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a b s t r a c t

This study proposes a hybrid marine power system combining dual-fuel generators, a fuel cell, and
Vanadium Redox Flow Batteries (VRFB). Rigorous verification and validation of the dynamic modelling
and integration of the system are conducted. A case study for the application of the hybrid propulsion
system to a passenger ship is conducted to examine its time-variant behaviour. A comprehensive model
of the reversible and irreversible capacity degradation of the VRFB stack unit is proposed and validated.
The capacity retention of the VRFB stack is simulated by being integrated within the hybrid propulsion
system. Reversible degradation of the VRFB stack is precisely predicted and rehabilitated based on the
predefined operational schedule, while the irreversible portion is retained until the affected components
are replaced. Consequently, the advantages of the VRFB system as an on-board ESS are demonstrated
through the application of a hybrid propulsion system for liner shipping with fixed routes.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hybrid Marine Power System (HMPSs) are regarded as a solu-
tion for addressing strengthened environmental regulations. Such
systems conceptually combine mechanical (diesel engines and gas
turbines) and electrical (renewable energy systems and various
Energy Storage Systems (ESSs)) power supply sources to deliver
ship propulsive and hotel power (Geertsma et al., 2017; American
Bureau of Shippi, 2014). Diverse maritime operating profiles that
depend on various ship types require complex combinations of
power supply systems for realizing increased operating flexibility
and efficiency while satisfying stringent environmental re-
quirements (Hagemeister et al., 2011; Barcellos, 2013; V€olker,
2013). HMPSs have been applied to various ship types, and their
satisfactory performance in fuel efficiency enhancement and
emissions reduction has been demonstrated (Zahedi et al., 2014; B
and OnboardGrid - Th, 2012; Kr�cum et al., 2018; Sciberras and
Grech, 2012).
f Naval Architects of Korea.
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ESSs are necessary onboard maritime vessels as a backup for
intermittency, power outages, high power fluctuations, and pulsed
loads (Lashway et al., 2016; Southall and Butcher, 2016; Domaschk
et al., 2007). The benefits of systems that utilize onboard ESSs that
are charged by a harbour onshore grid (Onshore Power Supply,
OPS) have been demonstrated in terms of GHG emissions reduction
and efficiency enhancement (Port of Oslo, 2012; International
Maritime Or, 2016a). Among HMPSs, a broad range of combina-
tions that utilize fuel cells and batteries have been proposed with
the development of fuel cell and battery technologies (Minnehan
and Pratt, 2017; Tronstad et al., 2017).

In this paper, a new HMPS that hybridises DieseleElectric
Gensets (DEGs), Proton-Exchange Membrane Fuel Cells (PEMFCs),
and VRFBs in compliance with environmental requirements is
presented. The PEMFC was selected for this study over other types
of fuel cells because it has the following benefits, and its applica-
tions onboard maritime vessels have already been examined (van
Biert et al., 2016; Choi et al., 2016):

� Operation in a low temperature range (Tronstad et al., 2017);
� High power density (100e1000Wkg�1) (Veziroglu andMacArio,
2011);
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Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:djchang@kaist.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijnaoe.2021.08.006&domain=pdf
www.sciencedirect.com/science/journal/20926782
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
https://doi.org/10.1016/j.ijnaoe.2021.08.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijnaoe.2021.08.006
https://doi.org/10.1016/j.ijnaoe.2021.08.006


S. Yoo, J. Aguerrevere, J. Jeong et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 674e690
� Relatively fast start-up (Fisher et al., 2012) and resilience to load
changes (Tolj et al., 2013);

� Matured related technologies.

This study focuses on the maritime application of VRFBs as an
ESS due to the advantages they demonstrate in comparison to other
ESSs. Vanadium Redox Flow Batteries (VRFBs) are independently
scalable with respect to energy and power capacities (Derr, 2017).
The millisecond-order response speed enables the utilisation of
VRFBs for load levelling and Uninterruptable Power Supplies (UPSs)
(Bindner et al., 2010; Skyllas-Kazacos and Menictas, 1997;
Buczkowski et al.)e(Bindner et al., 2010; Skyllas-Kazacos and
Menictas, 1997; Buczkowski et al.). The ability of a VRFB to
employ a liquid electrolyte enables in situ recharging of its capacity,
which is an attractive feature for mobile utilisation (Menictas and
Skyllas-Kazacos, 2011), and a VRFB-powered automobile has been
prototyped (nano_FlowcellQUANT, 2018).

Compared to Lithium-Ion Batteries (LIBs), VRFBs still show a
lower power density; however, it has been increased to
557 mW cm�2 (Aaron et al., 2012). The energy density of a VRFB is
restricted by its redox couple, but improvements have been real-
ized by increasing the concentrations of suitable additives to foster
electrolyte stability (Zhang et al., 2011). In addition, significant
enhancements have been realized by reducing the power demands
for electrolyte pumping operations by using piezoelectric actuators
(Kim and Kim, 2017). Cost reduction via vanadium production from
various sources could also be beneficial to the market penetration
of VRFBs (Alotto et al., 2014).(see Table 1)

Among various factors, the cost has always been the primary
driving force for the selection of ESS alternatives (Aaron et al.,
2012). Based on a lifetime cost analysis of LIBs and VRFBs, VRFBs
show lower cost (Alotto et al., 2014; Kear et al., 2012; Soloveichik,
2015; Weber et al., 2011). This is mainly due to following reasons:

1. VRFBs have a deep Depth of Discharge (DoD) compared to other
types of Electrochemical Energy Storage (ECES) systems, e.g.,
LIBs, without detrimental impacts on subsequent cycles (Alotto
et al., 2014; Kear et al., 2012). A LIB system requires rigorous DoD
management for the maximisation of its capability; otherwise,
its life span deteriorates significantly (Watanabe et al., 2014;
Ning et al., 2003).

2. VRFBs have a long life span, which results from comparably low
current densities and no phase transitions during the charge/
discharge process (Derr, 2017; Soloveichik, 2015).

Additional major aspects to be considered for VRFB marine ap-
plications are maintenance and replacement; hence, forecasting
the degradation of VRFBs plays an essential role. Although many
studies have been conducted on VRFB degradation from various
aspects, no comprehensive ageing model of VRFBs has been
introduced. Hence, a comprehensive degradation model of VRFBs is
proposed in Section 2.3.

The proposed HMPS is simulated and evaluated using an inte-
grated simulation platform. For the evaluation of the proposed
HMPS, a case study is conducted with vessel and operation profiles
Table 1
Summary of the advantages of utilising VRFB as an onboard ESS.

Benefits

Independently scalable e energy and power (Derr, 2017)
Millisecond-order response speed (Bindner et al., 2010; Skyllas-Kazacos and Menictas
In-situ recharging capability (Menictas and Skyllas-Kazacos, 2011)
Extremely deep DoD (Alotto et al., 2014; Kear et al., 2012)
Long life span (Derr, 2017; Soloveichik, 2015)
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based on a defined energy management philosophy. As a result, the
maritime application of VRFBs as components of an HMPS is
demonstrated, and various limitations are identified.
2. Description and modelling of the Hybrid Marine Power
System (HMPS)

2.1. HMPS general

The proposed HMPS, which has an all-electrical propulsion ar-
chitecture, hybridises DEGs, PEMFCs, and VRFBs that are connected
to a DC grid. Compared with an AC grid, the onboard DC architec-
ture provides several advantages, which include equipment
arrangement flexibility, decreased weight and space (B and
OnboardGrid - Th, 2012; Prenc et al., 2016), less power conversion
loss, and higher part-load fuel efficiency of DEGs (Zahedi et al.,
2014).

The system includes VRFBs as an ESS for addressing high-
frequency load changes via peak shaving and for saving surplus
energy during operation. The conventional DEGs provide as much
of the required power as possible while satisfying the Energy Effi-
ciency Design Index (EEDI) requirements (International Maritime
Or, 2016b), as they are a cost-effective powering source compared
with other alternatives. The remaining power demand is handled
by PEMFCs and VRFBs. A power distribution strategy is specified in
an Energy Management System (EMS) module, which sets the
power distribution based on multiple signals that originate from
each component module, as illustrated in Fig. 1.

Each component model is verified and validated with respect to
the manufacturer's performance data or experimental data from
the literature. The mechanical Balance of Plants (BoP) for operating
VRFBs, PEMFCs and DEGs is not specified but is included at the
integrated simulation phase for parasitic power calculation and
power balance. Only the principal modelling details of VRFB are
described; the remaining details are presented in their Appendix,
including their causality assignment based on bond graph theory
(Kypuros, 2009). A control regime for orchestrating all electrical
devices is embedded in EMS, and the details are also presented in
the Appendix.
2.2. Vanadium Redox Flow Battery (VRFB) modelling

AVRFB consists primarily of an anolyte tank (1), a catholyte tank
(2), and a cell. The cell (3) is separated into half-cells by a polymer
membrane (5). Each half-cell contains an electrode (4) and a bipolar
plate (6). Each bipolar plate is engraved with a flow channel (7) to
enable electrolyte to flow through. Depending on the flow regime
of the electrolyte within the half-cell, namely, flow-through or
flow-by, the presence of a flow channel is to be determined. The
shape of the flow channel can vary, and a single serpentine flow
field (7) is considered in this paper. Within the half-cells, the
following two major reactions occur:
, 1997; Buczkowski et al.)



Fig. 1. Schematic diagram of the proposed hybrid marine power system with causalities and signal exchange between components.
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V3þ þ e�4V2þ (1)

VO2þ þH2O4VOþ
2 þ 2Hþ þ e� (2)

Once the VRFB is in charge mode, an electron from the external
circuit enters the negative half-cell, while an electron exits from the
positive half-cell. Hence, the forward reactions in Eqs. (1) and (2)
occur at the positive and negative electrodes, respectively, while
the generated protons from Eq. (2) move from the positive half-cell
to the negative half-cell to realize electrical neutrality (solid white
Fig. 2. VRFB charge and discharge (a) and VRFB reve
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arrows in Fig. 2(a)). The reactions occur in the opposite direction in
discharge mode (dashed white arrows in Fig. 2(a)).

VRFB models have been presented with various levels of
complexity and dimensions (Blanc and Rufer, 2008; Merei et al.,
2014; Shah et al., 2008, 2011; Li and Hikihara, 2008; Sun et al.,
2010). The dynamic modelling of relevant parasitic reactions has
also been addressed (Derr, 2017; Shah et al., 2010; Al-Fetlawi et al.,
2010; Schweiss et al., 2016; Tang et al., 2011). To investigate the
application of the VRFB onboard a vessel that is connected to the
vessel grid system, the following aspects are prioritised:
rsible and irreversible degradation schema (b).



Table 2
Coefficients of the mass transport equation.

i-th ion ci ti

charge discharge i ¼ 2 3 4 5

2 1 �1 1 0 1 2
3 �1 1 0 1 �2 �3
4 �1 1 �3 �2 1 0
5 1 �1 2 1 0 1
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� State of Charge (SOC);
� Electrolyte concentration;
� Electrolyte rebalancing period;
� Coulombic, voltage, and energy efficiencies;
� Reversible and irreversible capacity decays and
� Other additional system power consumptions.

Hence, mathematical models are combined for each aspect as
follows and illustrated in Fig. 3 based on the VRFB schema in Fig. 1:

� Overall stack model, concentration and flux crossover - Pugach
et al. (2018), Murthy et al. (2018) and Darling et al. (2015);

� Electrolyte and mechanical models for the piping and pumps -
Blanc and Rufer (2008);

� Ageing model and mass transfer coefficient e Derr et al. (2016),
Nibel et al. (2017) and Jen-Yu Chen et al. (2014);

� Model validation e Pezeshki et al. (2016) and Luo et al. (2013).

The dynamic behaviour of the electrolyte in the half-cell and
tanks is described mainly by Eqs. (3a) and (3b) (Murthy et al., 2018;
Darling et al., 2015).

Vhc
dchci ðtÞ

dt
¼Q

�
ctanki ðtÞ� chci ðtÞ

�
�
 X5

i¼2

tin
m
i

!
Am

þ ci
I
F
/for each ithion

(3a)

Vtank
dctanki ðtÞ

dt
¼Q

�
chci ðtÞ� ctanki ðtÞ

�
/for each ithion (3b)

where subscript i denotes the i-th V ion; the coefficients ci and ti
are listed in Table 2; chci and ctanki are the half-cell and electrolyte
tank concentrations, respectively, of V ions in mol m�3; Q is the
flow rate in m3 s�1; Am is the membrane surface area in m2; F is the
Faraday constant, nmi is the molar flux across the membrane in mol
m�2 s�1; and Vhc and Vtank are the half-cell and electrolyte tank
Fig. 3. Illustrative description for the VRFB mathematical model. (a) partitioning of VRFB
lationships between each sub-model and their references, where Ilimit is the limiting current
difference between bulk and electrode surface for all four vanadium ions.
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volumes, respectively, in m3.
The nonlinear V ion concentrations that are due to migration,

convection, and diffusion at the membrane have been analytically
calculated via the following equations (Darling et al., 2015):

� Convection and migration in the opposite direction to diffusion:

nmi ¼mmi *c
bulk
i

tm

zi
expðziÞ � 1

(4)
� Convection and migration in the same direction as diffusion:

nmi ¼mmi *c
bulk
i

tm

zi
1� expð � ziÞ

(5)

where zi is a nondimensional coefficient for implementing con-
vection and migration:

zi ¼
 

F
smRT

þ xPi
mmi FgcSul

!
dmjm (6)

Here, the subscript i denotes the i-th V ion, mmi is the coefficient
of permeability in m2 s�1, Pi is the coefficient of partition, zi is the
valence, cbulki is the bulk concentration of V ions in mol m�3, cSul is
the sulphate group concentration in mol m�3, dm is the membrane
schematic model based on their mathematical models (b) detailed causalities and re-
, As is local surface area of electrode, F is the Faraday constant, Dc is the concentration
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thickness in m, sm is the membrane conductivity in S m�1, jm is the
current density in A m�2, x is the electroosmotic flow coefficient of
water, and g is the coefficient of the water content.
2.3. Comprehensive VRFB ageing model

VRFB degradation can be partitioned into two parts: reversible
and irreversible. In the process of consecutive charge and discharge,
the VRFB moves from State 1 to State 2 in Fig. 2(b). The further the
charge and discharge voltages polarise, the less useable the range of
voltage the VRFB contains due to the cut-off voltage (top of in
Fig. 2(b)). Consequently, the capacity retention decreases (bottom
of in Fig. 2(b)). However, the influence can be removed (from State 2
to State 3); hence, the capacity can be partially restored, which is
regarded as reversible degradation. Nevertheless, an unrestorable
part remains after the restoration process, which is regarded as
irreversible degradation (bottom of in Fig. 2(b)).

Amain objective of combining reversible and irreversible ageing
models is to provide sufficient complexity for capturing the physics
behind the process yet sufficient simplicity for coupling with the
general zero-dimensional VRFB model. Four major factors induce
VRFB degradation based on its capacity (Luo et al., 2013; Milshtein
et al., 2017):

1. Unintended mass transfer through the membrane;
2. Inadequate mass transport;
3. Decreasing charge transfer; and
4. Increasing ohmic losses.
2.3.1. Reversible degradation
The unintended crossover of species through the membrane is

driven mainly by the concentration and potential gradients, which
leads to asymmetric valences of the V ions between the catholyte
and anolyte (Darling et al., 2015; Luo et al., 2013). Such reversible
degradation of VRFBs accounts for 1/3 of the total performance
degradation (Derr et al., 2016; Pezeshki et al., 2016), which is well
addressed by ionic species migration, convection and diffusion (Eq.
(3a) - (6)). The V imbalance-induced capacity decay can be restored
by rebalancing the catholyte and anolyte V concentrations. The
restoration of the VRFB capacity can be realized via the following
two methods (Luo et al., 2013):

1. Transferring the surplus V ions from the anolyte to the catholyte
via interdiffusion;

2. Directly transferring the required amount of the V electrolyte
from the anolyte to the catholyte.

The first method takes longer than the second since it depends
mainly on the concentration gradient. Hence, the second method is
selected for restoring the capacity decay due to the electrolyte
imbalance. This method also outperforms the conventional, peri-
odic total remixing of electrolyte in terms of the required energy
and the readiness of execution (Luo et al., 2013). Hence, the
restoration process is performed periodically once the capacity
degradation threshold is reached. This process is also included in
the VRFB modelling.
2.3.2. Irreversible degradation
Degradation can also be induced by inadequate mass transport

at both electrodes, mainly at the negative electrode. This phe-
nomenon has been addressed in many studies and parametrized
via Eq. (7):
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km ¼aupb (7)

where a and b are empirical coefficients and u is the superficial
velocity of the electrolyte through the electrodes. u is the pore-
phase flow velocity, which is a function of the electrolyte flow
channel surface area (Ach), electrolyte flow rate (Q), porosity of
electrodes and tortuosity (Chen et al., 2014):

up¼Qk

Aε
(8)

According to (Nibel et al., 2017), oxide functional group deple-
tion at the negative electrode after cycling mainly leads to cyclic
stability deterioration. Hence, the reduced activities at the
degraded electrode affect the mass transfer resistance, which is
represented by km. Hence, the more negative the potential is at the
negative electrode, the faster the deterioration of the electrode
occurs; thus, the cut-off voltage plays an essential role in reducing
the detrimental effects on the VRFB's cyclic stability. As the limiting
operating voltage of the VRFB cell is applied, the increased con-
centration overpotential that is due to the decreased mass transfer
coefficient leads to irreversible capacity degradation (Noack et al.,
2011). Such phenomena were well studied by Jen-Yu Chen et al.
(2014). Hence, Eq. (7) is replaced by Eq. (9) with an additional
degradation factor term that is calibrated with respect to experi-
mental data (Pezeshki et al., 2016; Luo et al., 2013) as follows:

km ¼
�
a1l

3 þa2l
2 þa3lþa4

�
* fIDðNÞ*upb (9)

fIDðNÞ¼ 2*Sð�a5NÞ (10)

where l is the stoichiometric ratio, a1to a4 are constants for
determining the proportions of the mass transfer coefficient based
on the stoichiometric ratio, fID is the irreversible degradation factor,
S is a sigmoid function and a5 is the constant that corresponds to
the cycle number. N is the number of full cycles which is calculated
by Eq. (11).

N¼ Etotal
2*Unom*Ci

(11)

where Etotal is total energy throughput in Wh, Unom is the nominal
stack voltage in V and Ci is the initial capacity in Ah.

This VRFB degradation mechanism is comprehensively
expressed as a coupling of the capacity retention with other ship
propulsion components under the specified conditions. The ca-
pacity retention of the VRFB is calculated as follows:

CrðnÞ½%� ¼CCðnÞ
Ci

(12)

where Cc is the current capacity in Ah at the nth cycle and n is the
current number of cycles.

Since the temperature also strongly impacts the capacity
retention (Xi et al., 2016), the VRFB room temperature shall be
strongly controlled based on relevant classification standards. The
sloshing of the electrolyte is not considered in this study because
the VRFB electrolyte sloshing is negligible, as demonstrated by its
application in the automobile industry (nano_FlowcellQUANT,
2018). In addition, the performance degradation that is due to gas
evolution, membrane fouling, or other factors is not considered in
this study.



Table 4
Voyage scheme of the M/S Smyril (MarineTraffic, 1819).

Voyage type Station Elapsed time [min] Max speed [kn]

Transit Torshavn to Suduroy 140 17
Short berthing Suduroy 50 e

Transit Suduroy to Torshavn 130 19.5
Long berthing Torshavn 150 e

Table 5
PEMFC stack specifications.

Content Sub-content Quantity Unit

Net rated electrical peak power 120 kW
Net rated electrical nominal power 50e72 kW
Output voltage 630 DCV
Operating current range 80e115 A
Expected life 20,000 h
Maintenance routine 2000 h

Fuel Hydrogen
Purity 99.95 %

Table 6
VRFB stack specifications.

Content Sub-content Quantity Unit

Performance Nominal power 2 kW
Nominal voltage 24 DCV
Current density 200 mA cm�2

Operating current range 60e150 A

Electrolyte Vanadium concentration 1.7 M
Sulphuric acid concentration 5 M

Table 7
Numerical details for the VRFB ageing model.

Characteristic Unit Value

a1 e �8.983e-6a

a2 e 4.492e-4a

a3 e �7.86e-3a

a4 e 5.614e-2a

a5 e 3.5e-3b

b e 0.9c

a Based on reference (Chen et al., 2014).
b Calculated.
c Based on reference (You et al., 2017).
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3. Case study

The suggested HMPS could substantially benefit a vessel with
the following features:

� A relatively short voyage time with frequent berthing (several
hours);

� A load profile with high fluctuations
� A ship type to which stringent environmental regulations apply.

The domestic RoPax ‘M/S Smyril’, which is a roll-on/roll-off
passenger ferry (RoPax) that operates between Torshavn and
Suduroy within the Faroe Islands, is selected for a case study
because it satisfies these conditions well. The vessel characteristics
of M/S Smyril are summarised in Table 3. The load profile data are
based on Bassam et al. (2016) modified with frequent short term
load variation characteristics (Bø et al., 2016).

The average voyage time between Torshavn and Suduroy is
approximately 140 min, and the M/S Smyril sails four voyages per
day. The voyage schemes are summarised in Table 4. TheM/S Smyril
berths for a longer time in the Torshavn port once every day (long
berthing), and the other berths take 50min (short berthing). Due to
the current, the maximum speed of the vessel varies depending on
the direction in which the M/S Smyril is heading.

The operating strategy is focused mainly on satisfying the EEDI
requirements while maintaining the minimum PEMFC degradation
(the EMS is described in detail in the Appendix). The SOCs of the
VRFBs are maintained within preset boundaries that are regulated
by the upper and lower cut-off voltages, and the VRFBs are
recharged mainly from the onshore power grid at both harbours.
The electrolyte is rebalanced during long berthing when necessary.

The specifications of the utilised PEMFCs and VRFBs are sum-
marised in Table 5 and Table 6.

The numerical details for the proposed comprehensive ageing
model of the VRFB are summarised in Table 7.

4. Results and discussion

The individual component models, namely, DEG, VRFB, and
PEMFC, were validated from their original sources. In this study, the
component models were connected to the EMS model, which
controls the operation of all units to supply the required power, to
form an integrated simulator, and their dynamic behaviours were
investigated.

4.1. DEG verification and PEMFC validation

The DEG model was verified by engine start-up (from 0 to
~120 s), generator excitation (150 s), and engine speed change
(300 s) contingency cases, and simulation results of the DF engine
speed and power are plotted in Fig. 4(a). Initially, the engine was
started up with fuel oil, and fuel changeover was performed at its
load factor reached 40%. The fuel governor was set to regulate the
Table 3
Vessel characteristics of the M/S Smyril.

Content Quantity Unit

Length overall (LOA) 138 m
Breadth 22.7 m
Draught 5.60 m
Tonnage 12,650 GT
Max speed 21 kn
Installed power MAN B&W 7L 32/40 diesel engine,

4 EA
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gas fuel admission valve position of the DEG to reach its rated speed
under its predefined operating contour (maximum speed and po-
wer ramp rates, 50e70 s). The DEG speed transition during the
start-up sequence (~75 s) and intended speed reduction (from
30 rpm to 29.5 rpm, 300 s) are magnified in Fig. 4(a). The generator
was excited at 150 s, and the corresponding mechanical power was
provided and stabilised, as shown in Fig. 4(a). This speed distur-
bance induced a power fluctuation at the engine side, which was
observed as indicated at the bottom of Fig. 4(a).

The PEMFC component model was validated against the com-
mercial PEMFC stack datasheet (NedStack, 2018), as shown in
Fig. 4(b). It shows satisfactory agreement in the region of ohmic
polarization, with relative errors of less than 4% and 2% for the
power and voltage, respectively, and 8% and 5% relative errors in the
region of activation polarization.



Fig. 4. (a) Verification of DEG and (b) validation of the PEMFC model simulation results against commercial PEMFC polarization curve data.
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4.2. VRFB validation

4.2.1. Cell performance and capacity degradation
The combined VRFB performance and capacity degradation

regime (Section 2.2 and 2.3), electrode degradation, ion imbalance,
and recovery are validatedwith respect to the experimental data, as
shown in Fig. 5(a) and (b). The result of the comprehensive
degradation regime is plotted in Fig. 5(a), and the reversible species
imbalance is separately presented in Fig. 5(b) to distinguish the
reversible and irreversible degradation regimes. As shown in
Fig. 5(a), the cut-off voltage limits were applied to both the charge
and discharge processes as 1.6 and 0.9 V, respectively, to protect the
stacks of VRFBs. These voltage limits incurred capacity degradation,
as increasing the overpotential of components prevented the actual
voltage of the VRFB cell from deviating further from the equilib-
rium potential, UeqðtÞ, with respect to the operating time and,
680
hence, narrowed the useable capacity range. The capacity degra-
dation that was caused by V ion imbalance (from cycle 1 to cycle 54)
was partly restored (cycle 55) by the recirculation of the electro-
lytes, as shown in Fig. 5(a).

The capacity degradation and restoration in the charge and
discharge cycles are summarised in Table 8. The model under-
predicted the capacity degradation in the charge cycle, and it
overpredicted the capacity degradation in the discharge cycle.
However, the degree of capacity restoration from the simulations
was lower than that from the experimental data in both cycles. The
changes in V ion concentrations are plotted with respect to the
number of cycles in Fig. 5(b). Due to the unintended crossover of
vanadium ions through the membrane, the total vanadium con-
centration at the catholyte tanks (redox couple V4þ=V5þ) steadily
increases to approximately 1.78 M, while it decreases at the anolyte
tank (redox couple V2þ=V3þ) to approximately 1.27. Subsequently,



Fig. 5. (a) The simulated comprehensive VRFB degradation regime and (b) vanadium ion imbalance were validated with the corresponding experimental data (Pezeshki et al., 2016;
Luo et al., 2013) at 1.7 M vanadium concentration in 5 M sulphuric acid VRFB.

Table 8
Comparison of the remaining capacity between simulations and experiments.

Remaining capacity, Simulations [%] Remaining capacity, Experiments [%]

After cycle 1e54, charge 59.15 54.55
After cycle 54e55 (restoration process), charge 64.05 61.54
After cycle 1e54, discharge 61.17 64.29
After cycle 54e55 (restoration process), discharge 82.49 77.78
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the accumulated V2þ (the solid black line in Fig. 4(b)) participates
minimally in the charge and discharge processes due to the lack of
corresponding V5þ (the dotted black line in Fig. 4(b)), which in-
duces the capacity degradation of the VRFB.
4.2.2. Optimal electrolyte flow rate
For the commercial application of VRFB stacks onboard vessels,

the electrolyte flow rate plays an essential role. A high flow rate
leads to a large mass transfer coefficient according to Eq. (7), re-
duces the mass transport-related losses, and requires more
pumping power (You et al., 2017). Within the model, the optimal
electrolyte flow rate is determined by combining the models of
Skyllas-Kazacos et al. (2013) and Blanc and Rufer as follows:

Qoptimal;SoC ¼min
�
Qactual;SoC ;Qexp

�
(13)
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Qactual;SOC ¼QStoichiometric;SOC � l (14)

QStoichiometric;SOC ¼
I

Celectrolyte � SOC
(15)

Celectrolyte ¼Nelectron � c� F (16)

Qexp ¼Nstack in serial � Nstack in parallel � flow rate coefficient

(17)

where Qactual, SOC and Qstoichiometric, SOC refer to the actual and
stoichiometric flow rates, respectively, in L s�1 at a specified SOC; l
is the stoichiometric ratio for converting the stoichiometric flow
rate to the actual flow rate; Celectrolyte is the capacity of the elec-
trolyte in A L s�1; Nelectron refers to the number of electrons per
mole inmol�1; c is the electrolyte concentration inmol L�1; and F is
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the Faraday constant in C mol�1.
The optimal electrolyte flow rate, namely, Qoptimal, SOC, at a

specified SOC was determined via Eq. (12), where Qexp was
assumed based on the experimental data (Skyllas-Kazacos and
Menictas, 1997) to supply a sufficient minimum amount of elec-
trolyte for the reactionwhileminimising themechanical loss due to
pump operation (Blanc and Rufer, 2010) with respect to the current
SOC. Additionally, Eq. (12) prevents excessive electrolyte circulation
at high SOC, which can occur if the flow rate is determined mainly
by relying on Eq. (13). The effects of the flow rate coefficient and
stoichiometric ratio on the maximum VRFB discharge capacity
were subjected to a sensitivity analysis. The sensitivity analysis is
described in Table 9. The results are presented in Fig. 6.

The 8000 samples within the stoichiometric ratio range of
0.5e10 and the flow coefficient range of 0.1e6 are presented in
Fig. 6(a). The surface represents the normalised VRFB discharge
capacities (N.D.C.s) with respect to the maximum discharging ca-
pacity (Max N.D.C.) for all samples. The green dots represent the
combinations of stoichiometric ratios and flow rate coefficients that
satisfy the following conditions:

1. The VRFB discharge capacity exceeds 99.5% of the maximum
VRFB discharge power;

2. The mechanical loss that is due to pump operation is less than
5% of the maximum VRFB power.

The red dots represent the combinations that do not satisfy
either of these conditions. The brighter green dots represent the
combination for which less mechanical loss that is due to pump
operation is incurred (from 5% to 3% of the maximum VRFB
discharge capacity).

The samples that satisfy these conditions (Fig. 6(a), bounded by
the dotted line) are magnified in Fig. 6(b). The rectangular, dia-
mond, and triangular markers represent the stoichiometric ratio
and flow rate coefficient combinations that respectively satisfy the
following conditions, and the filler colour of the markers indicates
the N.D.C. of each sample with reference to the colour bar in
Fig. 6(b): the VRFB discharge capacity exceeds 99.5% of the
maximum VRFB discharge power and.

a. Themechanical loss is less than 3% of themaximumVRFB power
(rectangle markers, green region);

b. The mechanical loss is greater than 3% and less than 4% of the
maximum VRFB power (diamond markers, red region);

c. The mechanical loss is greater than 4% and less than 5% of the
maximum VRFB power (triangle markers, blue region).

Once the stoichiometric ratio exceeds a limit value (Fig. 6(b), the
vertical blue line), the flow rate no longer affects the system per-
formance, which accords well with the remark by Skyllas-Kazacos
et al. (2013). Since Qexp become larger than Qactual, SOC beyond the
stoichiometric ratio limit line, which is represented by the vertical
blue line in Fig. 6(b), the lesser value is selected by Eq. (12). The red
reference line indicates a flow rate coefficient reference value that
Table 9
Sensitivity analysis for determining the flow rate coefficient and stoichiometric
ratio.

Number of samples 8000
Sample probability distribution Uniform distribution
Sample generation method Pseudo-random sampling
Variable name Upper bound Lower bound
Stoichiometric ratio [-] 0.5 10
Flow rate coefficient [-] 0.1 6
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enables the nominal mechanical loss (N.M.L.) to be less than 3% of
the Max N.D.C. The N.M.L. changes on the order of 1%, whereas the
N.D.C. only changes on the order of less than 0.01% with respect to
the flow rate coefficient. Hence, the electrolyte flow rate is selected
as equivalent to the flow rate coefficient of 0.735. Consequently, the
determined flow rate is reflected as Q in Eq. (8).

4.3. EMS and integrated simulator verification

A modified load profile of the single voyage that is described in
Section 3 is used for the verification of the EMS model and inte-
grated simulator. The control objectives (listed in the Appendix) are
realized, as shown in Fig. 7.

The power outputs from the DEG and PEMFC systems are rep-
resented by the bold blue and red lines, respectively, in Fig. 7. The
grey and magenta lines represent the power that is required by the
vessel and the total output power, respectively, and the gap be-
tween two lines represents parasitic power. The corresponding
VRFB SOC is also represented by the black dotted line. The regions
that are highlighted with light green and green represent the
transit and berthing periods, respectively, of the vessel, and the grid
charging period is shaded in light yellow. The voyage time is 6000 s,
and subsequently, the vessel power grid is connected to the
harbour grid to charge the VRFB system for approximately 2600 s.

The control objectives (listed in the Appendix) are well
demonstrated, as shown in Fig. 7. The DEG ramped up and down its
power (from 0 to 700 s and from 5700 to 6000 s) within the
regulated rate as specified in the EMS. This feature prevented the
DEG from exhibiting overactive responses to the dynamic load
ripples and, hence, reduced the mechanical stress upon the DEG. As
intended, the PEMFC system interfered once the power deficiency
level between the required power and the actual DEG output power
exceeded the capacity of the VRFB system (approximately 700 s).
Since the high- and low-frequency dynamic loads are decoupled,
the PEMFC system only addresses the low-frequency load.
Although the deficiency decreased to less than the VRFB total ca-
pacity, the PEMFC system did not shut down until various criteria
were satisfied to reduce the number of shut-downs and start-ups,
which are harmful to the PEMFC lifespan. Thus, the degradation
of the PEMFC system was heavily suppressed. Fig. 7 shows that
slightly more power was generated (there is a gap between the
required power and the actual total power output) due to the pump
operation for the VRFB system.

4.4. VRFB electrolyte remixing and replacement scheme

The onboard VRFBs were exposed to a condition of high-
frequency dynamic loading, which differs from the galvanostatic
condition under which most VRFBs are tested. Hence, the changes
in the SOC and ion imbalance of VRFBs have been investigated, as
shown in Fig. 8. The changes in the concentration of each V ion at
various valances are plotted in Fig. 8(a). The blue arrows indicate
the direction of the concentration changes as the cyclic simulations
proceed, and the colours of the plots indicate the cycle numbers, as
specified in the legend of Fig. 8(c). The change rates of the V ion
concentrations differ depending on the valence, as presented in
Fig. 5. By applying the validated ion imbalance-related parameters
in Section 4.2, the transfers of V ions were well captured, and the
trend and quantities of the transfers matched the galvanostatic
experimental data. The imbalanced transitions of the V ions
resulted in changes in the total V concentration imbalances in the
anolyte and catholyte, as shown in Fig. 8(b). Consequently, the SOC
of the onboard VRFBs was affected (Fig. 8(c)), and the charging time
increased as the number of cycles increased.

Concentration polarization that is induced by the deviation of



Fig. 6. Sensitivity analysis results for determining the values of the stoichiometric ratio and flow rate coefficient: (a) A scatter plot of all samples and (b) a magnified plot that is
bounded by the dotted line in (a) for the selected samples that satisfy the defined conditions.

Fig. 7. EMS and integrated simulation verification for the examined voyage from Suduroy to Torshavn.
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Fig. 8. (a) Changes in the concentrations of vanadium ions of various valences, (b) total changes in the concentration of vanadium in the anolyte and catholyte, and (c) SOC changes
for 25 cycles. The colour legend in the SOC plot applies to all the vanadium concentration subplots.
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the SOC ranges between the catholyte and anolyte leads to a
decreased voltage efficiency and a narrowed OCV range because the
operating voltage windows are restricted to minimise degradation.
Thus, the change in the SOC range has been traced via cyclic sim-
ulations to determine the electrolyte remixing and component
replacement periods. As a sufficient margin of the SOC must be
reserved for redundancy and supressing the system degradation,
the lower limit of the SOC for electrolyte remixing was set to 0.075.
This is equivalent to a DoD of 92.5%, which is slightly higher than
Table 10
Assumed sizes of the suggested HMPS for the MS Smyril.

EEDI requirement Phase III

Power [kW] Numb

DEGs 10,740 NA
VRFBs 1280 40*16
PEMFCs 1100 2*11
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the common set point of the DoD of VRFBs and was selected in
consideration of the distinctiveness of maritime applications. By
assuming the sizes of the VRFBs and PEMFCs that are specified in
Table 10, sequential simulations were conducted to identify the
electrolyte remixing and component replacement period, as shown
in Fig. 9.

The sizing assumptions of the VRFBs were established in
consideration of the amplitude of high-frequency dynamic loading
under the identified load profile (Fig. 7) to maximise the load
er of stacks, serial * parallel [EA] Electrolyte volume [m3]

NA
5
NA



Fig. 9. SOCs of the installed VRFBs before (a) and after (b) electrolyte remixing. The red reference lines in both plots represent the preset depth of discharge (DoD) limit of 92.5%,
which is equivalent to an SOC of 0.075. (c) VRFB capacity retention with respect to the number of cycles with (the brown dashed line with circular markers) and without (the blue
dot-dashed line) the rehabilitation process. Cumulative irreversible degradations are denoted by black dashed arrows.
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decoupling efficiency. The electrolyte of the VRFBs was remixed
once the lowest SOC level during the voyage reached the preset
DoD limit of 92.5%, as shown in Fig. 9(a). The changes in the SOC for
the next cycle of the remixing processes were traced, and the
685
rehabilitation of the VRFBs’ capacity is shown in Fig. 9(b).
Based on the sequential simulations, a remixing scheme of the

VRFBs in the specified configuration is identified, as presented in
Fig. 9(c) and Table 11. By conducting the rehabilitation processes on



Table 11
Cycle numbers at which the electrolyte remixing (rehabilitation) process is required and the equivalent rounded operating days and remixing periods.

Cycle number at which the electrolyte remixing process is required [-] Remixing period [cycle] Cumulative operating days [day]

20 20 5
38 18 10
54 16 14
68 14 17
80 12 20
91 11 23
100 9 25
107 7 27
112 5 28

Table 12
Replacement cost for degraded components.

Content Quantity

Total surface area [m^2] 6.4
Nominal power [kW] 1280
Nominal energy [kWh] 444.4

Electrode (carbon felt) [V/m^2] 100
Membrane (carbon felt) [V/m^2] 170
Replacement cost for electrode (carbon felt) [V] 640
Replacement cost for membrane (carbon felt) [V] 1088

Total replacement cost per month [V] 1728

Power related costs [V/kW] 1677
Energy related costs [VkWh] 192
VRFB system cost for power [V] 2,146,842
VRFB system cost for energy [V] 85,467

Total VRFB system cost [V] 2,232,308

Portion of replacement cost per month [%] 0.08
Portion of replacement cost per year [%] 0.93
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a regular basis, the capacity retention has been limited to 92.5% of
its full capacity. However, the degree of the recovered capacity of
VRFBs decreases due to the degradation of membranes and elec-
trodes as the cycle number increases (the black dashed arrows in
Fig. 9(c)), which results in shortened remixing periods (Table 11,
second column) and prolonged charging times (Fig. 9). The onshore
charging time is prolonged by 20.7% for cycle 113 compared to that
for cycle 21. Moreover, the lowest SOC level after electrolyte
remixing decreased by 40% at cycle 113 compared with that at cycle
21. To identify the portion of the degradation that is due to other
sources, the capacity retention lines without the rehabilitation
process are plotted in Fig. 9(c) (the blue and magenta dot-dashed
lines). The capacity retention of the VRFB decreased by approxi-
mately 65% of its full capacity after 113 cycles under the specified
conditions, as represented by the blue dot-dashed line. The
reversible degradation part, e.g., ionic species and water crossover,
and the irreversible degradation part, e.g., electrode degradation,
are well projected with respect to the number of cycles in the case
inwhich the rehabilitation processes have not been performed (the
black solid arrows in Fig. 9(c)), which well accords with the results
of other experiments, as described in Section 2.3.

Once a sufficient margin between the lowest SOC level during
the voyage and the preset DoD lower limit is no longer guaranteed
after the remixing process, the replacement of membranes and
electrodes is to be initiated. Since such an insufficient margin was
identified at cycle 113, as shown in the bottom plot of Fig. 9, where
the lowest SOC level violated the DoD limit, the replacement of the
relevant components shall be performed to satisfy the power
requirement. According to the simulation results, the replacement
must be performed approximately once per month under the
assumption of four voyages per day in the specified configuration
while satisfying EEDI phase III.

The cyclic aging of VRFB might seem considerably severe than
LIB but this is not true as summarised in (Pender et al., 2020). As the
cyclic aging is a function of c-rate and DoDwith which LIB is heavily
affected (Jafari et al., 2018), their real application of c-rate and DoD
shall only be kept in a highly conservative way, i.e. low c-rate and
DoD. Such limitation yields huge discrepancy between the nominal
(less than 1C, mostly 0.2C with 50% DoD for an LIB specification
testing (Chang, 2019; SDI, 2014)) and actual specifications upon
power and energy capacities. Such discrepancy dictates a huge
capacity margin (Chang and Sulley, 2018), especially the margin for
compensating the shallow DoD of LIB is not required for VRFB.

In addition, the capacity degradation at VRFB is rather simply
remedied compared to LIB by simply replacing the degraded
components, whose annual costs only account for less than 1% of its
total system cost calculated based on (Zhang et al., 2016; Lütha
et al., 2018) as summarised in Table 12.
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However, the determined replacement period is strongly related
to the size of the entire VRFB stack, the current density, the flow
rate, the DoD lower limit and the rehabilitation process schedule.
Hence, these parametersmust be subjected to an economic analysis
that is based on optimisation to yield the most commercially viable
solution for the use of VRFBs onboard a vessel.
5. Conclusions

The results of simulations of each component, namely, DEG,
PEMFC, and VRFB, accord with the experimental results. A modi-
fication of the VRFB modelling enables the simulation of the
degradation behaviour, and the results are validated against the
experimental data. An integrated simulation platform for the sug-
gested HMPS has successfully been applied to a case study to
consider the initial design stage and planning in maritime appli-
cations of VRFBs. It aims at compromising between the complexity
and accuracy of simulation-based design guidance and optimisa-
tion. In addition, the replacement of any simulation components
with higher- or lower-fidelity models enables the utilisation of the
platform for various objectives, such as HIL testing, with various
levels of accuracy.

In future investigations, rigorous economic analyses must be
conducted to optimize the size of the suggested HMPS. By
comparing the results of economic analyses of the suggested HMPS
and of a system that uses LIBs for ESSs various different EEDI
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requirements, the required enhancements of the capabilities of
VRFBs could be identified. Additionally, relevant risk assessments of
VRFB systems may be required for their installation onboard
maritime vessels in practice.
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Appendix

Causality analysis

To couple various types of power providers and consumers of
HMPSs, the causalities of each component were determined based
on bond graph theory. According to the theory, the electric side
effort and flow are voltage and current, respectively, for electrical
devices. Torque and angular velocity are the effort and flow,
respectively, for rotational mechanical devices. The causality of the
DEGs is commonly set to receive voltage and send current in ex-
change, but one of the DEGs must send voltage while receiving
current to determine the voltage of the DC system, as illustrated in
Fig. 1. This is regarded as a critical feature, as it requires the DEG
model to provide a functionality of switching causality once the
voltage-feeding DEG is taken offline and one of the other current-
feeding DEGs assumes the role of setting the system voltage.
DieseleElectric Genset (DEG)

The DEG is comprised of a four-stroke diesel engine, a speed
governor, an actuator, and a generator. The four-stroke diesel en-
gine is modelled with a torque balance equation, inner torque
mapping, and transfer functions.

0¼ Ta enegine � Ti � Tf � Teng (A.1)

diesel engine : e�hs (A.2)

where Ta engine ¼ 2pJenginedndt is the acceleration torque; Ti is the
inner torque, which is calculated using a nonlinear torque map; Tf
is the frictional torque; and Teng is the developed engine torque in
Nm.

To consider the dynamic behaviour that is due to themechanical
response of the diesel engine (Giakoumis and Alafouzos, 2010;
Tudorache and Roman, 2010), the following transfer functions
(Bassam et al., 2016) are used for the engine speed governor and
actuator. The related parameters, namely, h1…6, are calibrated
based on the manufacturer's operating profiles, and the ramping
times for load changes are regulated with respect to the classifi-
cation rules and manufacturer's guidance (MAN and Turbo, 2012;
DNV, 2015).

governor :
h1sþ 1

h2s2 þ h3sþ 1
(A.3)

actuator :
h4sþ 1

ðh5sþ 1Þ ðh6sþ 1Þ (A.4)

For the generator modelling, the induced countertorque is
calculated via a mapping technique while satisfying its own dy-
namic equation:
687
0¼ Ta generator þ Tcounter � Tgenerator (A.5)

where Ta generator ¼ 2pJalternatordndt is the acceleration torque; Tcounter
is the counter torque, which is calculated using a nonlinear torque
map; and Tgenerator is the required generator torque in Nm.

DC Motor

Among the various types of motors, the DC motor is used in this
study due to its low cost, wide ranges of torque and speed, and low
system complexity. The key equations in the Laplace domain are
listed as follows:

EMotor terminalðsÞ¼LMotor*sIMotorðsÞþRMotor*IMotorðsÞþEMotor emf ðsÞ
(A.6)

EMotor emf ðsÞ¼KMotor*sqMotorðsÞ (A.7)

TinnerðsÞ¼KMotor*IMotorðsÞ (A.8)

TMotorðsÞ¼ Tinner � JMotor*s
2qMotorðsÞ (A.9)

where EMotor terminal and EMotor emf are the terminal and electro-
motive voltages, respectively, in V; LMotor and RMotor are the
inductance and resistance of the DCmotor in H and U, respectively;
Tinner and TMotor are the inner and output torques, respectively, of
the DCmotor in Nm; JMotor is the inertia of the DC motor; and qMotor
is the rotational angle of the DC motor in kg m2 and rad.

Proton-Exchange Membrane Fuel Cell (PEMFC)

Among various PEMFC modelling approaches (Corrêa et al.,
2004; Martín et al., 2014; Saeed and Warkozek, 2015; Seyezhai
and Mathur, 2011; Njoya et al., 2009; Cao et al., 2019), the model
that was developed by Martín et al. (2014) is used in this study. The
fuel cell model by Martín et al. combines electrical and thermal
models to predict the voltage and hydrogen consumption precisely
in consideration of the stack and ambient temperatures and current
demands. In addition, the model coefficients for the dynamic mode
were obtained via frequency analyses, and its validation with a
large-scale grid system provides superior fitness for marine vessel
applications. Equations that are used in the electrical model are
presented as Equation (A. 10) to Equation (A. 12):

hFC;act ¼Nsfaþ b $ lnðIactÞg (A.10)

where hFC; act is the activation overvoltage, Ns is the number of
serially connected cells, and a and b are the parameters, which
depend on the charge transfer coefficient, exchange current and
Tafel's slope.

hFC;con ¼Nsfcþ expðd $ IconÞg (A.11)

where hFC;con is the concentration overvoltage, which decreases as
the temperature increases as a result of enhanced diffusivity. This
effect is reflected in the empirical coefficient c, while the other
empirical coefficient d is independent of the temperature.

hFC;ohm ¼Ns
��
Rohm;0 þRohm;1ðT þ273:15Þ�Iohm	 (A.12)

where hFC;ohm is the ohmic overvoltage and the resistance is divided
into temperature-independent and temperature-dependent parts,
namely, Rohm;0 and Rohm;1, respectively.
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The double layer effect and peripheral energy consumption that
are due to parallel connections have also been considered the
capacitor term, CDL, and the peripheral current, Iper .

Equations that are used for the thermal model are presented as
Equation (A. 13) to Equation (A. 15):

_Qint ¼ _Qgen � _Qdis (A.13)
_Qgen ¼
Dh0f ;H2O;liq

zF
NsiFC;stack � IFC;stackEFC � � _mH2

cp;H2
ðT � TaÞþ _mO2

cp;O2
ðT � TaÞþ _mH2OHv;H2O

�
(A.14)
_Qdis ¼htðT � TaÞ (A.15)

where _Qint , _Qgen and _Qdis are the internal, generated and dissipated

heat terms, respectively, in J; Dh0f ;H2O;liq
is the liquid water forma-

tion enthalpy at 25 �C and 1 bar; IFC;stack and EFC are the PEMFC
stack current and voltage, respectively; _mH2

, _mO2
, and _mH2O are the

mass flow rates of hydrogen, oxygen and water, respectively, in g
s�1; cp;H2

and cp;O2
are the specific heats of hydrogen and oxygen,

respectively, in J g�1 �C�1; T and Ta are the stack and atmospheric
temperatures, respectively; Hv;H2O is the water vaporization
enthalpy at 25 �C and 1 bar; and ht is the heat transfer coefficient.

The model has been validated with the product datasheet from
NedStack (NedStack), and the required parameters that depend on
the size and structure must be calibrated accordingly.
Operation of the Energy Management System (EMS)

Various EMS strategies for hybrid systems of batteries and fuel
cells in applications have been presented: rule-, filter- (Gan et al.,
2017), PI- (Njoya Motapon et al., 2014), and state-based ap-
proaches (Han et al., 2014); equivalent fuel consumption mini-
misation (ECMS) (Paganelli et al., 2002); the Charge-Depleting
Charge-Sustaining (CDCS) strategy (Moura et al., 2010); and
multi-scheme approaches (Bassam et al., 2017). Each scheme con-
centrates on different aspects, such as minimising the degradation
of the fuel cell or battery or hydrogen consumption. Hence, the
most suitable EMS scheme can vary depending on the circum-
stances. For instance, CDCS depends heavily on battery energy and,
thus, could be the best option for a high-hydrogen-price regime. In
this study, the EMS concentrates on the following aspects by
combining the operating strategy of DEGs with other power sour-
ces simultaneously based on the CDCS:

� Shaving the peak load;
� Supporting the high load ramping of dieseleelectric gensets;
� Preventing the low-load operation of dieseleelectric gensets;
� Minimising the PEMFC dynamic load stress.
PAEðPMCRMEi
�10000 kWÞ ¼

 
0:025�

 XnME

i¼1

MCRMEðiÞ þ
PPTI

i¼1PPTIðiÞ
0:75

!!
þ
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DEGs address the base load demand until all the installed units
of the gensets are operating at their full capacity. Until the demand
reaches the full capacity of the DEG, the units start up sequentially
while satisfying the start-up time requirements, which are based
on the manufacturer's guidelines and the classification societies'
requirements (MAN and Turbo, 2012; DNV, 2015). Before reaching
full capacity and during dynamic load-changing scenarios, the load
demand must be distributed efficiently for each genset to operate
in its optimal operating range (Zahedi et al., 2014), and high-
frequency load ripples are addressed by the VRFB.
Once the power demand exceeds the total power output of the

installed DEGs, VRFBs and PEMFCs are engaged. To satisfy the EEDI
constraints, the DEGs are necessarily sized below the total expected
power demand, which depends on the regulatory phase and the
type of vessel (Jeong et al., 2018). To minimise fuel cell dynamic
load stresses, the frequency decoupling strategy is adopted for
PEMFCs to address low-frequency load ripples, and the remaining
high-frequency load ripples are dealt with by VRFBs (Zhang et al.,
2008). Hence, this strategy enables the increase of the lifespan of
PEMFCs by preventing their exposure to heavy dynamic load
stresses.
Constraints by the EEDI requirement

The IMO introduced a regulation that limits the amount of
emitted CO2, which is represented by the EEDI (International
Maritime Or, 2014). Theoretically, the attained EEDI, which re-
flects the amount of emitted CO2, must be less than or equal to the
required EEDI (the regulatory limit for CO2 emissions) at the design
stage, as expressed in Equation (A. 16) (Bazari and Moon, 2016). In
Equation (A. 19), PPTI is not considered, as the proposed powering
concept is an all-electrical ship.

Required EEDI � Attained EEDI (A.16)

Attained EEDI¼ fj$PME$
�
CF;Fuel$SFCME;Fuel þ CF;Pilot$SFCME;Pilot

�
fi$fc$Vref $DWT

þ PAE$
�
CF;Fuel$SFCAE;Fuel þ CF;Pilot$SFCAE;Pilot

�
fi$fc$Vref $DWT

(A.17)

PME ¼0:75�MCR (A.18)
250 (A.19)
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fc ¼

ðDWT=GTÞ

0:25

��0:8

if ðDWT =GTÞ < 0:25; otherwise; fc ¼1

(A.20)

Required EEDI¼ð1�XÞ� a� b�c (A.21)

Here, fj is a correction factor that depends on the ship type, fi
compensates for the capacity loss that is due to cargo-related gear,
fc is a cubic capacity correction factor, X is a reduction factor for the
applicable regulatory phase, a and c are coefficients, and b indicates
the ship capacity in either DWT or GT, depending on the ship type.
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