
design, operation and cost analysis is described. The results from the
analysis and the simulations are discussed in Section 4. Finally, the
concluding remarks are presented in Section 5.

2. Case study

In this section, the case vessel details and the retrofitted hydrogen-
based energy system characteristics are discussed.

2.1. Vessel details

The case ship is a diesel mechanical general cargo ship 90 m long,
12.5 m wide and it carries 3638 tons of cargo [34]. It is retrofitted with
hydrogen fuel cells and batteries as the power supply components to
minimize the onboard emissions. The vessel does not have a fixed load
profile and schedule since it sails between different countries, mainly in
the Baltic and the North Sea.

International Journal of Hydrogen Energy 91 (2024) 1262-1273
2.2. System design for the retrofitted version

The configuration of the system for the retrofitted hydrogen-based
propulsion system is shown in Fig. 1.

The original version has a direct-drive diesel mechanical system with
a main engine of 1.8 MW (oversized system), and a controllable pitch
propeller. In the new hydrogen-based version (Fig. 1), the engine is
replaced by two AC variable speed electric motors on the same shaft,
connected to a fixed pitch propeller. The number and types of fuel cells
and batteries will be determined after employing the real-time control
strategy, which will be discussed in Section 3.2. In the new hybrid
configuration, there are two DC buses for redundancy in case of failure
to ensure that propulsive power is available under different off-design
conditions. From a practical perspective, after discussions with the
vessel operators, it is recommended to install an emergency/standby
diesel generator (800 kW), that will be used in case hydrogen is not
available at the right place or quantity. The original and the retrofitted
design will be discussed in more detail in Section 4.5.

3. Methodology

A flowchart of the methodology proposed in this study for the design,
operation, and cost analysis is shown in Fig. 2.

In Step 1, the power profiles of the vessel, considering one-year
operational data, are analyzed in terms of load ramps and power fre-
quency distribution, to select a representative round trip. Then in Step 2,
the fuel cells are sized based on the maximum power demand of the
vessel. In Step 3, a real-time low-pass filter based control strategy is
implemented to distribute the power between the components. The
batteries are iteratively sized until the power balance and SoC con-
straints are satisfied for all the profiles of the round trip. The obtained
fuel cell and battery power distributions are used as input to calculate
the degradation of the components in Steps 4 and 5. Finally, in Step 6,
the lifetime system costs are estimated following a sensitivity analysis
for varying operational and capital costs. The retrofitted energy system
is compared to the original configuration in terms of design and lifetime
Costs.

The methodology is explained in detail in Sections 3.1-3.5.

The following assumptions are considered in this study.

- Only the propulsive power demand of the vessel is considered, with a
sampling interval of 5 min, without any auxiliary loads and systems
such as filters, cooling, and safety equipment.

- For the cost analysis, it is assumed that the hydrogen-based version is
refuelled with green hydrogen that is always available. This is an
optimistic assumption since there are certain challenges that need to

Battery 1..m Fuel cell 1...n Battery 1..

Bu's-:‘t-;(;‘:sw;vilch
’2 é Inverter

[ Propulsion motor

Fuel cell 1...n

T
(%0 Propeller

Fig. 1. Retrofitted energy system.
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Fig. 2. Flowchart for the design, operation and cost analysis.

be addressed for wide availability of green hydrogen such as: high
production cost and limited existing infrastructure including storage
systems, distribution and transportation networks. The stringent
environmental regulations, and the price drop and development of
renewable systems (e.g., wind and solar) are expected to enhance the
economics of green hydrogen production in the future [35].
Regarding the fuel storage equipment, various methods such as salt
caverns and hydrogen carriers are investigated to store large
amounts of fuel [35]. The produced green hydrogen may be in
remote locations or far away from the ship, so there might be a need
for a large pipeline network or intermodal fuel tank transportation
(e.g., trucks, trains) as part of the supply chain network [36].

The vessel, after retrofitting, has a remaining lifetime of 20 years,
and it operates in the same round trip.

Only the fuel cells and the batteries require replacement during the
20-year period.

The recycling of the components and their residual cost values at the
end of the vessel’s lifetime are not considered.

3.1. Analysis of power profiles

All the power profiles (one-year data) of the case vessel are analyzed
in terms of frequency of power and load ramps. Compared to the one-
year data, the representative round trip is selected such that the vessel
operates for a similar percentage of the sample data at the same power
ranges (e.g., 100-200 kW, 500-600 kW) and has a similar percentage of
fluctuations at various load ramps (e.g., 5-10% AkW/At). A few profiles
were chosen for the round trip to reduce the computational burden, but
they still have an accurate representation of actual ship voyages. The
power distribution is an important key performance indicator for more
accurate lifetime fuel consumption estimation, and the load ramps are
critical for the estimation of fuel cell degradation.
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The selected round trip should include the most power demanding
operating conditions for fuel cell sizing, the most energy intensive
fluctuations for battery sizing, and the longest profile with the highest
fuel consumption for tank sizing.

3.2. Real-time low-pass filter-based controller

The case vessel does not have a fixed power profile and schedule, so a
robustly coordinated real-time control strategy that can be implemented
to different power profiles is necessary. Fuzzy-logic rule-based ap-
proaches can be simple and effective but they rely on human expertise,
and according to Ref. [25] they can be highly dependent on specific
power profiles and operating conditions, so they are not selected for this
study. Some possible real-time control approaches that can be used are:
ECMS, Model Predictive Control (MPC), or Artificial Intelligent (AI)
methods. The studies that use ECMS usually focus on fuel consumption
minimization, neglecting other objectives such as the degradation of
components [25]. Moreover, the controller might face challenges
adapting to unpredictable sailing profiles due to incorrect real-time
tuning of the equivalence factors. MPC approaches can be used in dy-
namic simulations to predict future states and optimize the system’s
operation at every time step, but they usually require high fidelity
models and significant computational time. Furthermore, the creation of
a robust controller can be challenging due to the disturbances and un-
certainties [37]. Al methods can also be used to predict future operating
states but they may require a large amount of data and resources to
produce accurate, physically-consistent and interpretable results [8].
Predictive methods can be beneficial in scenarios where significant
battery charging and discharging is required (e.g., peak shaving func-
tions), as they enable prior charging to ensure the power and energy
demand constraints are satisfied.

In this study, a filter-based control approach is selected due to its
simplicity in terms of implementation, robustness under different
operating conditions, and low computational complexity. The devel-
oped low-pass filter-based real-time controller for operation is shown in
Fig. 3.

The generic fuel cell, battery, and converter models from Simulink
are used for the analysis. The DC bus voltage is controlled by a PI
controller at 1000 V. The low-frequency current is delivered by the fuel
cells and the high-frequency current by the batteries. The lower the time
constant in the low-pass filter, the faster the fuel cells respond to load
changes and thus degrade. The battery SoC is also controlled around
50% with a P controller to reduce its degradation. The saturation blocks
are used to ensure that the current limits for the components are not
exceeded. Overall, this low-pass filter control approach provides at low
complexity and computational requirements: real-time operation for
different power profiles, controllability of fuel cell and battery operation
for reduced fuel consumption or components’ degradation, and stable
DC bus system voltage. More details about the models and the control
strategy are discussed in the authors’ previous work [34].

The battery power is estimated by subtracting the fuel cell power
from the load demand. The energy capacity is estimated considering a C-
rate equal to 1. For each profile of the round trip, the power supplied by

IFC:ra_f

VDC \act

Ibai..ref

Fig. 3. Real-time low-pass filter controller.
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the fuel cells and the batteries should be equal to the load demand at
each time step, and the battery SoC should remain between 20 and 80%
for the selected low pass filter time constant. If one of the conditions is
not satisfied, the battery size should be modified. Then, the battery
components can be selected, and the fuel consumption for one round trip
can be calculated using the Simulink model, as presented in Ref. [34],
for the considered fuel cell stacks [38].

In the proposed control strategy, the battery is used for smoothing
the load experienced by the fuel cells and for providing ramp support.
For such battery functions, it can be simple and effective to use a low-
pass filter control strategy [25,26].

3.3. Degradation of fuel cells and batteries

Fuel cell degradation at chemical scale may affect different parts
such as the membrane and the electrodes. The reactant humidity, tem-
perature, stoichiometry and flow rates are critical operating factors for
the efficiency and durability of the fuel cell stacks. Low relative hu-
midity or high temperature can lead to structural dissolution of the
membrane [39]. Low reactants’ flow rates and low relative humidity
may lead to the formation of radicals which can cause platinum disso-
lution and carbon support corrosion in the catalyst layer. Those lead to
impedance rise and thus voltage decay for the cells [39]. The carbon
support corrosion can also lead to active surface area loss (for reactions)
or conductivity loss which also result in voltage drop.

The focus of this study is on the degradation of fuel cells based on
their operating power levels. It is defined as the voltage drop of a single
cell at constant current output, assuming that the reduction of voltage is
the same across all the cells of each stack [23,24].

The total degradation is measured in microvolts (pV), and it is a
summation of the voltage drops due to transient loading, start/stop
cycles, low power operation (<10% Ppax), and high-power operation
(>90% Ppax), where Py, is the rated power of the fuel cell stacks [40].

The degradation of the fuel cells is described by Equations (1)-(5). It
is assumed that all the fuel cells operate at the same power level and
there is no individual control and switch on/off during manoeuvring and
cruising phases.

Bramp (t+1) = | Prc(t) — Prc(t+1)| ® AVyamp .
Vstare (t) = Sstare (t) ® AVsiare @
a 0.1Pmac—Prc, , .
dvlow(t) = o Atif Prc < 0.1Pmax @
0, otherwise
a4, M. .
dvhigh(t) = highe==G3p, - *Atif Prc > 0.9Pmax @
0, otherwise
Wi (£) = W (1) + D (6 + ®)

WViow (t) + DVhign(t) (1V)

where dvrqmp (t) is the voltage reduction due to the load variations, and it
is proportional to the constant transient coefficient Avyyy,. In Equation
(2), dVuqre(t) expresses the voltage reduction due to startup of the fuel
cell stack, and it is proportional to the constant start/stop coefficient
AVqre. The binary variable Sgqr(t) is either 0 or 1, if the fuel cell is
switched off or on respectively. In this study, it is assumed that the fuel
cells are always switched on during the voyage. In Equations (3) and (4),
the degradation due to low power and high-power operation is
expressed. The values for the parameters of fuel cell degradation are
shown in Table 1.

The batteries degrade due to cycling and calendar aging.

The critical lithium-ion battery aging factors are the DoD,
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Table 1

Values for fuel cell degradation parameters.
Parameter Value/Unit
AVramp 0.4185 pv/ AkW [41]
AViare 23.91 pv/ eycle [23]
Ajow 10.17 pV/ hour [42]
Qhigh 11.74 pV/ hour [42]

temperature and C-rate. High DoD can lead to structural disordering and
thus loss of active material or lithium inventory which lead to cell ca-
pacity drop [39]. The temperature effect is considered only for calendar
aging in this study. High temperatures can lead to binder decomposition
and contact loss in the anode side. These can cause conductivity loss and
impedance rise, leading to power or capacity fade [39]. The effect of
C-rate on battery degradation is not analyzed in this study. However,
high C-rates can lead to particle cracking, lithium plating or structural
disordering [39].

For cycling aging, the rainflow counting algorithm was used to es-
timate the number of cycles, for each profile, at a specific DoD [43]. The
Equivalent Cycles (EC) are calculated as shown in Equation (6).

EC= Z (cycle range; o cycle number;) / DoD (6)
J

where j is each measured half-cycle or full cycle. The cycle range (SoC
range) is multiplied by the cycles’ number for each measured half or full
cycle obtained from the rainflow counting algorithm. The DoD is the
difference between the maximum and minimum SoC for each profile.
The capacity loss due to cycling aging is defined as a percentage from the
ratio between the measured equivalent cycles over the maximum
number of cycles at the specific DoD, based on the datasheet of the
battery [44]. A calendar aging prediction model was developed by Ali
et al. [45], as shown in Equation (7), to estimate the battery degradation
when it is not operated, depending on the storage temperature, SoC, and
idling time.

Idling Degradation = a;e%5°C e b, esz ot @)
where a;, as, by, by and c; are the fitting parameters of lithium-ion
batteries. These parameters have been obtained from experiments for
different chemistries [45]. In this study, lithium iron phosphate (LFP)
batteries are used. The SoC ranges from O to 1, T is the storage tem-
perature in Kelvin and t is the time that the battery is stored in days. The
LFP battery is stored at 50% SoC and 25 °C, for 36 days at the end of each
year when the vessel is not in operation.

3.4. Lifecycle costs of the energy systems

The Net Present Value (NPV) includes the CAPEX and the OPEX, and
considers the 20 years of the remaining vessel’s lifetime. It is calculated
as shown in Equation (8) for both versions (diesel, hydrogen). A sensi-
tivity analysis is performed for varying fuel prices, carbon taxes, and
CAPEX of fuel cells and batteries.

2, OPEX;

NPV = CAPEX + :
i (1+71)

€©))

where k is the number of years, and r is the interest rate which is
assumed to be 5% [28,46,47]. The OPEX includes fuel costs, hydrogen
liquefaction, carbon tax costs (only for the diesel-based version),
maintenance and component replacement costs. The CAPEX includes
the initial investment for the propulsion systems and the storage tanks.

3.5. Design and cost comparison with the diesel mechanical version

The retrofitted hydrogen-hybrid version is compared to the original
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diesel mechanical system in terms of lifecycle costs and system design, to
investigate the implications of the conversion of the propulsion system.
The weights and volumes of the components of the two versions are
compared. Design recommendations are also provided for the new fuel
cell-battery hybrid configuration.

4. Results and discussion

In this section, the results from the analysis and the simulations are
presented and discussed.

4.1. Profile analysis results: load ramps and frequency of power

The data of the propulsive power demand of the original diesel
mechanical version is analyzed. The selected round trip from the one-
year data should have a similar percentage of the same power ranges
and load variations (ramps). The results from the power frequency
analysis are shown in Table 2 and summarized in Table 3. The sum of the
percentages is equal to 100% for each case. As shown in Table 2, the
vessel operates 11.9% of the total one-year sample data between 500
and 600 kW, and 13.4% of the samples of the selected round trip at the
same power range. In Table 3, the results are summarized, and it is
shown that the representative round trip is very similar to the one-year
data, considering power ranges of 500 kW.

The load fluctuation results are shown in Table 4. The sum of the
percentages is equal to 100% for each case. The ramps cover both pos-
itive and negative power changes for each interval. It is shown that the
representative round trip is very similar to the one-year data in terms of
percentages of load fluctuations. As expected for a general cargo vessel,
about 88.5% of the total load changes are in the range of 0-5% AkW/At,
which indicates that most of the time the vessel operates at almost
constant power levels with small fluctuations.

The selected round trip is shown in Fig. 4. It consists of 11 single
trips, with the vessel sailing between the Netherlands, Finland, Sweden,
Lithuania, and Belgium. The ship starts its first voyage from Dordrecht,
Netherlands and ends the last voyage, after 47 days, at the same loca-
tion. After each voyage, the vessel stays at the port for 1-2.5 days, based
on the actual data, for hydrogen refuelling and/or cargo operations. It is
assumed that there are appropriate risk control options that enable
simultaneous bunkering and cargo loading/unloading, if necessary [7].
According to Ref. [48], it takes around 1 h to refill 1 ton of liquefied
hydrogen (LH>) through direct refuelling by trailers. This option can be
more cost-effective and flexible than refuelling with fixed bunkering
infrastructure, especially at the early stages of operation [48].

4.2. Real-time low-pass filter control strategy results

The maximum required propulsive power of the round trip is 1230
kW (Fig. 4), but an additional 10% margin is considered for

Table 2
Frequency of power (detailed).

Power range (kW) One-year data Selected round trip

0-100 0.8% 0.6%
101-200 6.1% 5.5%
201-300 2.1% 2.5%
301-400 2.1% 2.6%
401-500 3.4% 3.2%
501-600 11.9% 13.4%
601-700 16.6% 21.2%
701-800 21.4% 29.7%
801-900 21.2% 9.1%
901-1000 9.5% 6.1%
1001-1100 1.7% 1.0%
1101-1200 2.7% 4.4%
1201-1300 0.5% 0.7%
1301-1400 0.0% 0.0%
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Table 3
Frequency of power (summarized).

Power range (kW) One-year data Selected round trip

0-500 14.5% 14.3%

501-1000 80.6% 79.5%

1001-1500 4.9% 6.2%
Table 4

Load fluctuations (ramps).

(+) AKW/At One-year data Selected round trip
0-5% 88.5% 88.4%
5-10% 2.9% 2.7%
10-15% 1.5% 1.5%
15-20% 1.1% 1.1%
>20% 6.0% 6.3%
1500
1000 J
=
=
= |
E
&~ 500 ]
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10 20 30

Time [Days|

40

Fig. 4. Selected round trip.

uncertainties in power profiles due to extreme wind and wave condi-
tions. Hence, the total installed fuel cell power is 1350 kW, covered by 9
highly efficient and compact fuel cells of 150 kW each [38].

The time constant in the low pass filter is selected such that the fuel
cells slowly react to load changes. It is set equal to 10 min, with power
measurements of 5 min in the load demand graphs. Hence, the fuel cells
slowly follow the power demand for all the profiles, and when fast
transients are required, the batteries are used. One profile with a large
interval of almost constant power, and one purely manoeuvring profile,
with high fluctuations, are shown in Figs. 5a and 6a respectively. The
battery SoC is shown in Figs. 5b and 6b respectively for both profiles.

For the constant power profile (Fig. 5), the battery power is close to
zero for most of the time during the cruising mode of operation, since
there are no significant load fluctuations.

In Fig. 6, for the manoeuvring profile, the battery operates between
25 and 70% SoC, with more fluctuations. At some intervals, the fuel cell
power exceeds the load demand since the batteries need to be charged.
The P controller (Fig. 3) tries to reduce the gap between the actual SoC
and the reference value which is 50%. For all profiles, the SoC at the end
of the voyage is equal or greater than 50% (initial value), to avoid shore
charging due to safety risks related to fire and explosion, and un-
certainties related to infrastructure and electricity availability.

After analysing all 11 profiles of the round trip, the average DoD is
equal to 41.3% for the two battery racks of 100 kW, 100 kWh each [44].
Two batteries are installed for active redundancy, and their sizes are
selected so that they operate in the recommended SoC range of 30-70%
which results in low cycling aging [44]. The power balance and SoC
constraints are satisfied for all the profiles of the round trip. The bat-
teries are mainly used for load smoothing and ramp support in all
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Fig. 5. Constant power profile, a) Power distribution, and b) Battery SoC.
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operating conditions.

To verify the power distribution results of the developed Simulink
model and the low-pass filter controller, a simple moving average con-
trol strategy, with the same time constant, was developed in MATLAB.

For the moving average controller, the fuel consumption is estimated
as shown in Equation (9).

Frc(t)=a e Pi(t) +b e Prc(t) +c )
where Fpc (t) is the fuel consumption of the fuel cell as a function of time,
Pgc (t) is the power of the fuel cell as a function of time, and a, b, and ¢
are the quadratic function coefficients based on the actual curve from
the manufacturer’s datasheet [38].

As a sanity check, the fuel consumption difference between the two
models is less than 1% for all the profiles of the round trip.

4.3. Lifetime fuel consumption and degradation of components

The hydrogen consumption is estimated for each voyage of the round
trip based on Equation (9). The journey from Dordrecht (Netherlands) to
Finland is the longest in duration (170 h) and it requires the largest
amount of hydrogen onboard (5.6 tons). This power profile will deter-
mine the required size of the LH, tank, but an increased consumption
due to fuel cell degradation by the end of life of the components, and an
additional margin of 15% for spare capacity due to hull fouling, need to
be considered [49].

The State of Health (SoH) of the components is estimated based on
[23], considering the cumulative voltage drop of the fuel cells and the
capacity loss of the batteries. The cell voltage drop is calculated based on
Equation (5), and when it is reduced by 15% from a reference value of
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Fig. 6. Manoeuvring power profile, a) Power distribution, and b) Battery SoC.

0.95 V, the stack needs to be replaced [23]. The maximum fuel cell
power at the beginning of life is 175 kW, and the rated power is 150 kW,
which corresponds to the end-of-life condition of the stack [23]. Simi-
larly, the battery is replaced when the capacity is reduced by 20% from
its maximum value [23,24]. The SoH graph of the components is shown
in Fig. 7.

The fuel cells are replaced every 4.92 years or 26,300 operational
hours, which is very close to the design life provided by the stack’s
manufacturer (25,000 h) [38]. The low and high-power fuel cell oper-
ating regions are limited, and there are no startup/shutdown cycles
during manoeuvring and cruising. The transient loads have the biggest

100
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95+ {
= 90
5
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b

Fig. 7. SoH of fuel cells and batteries.
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impact on the total fuel cell degradation. At the end of each year, during
the period the vessel is in idle condition, there is no fuel cell degradation.
The batteries are replaced every 6.83 years. The annual capacity lost is
2.93% (0.96% due to cycling aging, and 1.97% due to calendar aging).

The progressive increase in hydrogen consumption due to fuel cell
degradation (Fig. 8) has been estimated, as a function of voltage drop,
based on [23]. After the first round trip, the hydrogen consumption is
24.2 tons, and at the end of life of the fuel cells after 4.9 years, the round
trip consumption is 24.5% higher.

To size the hydrogen tank, an additional 15% spare capacity is
considered due to various parameters that increase fuel consumption
such as hull fouling, boil-off, thermal tank expansion etc. [49]. The LHy
tank is sized, considering the total margin of 39.5% (24.5 + 15), to
contain the 7.8 tons required for the longest voyage with the highest fuel
consumption. Hence, considering the gravimetric and volumetric spec-
ifications of a cryogenic cylindrical storage tank [48], the LHy tank
weighs 68 tons, and its volume is 193 m°.

The fuel consumption of the main propulsion engine in the original
diesel-based version was measured with onboard sensors, and the data
was provided by the vessel operators. The increase of diesel consump-
tion over time due to the wear and fouling of the main engine parts is
shown in Fig. 9. The drops in diesel consumption are due to the periodic
maintenance of the engine components, as described in Ref. [50]. It is
assumed that the engine can last for 20 years (about 100,000 operating
hours), without replacement, for short sea cargo vessels [51].

The Marine Gas Oil (MGO) tank is sized following a similar process
with the LH; tank. The required volume of the MGO tank is 38 m°?, and it
should carry 33.2 tons MGO, considering the longest profile and the
required margins.

4.4. Sensitivity analysis for total lifetime cost estimation of energy systems

In this subsection, the NPV analysis is presented for varying fuel
costs, carbon taxes, and CAPEX of the fuel cells and batteries.

The CAPEX, maintenance and replacement costs for the propulsion
systems of the two versions are presented in Table 5. The average cost
values are used, when there are two or more references for a specific
component, for higher reliability in the prices.
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Fig. 9. Diesel consumption increase due to wear and fouling of the main engine

parts based on [50].

Table 5
Fixed System costs.
Systems CAPEX Maintenance Replacement
Fuel cell 1014 $/kW 1% CAPEX [54] 50% CAPEX [54]
[52-56]
Battery 492 $/kWh [53,57, 0.5 $/kW/a [53] CAPEX Assumption
58]
Converter 216 $/kW [46,49, 2.6 $/kW/a [46, Not replaced [49]
53] 53]
Motor 133.5 $/kW [46, 1.3 $/kW/a [46] Not replaced [49]
53]
LH, tank 233 $/kg Hy [22, Not considered Not replaced [33,

Standby diesel
generator
Diesel engine

MGO tank

59,60]
350 $/kW [53]

289 $/kW [11,46,
47,53,58]
1.18/kgMGO [51,
58]

Not operated
5.2 $/kW/a [53]

Not considered

49,60]

Not replaced [33,
47,58]

Not replaced [33,
47,58]

Not replaced

The maintenance costs of the components are uncertain parameters

and they have been approximated based on the available literature,
since they depend on the way of operation of the systems. It is also
assumed for the cost analysis that the efficiency curve of the fuel cell
stacks does not improve over time. In a future work, given that more
data will be available regarding the long-term operation and further
development of fuel cells, the sensitivity analysis can be improved by
considering variable maintenance costs and efficiency improvements
over time.

Round trip consumption [tons|

24 ‘ '
0 1 2 3
Time [years|

Fig. 8. Hydrogen consumption increase due to fuel cell degradation.
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The fuel cells are compact containerized solutions that include the
stack, its balance of plants, control and monitoring systems, and an in-
tegrated DC-DC converter [38]. Their replacement costs are 50% CAPEX
because only the degradable components (cells) are replaced periodi-
cally when the voltage has dropped by 15% [54]. The rest of the systems
(piping, control, monitoring, sensors, vents etc.) inside the stack are
non-wearable balance of plant components that are assumed to last 20
years with proper, regular maintenance, without requiring replacement
[49]. The process of replacing a degraded stack takes a few hours, so it
can take place overnight without the need to take the ship out of service
[49].

The batteries require very little maintenance over their lifetime, and
the whole rack is replaced after 7 years of operation. They can be
operated continuously without requiring to be switched off for extensive
maintenance, as required for diesel generators. The rest of the propul-
sion components of both versions do not require replacement, since with
regular maintenance they can last until the end of life of the vessel.

For the fuel cells and the LFP batteries, variable CAPEX has also been
considered based on [52,61] respectively, as shown in Fig. 10, to ac-
count for CAPEX uncertainty, since these components have low tech-
nological maturity levels compared to the rest of the propulsion systems.

The capital cost predictions of fuel cells and batteries are provided
until 2029. For the LFP batteries it is assumed that C-rate equals 1. After
2030 (until 2044), it is assumed that the CAPEX remains constant for
both components at 600 and 224 $/kW respectively [62].

A sensitivity analysis has been performed for different fuel costs
(green hydrogen and MGO), and carbon taxes. In this study, only green
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Fig. 10. Variable CAPEX of fuel cells and batteries.

hydrogen has been considered, to minimize the well-to-wake emissions.
Four different scenarios, based on literature values, have been consid-
ered for its price: a) constant value at 4 $/kg, b) constant value at 6$/kg,
c) constant value at 8%/kg, and d) variable fuel cost based on predictions
of PwC, from 2025 to 2044 [22,28,63,64]. For MGO, two different
scenarios have been considered. Either its price is constant at today’s
value (0.73 $/kg) for 20 years (averaged from Refs. [47,58,65]), or there
is a linear increase over time, as predicted by DNV classification society
[46]. The variable fuel price scenarios for green hydrogen and MGO are
shown in Fig. 11.

In Fig. 11, the average price over time from the five countries of
operation, i.e., Netherlands, Finland, Sweden, Lithuania, and Belgium,
has been considered. The Netherlands and Belgium have the lowest
green hydrogen prices, and the two Scandinavian countries the highest
price over the 20 years. In 2025, it is predicted from PwC [64], that the
price of green hydrogen in the Netherlands will be 72% lower than in
Finland. This indicates that it might be more cost-effective to refuel
hydrogen from either the Netherlands or Belgium, if possible. Consid-
ering the low technological maturity of the systems/infrastructure and
the potentially limited amount of available green hydrogen, it is rec-
ommended to refuel the tank to its limit when there is available quantity
at the ports, especially at the early stages of operation, due to the high
uncertainty.

Different scenarios have also been considered for carbon tax costs.
The implementation of carbon taxes acts as an incentive to reduce
emissions by penalising the use of fossil fuels. The implementation of
carbon taxes for ships with Gross Tonnage (GT) above 5000 m? will start

—H2 price
—MGO price
4
=
=
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Fig. 11. Variable green hydrogen and MGO prices until 2044. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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in 2025 based on the European Union Emission Trading System (EU
ETS) [66]. The case general cargo vessel sails under a Dutch flag around
countries of the EU, and it has a GT less than 5000 m®>. For such ships it is
uncertain if and when the carbon taxes will be applied [66,67]. Hence,
three different tax cost scenarios have been considered: a) no carbon tax,
b) constant carbon tax at 85 $/ton CO, over 20 years [66], and c) a
variable carbon tax with linear increase, based on PwC predictions [68].
In the last scenario, there is an average carbon tax of 175$/ton COs,
which can have a significant impact on achieving the maritime decar-
bonization goals, as stated in Ref. [69]. An emission factor of 3 ton
CO4/ton MGO has been considered in this study based on [32,70].

Hydrogen needs to be liquefied to be stored at the cryogenic tank at
the required temperature and pressure conditions. The cost to liquefy
hydrogen is assumed to be 1$/kg based on [71]. The transportation cost
has not been considered in this study.

The NPV results for the 8 scenarios of the hydrogen-based version,
and the 6 scenarios of the diesel-based version are shown in Table 6.

The Fixed CAPEX scenarios are for constant investment costs of all
the components, including fuel cells and batteries, over 20 years, based
on the prices of 2025. The variable CAPEX scenarios consider the cases
that the prices of fuel cells and batteries drop until 2029 and then remain
constant (Fig. 10). For the diesel-based version, either a fixed fuel cost is
considered (0.73%$/kg MGO) or a variable price based on DNV pre-
dictions (Fig. 11).

Based on current prices of fuels, components, and carbon taxes
(Scenarios 1, 11), the retrofitted hydrogen-based propulsion system has
a NPV of $17.62 million, and the original diesel-based version has a NPV
of $10.81 million, which is 38.6% less expensive. A more realistic sce-
nario based on the cost predictions and future developments is the
following: green hydrogen price declines, MGO prices increases, carbon
tax cost increases, CAPEX of fuel cells and batteries decrease (Scenarios
8, 14). As shown in these two scenarios, the NPV of the diesel-based
version is 12.8% higher than the hydrogen-based propulsion system,
which indicates that the retrofitted version may be more cost-effective
from a long-time perspective, if the price trends evolve as expected. In
the worst-case scenario of the sensitivity analysis, the NPV of the
hydrogen-based version can be up to $18.8 million higher than the
original diesel-based system (Scenarios 3, 9), in case hydrogen is not
widely used as a fuel in the future.

4.5. Design recommendations and comparison with the diesel-based
version

In the hydrogen-based design, there are 9 fuel cells of 150 kW for
propulsion, and an additional 10th stack for passive redundancy [72].

Table 6
NPV results for the two versions.

Hydrogen-based version

Scenarios Total NPV ($)
1. Fixed CAPEX, 4$/kg 17,624,606
2. Fixed CAPEX, 6%/kg 22,332,508
3. Fixed CAPEX, 8$/kg 27,040,410
4. Fixed CAPEX, PwC H, price 15,817,129
5. Variable CAPEX, 4$/kg 17,062,684
6. Variable CAPEX, 6$/kg 21,770,586
7. Variable CAPEX, 8%/kg 26,478,489
8. Variable CAPEX, PwC H, 15,255,207

Diesel-based version

Scenarios Total NPV ($)
9. 0.73$/kg, no carbon tax 8,198,714
10. DNV MGO prices, no tax 12,608,312
11. 0.73$/kg, fixed tax (85$/ton CO2) 10,815,923
12. DNV MGO prices, fixed tax 15,225,522
13. 0.73$/kg, variable tax (PwC) 13,086,068
14. DNV MGO prices, variable tax 17,495,667
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The total battery power and energy of the two racks are 200 kW and 200
kWh respectively. Each power supply component has its DC-DC con-
verter. There are 2 x 710 kW inverters (690V) and 2 x 675 kW induction
motors from ABB [73,74]. The main diesel engine from Wartsila [75] in
the original configuration can be used as a standby generator, with fewer
cylinders, in the new fuel cell-battery propulsion system, as discussed in
Section 2.2. The weights and volumes of the main propulsion compo-
nents of the two versions are shown in Table 7.

The fuel cell stack includes the integrated DC-DC converter and the
balance of plant components. The main propulsion system weights and
volumes of the two versions are comparable, but the onboard placement
of the hydrogen tank (68 tons, 193 m®) poses significant design and
safety challenges, as it will be discussed below in more detail. The total
system weight and volume of the hydrogen-based propulsion system is
13,151 kg and 17.16 m® respectively, which is only 1.5 tons heavier and
occupies around 1.6 m® more space than the main engine in the original
diesel-based version.

A perspective view of the case vessel is shown in Fig. 12. The ac-
commodation space is below the bridge at the aft of the vessel. The
engine room is located right below the accommodation area. It is ex-
pected that the propulsion and auxiliary systems of the new hydrogen-
based version will fit the existing engine room space (465 mS),
without requiring any change in the dimensions of the vessel, or the
cargo carrying capacity. There are five cargo holds ahead of the super-
structure. The foredeck is at the bow of the ship.

There are a few possible locations for the LH; tank onboard: a) en-
gine room, b) sideways to the bridge, c) in place of one cargo hold at the
upper deck, d) foredeck. It is important to note that there should also be
an extra margin for the tank connection space, which is usually adjacent
to the storage tank, and it contains valves, piping, safety systems, and
vaporizers.

Placing the tank below the main deck is not recommended by reg-
ulations, since in case of damage, any leakage should not be contained in
enclosed spaces, to reduce explosion risks [7,76].

In the existing design (Fig. 12), there is no space at the side of the
bridge. Hence, if the tank is to be placed there, the superstructure design
should be modified, the tank should be protected from side collisions,
the superstructure should be protected from explosions, and ideally the
tank should be located more than 20% of the breadth of the vessel from
the sides [76]. It is also important to ensure that there is no heat ingress
from the accommodation space below the bridge.

Another option is to remove one of the cargo holds and place the tank
at its position at the top deck. However, this is not a desired option for
shipowners since a certain amount of cargo and thus income is lost. It
can also pose a risk in case of crane operation during loading and
unloading cargo from adjacent cargo holds.

Placing the tank at the foredeck could also be a possible option if
there are no violations of stability criteria. Some other risks that arise are
large piping distances and a high number of connecting points that in-
crease the risk of failure and leakage, frontal collision, and reduced
visibility from the bridge.

A final option is to change the dimensions of the vessel, but this is not
realistic for the 17-year-old case ship. However, it is a design recom-
mendation for similar types of new-built vessels.

Overall, from the design analysis it is shown that retrofitting
hydrogen-based ship systems can be challenging in terms of volume,

Table 7
Propulsion system weights and volumes.

Systems Weight (kg) Volume (m>)
Fuel cell stacks 3195 5.35

Battery racks 2090 1.58
Inverters 126 0.11

Motors 7740 10.12

Diesel engine 11,600 15.53
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Fig. 12. Perspective view of the case vessel.

weight and safety due to the large and heavy fuel tank, and the stringent
regulatory requirements compared to the diesel setup. In this retrofitting
study, the placement of the main propulsion equipment in the existing
engine room space did not pose any space or weight issues. However, it
is important to follow the safety guidelines of class societies for a
detailed design analysis regarding the placement of the equipment in
fuel cell and battery rooms. On the other hand, a newbuild ship would be
optimized to accommodate the special design and safety requirements of
the electrical and fuel systems, without constraints imposed by the
existing vessel structure, but at higher CAPEX and lead times compared
to a retrofit.

Fuel cell-battery hybrid systems offer modularity and scalability
advantages since they can be used for various ship types (retrofits or
newbuilds) and energy demand levels by adjusting the number of the
required modules and configurations, depending on the application. The
developed model and control strategy can be used for different ship
types with similar load profile characteristics, where the battery is used
alongside the fuel cell for load smoothing. The same models and
controller can also be used for vessels requiring other battery functions
such as peak shaving by adjusting the low-pass filter time constant.

5. Conclusions

This study presented a lifetime design, operation, and cost analysis
for the propulsion system of a retrofitted cargo vessel with hydrogen fuel
cells and batteries. A representative round trip was created by analysing
one-year operational data based on the frequency of power distribution
and the load ramps. A low-pass filter based real-time controller was
employed to distribute the power between the components, by satisfying
the energy balance and battery SoC constraint. The batteries were used
mainly for ramp support, with an average DoD of 41.3%. The fuel cell
degradation was estimated based on a stack voltage degradation model
and for the battery degradation, both cycling and calendar aging were
considered. The fuel cells require replacement every 5 years, and the
batteries every 7 years.

The LH- tank (68 tons, 193 m?) was sized based on the most fuel
demanding profile, considering the increased consumption due to
component deteriorations, and a 15% spare capacity. Its onboard
placement poses significant design and safety challenges, associated
with the weight distribution, volume requirements, and explosion risks.
The lifetime costs of the energy systems were estimated following a
sensitivity analysis with 14 scenarios of varying CAPEX and OPEX. The
green hydrogen price and the carbon tax costs had the biggest impact on
the NPV value. If the CAPEX and OPEX remain constant over 20 years,
the NPV of the retrofitted hydrogen-based version is 38.6% higher than
the original diesel-based propulsion system. Based on future predictions
that green hydrogen price and fuel cell CAPEX drop, while MGO price
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and carbon taxes increase, it is possible that the retrofitted propulsion
system can be more cost-effective, from a lifetime perspective, by $ 2.24
million.
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