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The shipping industry is facing increasing demands to reduce its environmental footprints. This has resulted in
adoption of new and more environmental friendly power sources and fuels for on-board power generation. One
of these novel power sources is the Solid Oxide Fuel Cell (SOFC) which has a great potential to act as a power
source, thanks to its high efficiency and capability to handle a wide variety of fuel types. However, SOFCs suffer
from low transient capabilities and therefore have never been considered to be used as the main power source for
maritime applications. In this paper, novel component sizing, energy and power management approaches are
proposed to enable the use of SOFCs as the main on-board power source for the first time in the literature and
integrate them into the liquefied natural gas fueled Power and Propulsion System (PPS) of vessels. The proposed
component sizing approach determines the power ratings of the on-board sources (SOFC, gas engine and battery)
considering size and weight limits, while the energy and power management approaches guarantee an optimal
power split between different power sources and PPS stability while looking after battery aging. The results
indicate that the combined proposed optimization-based approaches can yield up to 53% CO, reduction and 21%

higher fuel utilization efficiency compared to conventional diesel-electric vessels.

1. Introduction

The stringent demands by the national and international authorities
to reduce the environmental footprints of the shipping industry have
pushed the industry towards the use and adoption of cleaner power
sources as well as alternative fuels. As a result, it is expected that the
emissions of hazardous pollutants, including sulphurous oxides, Nitrous
Oxides (NOy), particulate matter, and greenhouse gases will decrease
drastically in the coming years [1]. Liquefied Natural Gas (LNG) is one of
the alternative fuels that is being considered as a transition fuel towards
zero-emission transport by the shipping industry. LNG results in less
emissions of sulfur, particulate matter, and NOx [2]. It also fulfills the
current stringent sulphur regulations.

LNG can be used as a fuel in natural gas engines and Solid Oxide Fuel
Cells (SOFC), where the later has an average 15% higher efficiency and
very little NOy and particular matter emissions. However, SOFCs have
very low power transient capabilities compared to conventional diesel
engines, which makes them hard to integrate into the ship Power and
Propulsion Systems (PPS) [3]. Although, gas engines have faster
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transient capabilities than SOFCs, they are still slower than diesel en-
gines. As a result, the use of SOFCs (and also pure gas engines) in vessels
with fast load variations is challenging. These energy sources are mostly
pared with batteries in the maritime and automotive industry [3,4],
where the SOFC is normally used for generating the so-called base load,
that is the minimum required load during the operation, and the engine
and the battery act as principal and auxiliary sources [5]. Due to this
limitation and the lower power density of SOFCs in comparison to en-
gines, their share in the total installed power on-board is usually limited.

The combination of SOFC, gas engine, and battery requires advanced
PPS configurations due to the nature of these energy sources. One of the
most advanced and efficient PPS that is considered by the maritime
industry, is the all-electric Direct Current (DC)-PPS [6,7]. Due to the DC
interface of SOFC and battery, a DC-PPS is an appropriate candidate for
the integration of SOFCs and batteries. However, because of the major
difference in dynamics and efficiency characteristics of gas engine,
SOFC, and battery, enabling this complex PPS with these novel energy
sources is a difficult challenge.
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1.1. Literature review

Fuel cells are currently being considered for maritime applications in
order to achieve a 50% reduction of greenhouse gas emissions by 2050
[8]. Among the different types of fuel cells, Proton Exchange Membrane
Fuel Cells (PEMFC) and SOFCs are considered as the most promising
technologies [3]. While PEMFCs have higher power densities compared
to SOFCs and behave better facing dynamical operating profiles, the
preference for purified hydrogen fueling makes them less favorable for
maritime applications as considerable storage volumes are required [9].
In contrast, high temperature SOFCs can generate electric power effi-
ciently from various fuels, including LNG. As a result SOFCs are a po-
tential fuel cell technology for medium to long distance ship applications
[10].

PEMFCs are considered for some ship types including ferries and
inland vessels, due to the higher maturity in mobile applications [4,11].
Maritime application of SOFCs has been studied in various research
projects as well. An SOFC-gas turbine combined system generating
electricity, heat and cooling was studied in the FELICITAS project [12].
In the METHAPU project, a 20 kW methanol-fuelled SOFC system was
demonstrated on the RoRo carrier Wallenius Wilhelmsen [13,14]. This
demonstration was complemented with a life cycle analysis and a con-
ceptual design of an offshore supply vessel [15,16]. Methanol-fuelled
SOFCs are studied in [17,18] as an auxiliary on-board power source.

A diesel-fueled SOFC system was developed in the SchIBZ project,
demonstrating an efficiency up to 55% [19,20]. SOFCs have been
considered by the US navy for underwater applications, where the SOFC
is in charge of generating power for low speed cruising and a gas turbine
generates the power required for higher speeds [21,22]. SOFCs are also
suggested as an auxiliary on-board power source [23]. In [24],a 120 kW
diesel-fuelled SOFC is considered and thermodynamically analysed for a
naval vessel with the aim increasing the overall system fuel efficiency.

Dynamic modelling of a hybrid SOFC-Engine system is carried out in
[25], where it is shown that slow dynamics of the SOFC dominates the
overall performance of the power system. A novel SOFC-Engine inte-
gration approach is proposed in [26], where significant efficiency and
emission reductions over traditional systems are shown. The authors
also claim that using this integration methodology, a power split
favouring the engine may be more beneficial. In [27], a hybrid plant
based on diesel engine and methane fuelled SOFCs is proposed for an
offshore support vessel where the fuel cells are used during slow cruising
operations and have around four times less power output compared to
the 2.4 MW utilised engine. The PPS configuration proposed in [28] also
mainly relies on the engines, while the SOFC is used to provide a part of
the hotel load as well as potentially some propulsive power. In order to
deal with transients loads. an SOFC is considered together with a gas
turbine in [29], where the SOFC provides a base load and the gas turbine
carries out the load following.

Energy management for hybrid power generation on-board is studied
extensively, as it is shown that the complexity of novel hybrid [30] and
all-electric [6,31] PPS requires the adoption of advanced control and
energy management approaches [32]. In this regard, most of the
research works have been on the combination engine and battery with
[33] or without [6] shore charging. Recently, maritime researchers have
shifted their focus towards energy management for hybrid power gen-
eration using fuel cells. Most of these works focus on the integration of
PEMFCs into the PPS. In [34], four different energy management ap-
proaches are proposed for different operating modes of a fully electric
ferry where a PEMFC and a battery are the main energy sources. In [35],
a cost minimising energy management approach is proposed for a
similar fully electric PPS configuration where reinforcement learning
approaches are used to overcome uncertainties in the operating profile.
Similar approaches are also used in [36] to achieve the optimal split
between battery and the fuel cell. Sizing optimization of the battery,
supercapacitors, and battery based on the energy management approach
is studied in [37], with the aim of improving operational performance
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and efficiency. PEMFCs have much faster load transients and need hy-
bridization with batteries only to prevent high current ramps and un-
necessary shut downs as these are detrimental for their lifetime.

Although energy management approaches have been studies exten-
sively for small, fully electric vessels with PEMFCs and batteries on-
board, it has hardly been studied for ships with SOFCs on-board [10].
On the other hand, the design of novel energy and power management
approaches for SOFC-powered vehicles has started recently in the
automotive industry, where the SOFC is used as an auxiliary or a sec-
ondary power source [38,39].

1.2. Research gaps and contributions of the paper

The integration of SOFCs into the PPS has recently gained attention,
but the energy and power management for such a hybrid power gen-
eration system has not been studied before. Most of the works on the
integration of SOFCs have mainly considered the efficiency from the
design point of view, and as a result, energy management and compo-
nent sizing, and design have never been studied hand in hand [10].
Moreover, in almost all of the proposed SOFC-integrated PPS designs,
the fuel cell is used as an auxiliary or the secondary power source due to
its slow transient capabilities, low specific power and limited power
density. This leads to small efficiency gains and the necessity to use
diesel fueled engines which results either in carrying two types of fuels
(for example diesel and natural gas) or relatively high emissions.

Dynamic and static modeling of the overall SOFC-integrated PPS has
also rarely been studied. The complexity of such a hybrid system where a
variety of power sources with different characteristics are taken on-
board, calls for a detailed analysis. This study will lead to the proper
choice of strategy for power management and guaranteeing the stability
of the PPS.

Considering the above research gaps, in this paper, the aim is to
study design, modeling, energy and power management for hybrid
power generation using SOFCs hand in hand. In this regard, first the PPS
is considered where a DC-PPS architecture is proposed in which LNG is
the only fuel on-board and SOFC, gas engine and a battery are the power
sources. Mathematical models are given for the main components of this
DC-PPS and are combined to create the overall state-space model of the
on-board power system. Using this model, transient capabilities of
power sources are studied and a power management approach is
proposed.

An optimization-based energy management approach is proposed to
guarantee the optimal power split between different energy sources on-
board in which SOFC can act as the main energy source. The battery is
used to shave peak powers and keep up with the fast load transients. To
enable such a strategy, a moving window averaging technique is adop-
ted, which acts as a mid-pass filter and calculates the average of real-
time required power over a bounded time window. Therefore, the fast
transients are removed and put aside to be handled by the battery. The
time window size is determined using the transient capabilities of the
slowest power sources on-board, in this case the SOFC. As a result, the
SOFC and also the gas engine can keep up with the calculated mid-pass
filter power output, which is higher than the base or the minimum
required load, throughout the operation. The overall requested energy
by the mid-pass filter is almost equal to the overall required energy
during the operation, i.e., the SOFC can provide all of the required en-
ergy and there is no need for a gas engine if enough space and weight is
available.

Based on the proposed energy management approach, a PPS
optimization-based component sizing approach is presented in which
the power and energy ratings of the on-board power are determined. In
this design approach, space and weight limits act as constraints and
maximized fuel efficiency is the objective. As a result, if the size and
weight limitations are relaxed in the design stage, the DC-PPS can be
established without a gas engine.

To evaluate the performance of the proposed component sizing,
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energy and power management approaches, a dredging vessel is
considered as an application case. This type of vessel has a highly
varying and unpredictable load profiles which makes the overall control
of the PPS challenging [40]. Real-life operating profiles are considered
and validated models are used. The results show that the combination of
the proposed schemes result in up to 32% CO» emissions reduction if the
engine room size and weight remains unchanged and if the engine room
size and weight is increased by 70% a switch to a fully SOFC powered
DC-PPS can happen which results in 53% CO; emissions reduction
compared to conventional diesel cases. The results show that for every
percent increase of the engine room size, around 0.5% fuel consumption
reduction can be achieved. Moreover, in comparison with fully gas
engine-powered systems, the proposed approaches can decrease the CO,
emissions by 40%, depending on the operating profile. More interest-
ingly, using the proposed approaches, in case of retrofitting and avail-
ability of no extra space and weight, the energy generation efficiency is
increased by 28% compared to the non-hybrid case. Furthermore, these
results suggest that by the adoption of proposed approaches, the IMO
emission reduction goals of 2030 can be achieved if the engine room size
and weight limits are increased by 50%. With above 70% increase of the
size and weight limits, the DC-PPS can be solely powered by SOFC which
leads to 53% COx reduction and 21% fuel utilization efficiency increase
in comparison to conventional diesel-electric vessels.
All in all, the contributions of this paper are as follows:

1. Modeling and analysis of the SOFC-based all-electric PPS are under
focus where a state-space model is proposed for the overall ship
power system.

2. Energy and power management approaches are proposed which
revolutionizes the SOFC-based hybrid power generation for maritime
applications as they enable the SOFC to act as the main power source
and supply most, even if no gas engine is required, all of the required
operation energy.

3. Based on the presented energy management approach, an
optimization-based component sizing scheme is proposed which
aims at maximizing the fuel efficiency while satisfying the size and

SOFC
Battery
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4. This is the first paper that proposes energy and power management
approaches for hybrid power generation using SOFCs on-board of
vessels. It is also the first of its kinds in which the SOFCs are enabled
to act as the main power source while the PPS can face varying and
uncertain operating profiles.

1.3. Outline

The remainder of this paper is organized as follows. In Section 2,
mathematical modeling of the DC-PPS components is carried out and
then, a state space model is proposed for the overall system. In Section 3,
proposed component sizing, energy and power management approaches
are presented and discussed. In Section 4, simulation experiment results
are presented. Concluding remarks and future research directions are
given in Section 5.

2. Ship Power System Modeling

The DC-PPS for hybrid power generation using SOFCs is presented
and described in this section. A DC-PPS can be divided into two (Fig. 1).
The side which contains the power sources with their converters and
rectifiers is called the power generation side while the side that contains
the loads is called the power consumption side. In this PPS configura-
tion, there is a gas engines, an SOFC and a battery on each side of the
power generation side. The gas engine is connected to a synchronous
generator which transforms the mechanical energy to electrical, and the
synchronous generator is connected to a passive rectifier which turns the
Alternative Current (AC) voltage to DC. The battery is connected to a
bidirectional converter and the SOFC to a boost converter. The propul-
sion, dredging, and hotel loads are connected to the DC bus bar using
motor controller inverters and DC to AC converters. The dynamics of
these loads, represent a constant power load as shown in [41]. The focus
this paper is on the power generation side for which, component sizing,
energy and power management approaches are proposed to maximize
efficiency and minimize emissions. In the remainder of this section,
mathematical models are presented for different components of the
power generation side and then by putting the models together a
mathematical model for the overall power system is created.

SOFC
Battery

AN

weight constraints.
o
o
o
T

OB-1-Z

Submerged
dredge
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Cutter (PS)

H-Z

. |

%

Hotel
load
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Fig. 1. The DC-PPS under study. The power generation side comprises gas engine-generator sets, SOFCs and batteries and the loads are on the power consump-

tion side.
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2.1. Engine

The gas engine is a power supplier which transforms chemical energy
to mechanical energy. The power produced in the DC-PPS configuration
appears as torque generation in a constant or variable speed. The engine
dynamics can be approximated by nonlinear or linear equations (see, e.
g., [42,43,30]), depending on the level of accuracy required for the
study. In this paper, a linear model is adopted to accommodate the
relationship between the fuel index and produced torque Q., by means
of a dynamical equation as below [44]:

0 (1) = = (0 (1) + K (1), W

where K, is the torque constant, f,. is the governor setting (i.e., fuel
index and flow) and 7. is the torque buildup constant which determines
the response speed of the engine.

The gas engine transients are also controlled by a rate limiter which
is designed based on the product guide of the considered engine. The
adoption of this limiter is necessary as real engines should be loaded and
unloaded based on their physical characteristics and capabilities. In
Fig. 2, the maximum possible loading rate of a dual fuel engine is shown.

2.2. Synchronous generator

The Park equivalent Direct-Quadratic (dq) modeling approach is
used to represent the dynamics of the synchronous generator. The
relationship between the voltages, fluxes, and currents in the dq refer-
ence frame is established using the following equations:

AAY)
&r

e (W4 (1)
&

= _rkdikd(t)l/./kq (l) = —Tkqikq (f)7 @

ira(t) = —va(1) + + rda (1) (1)

= —vq(t) + + rsig (l>l/./fd(t) = Vfd(’) — Tiaifa ([)l/./kd(t)

where 1,71, 74, and rq are stator, field circuit and damping resistances,
respectively. Variables y; and y, are fluxes in the d and q axis, y;4 and
Wy, are damping fluxes; the field flux is represented by . In the above
model, v4 and v, are dq voltages and vy is the field voltage of the
generator. The mechanical dynamics of the synchronous generator are
given as:

e (1 = 332 (Va0 0) vy (is(0) + 802 (1), ®

where w,. is the shaft speed of the engine-generator, Qg is the me-
chanical torque produced by the engine, g, is the gear ratio between gas

engine and generator, and H = 1% is the inertia constant per pole. Using

the system inductances, the relationship between electrical currents and

100
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40

Power (%)

20 —Maximum successive loading in gas mode
—Maximum successive loading in diesel mode

Recommended in gas and diesel modes
T T T

0 50 100 150 200 250 300
Time (s)

Fig. 2. Successive loading of Wartsila 34DF dual fuel engine series in gas and
diesel modes [45].
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fluxes can be established as:

ia(1) ~Li 0 Lw Lwa O 7] '[w(®)

io (1) 0 Ly 0 0 Ly W, (1)
Io=|in(t) | =|-Lea O Lu Lpa O wia(t) | (©)

Id (l’) —Lpng 0 Ly L 0 Vi (t)

g (1) 0 —Lny 0 0 Ly Wi (1)

where Lg, Lind, Lkd; Lfa; Lq: Lmq and Lyq are per unit inductances [46].

2.3. Rectifier and the DC-link

The rectifier model is created using the generator’s currents as input
and DC current as the output. The DC current can be computed as:

(1) = By [2(0) + B0, ©®)

The DC-link voltage is derived using the Kirchhoff equation:

1

(1) = & (0 ). ©

where i,,q is the DC load current. Since, the ship loads resemble a
constant power load, ij,,q can be defined as:

Poa
ioaa (1) = V]dcd(g) )

The dg-voltages from the rectifier to the generator are as follows:
Vg (t) = QrecVde (t) cos (Hg (t) ) Vd (t) = QrecVde (l) sin (Hg (t)) , (8)

where 6, is the load angle and is computed as below:

0, (t) = arctan <:d8) — Prec- 9

Variables ., f... and ¢,.. are considered constant in this model.
For energy and power management studies, the efficiency and
response time of the synchronous generator matters the most. In Fig. 3,
the validation results for two different synchronous generators are
given. The parameters of the other generators are built using the pa-

rameters of these two high voltage generators.

rec

2.4. Battery

A model from [47] is used to represent the battery dynamics. This is
suitable for power and energy management purposes. The dynamics in
the change of the State-of-Charge (SoC) of the battery is determined
using:

Siet) = — <%> in (1), 10)

where 7, is the cell Coulombic efficiency, i.e., ; = 1 for discharge and
;<1 for charge. Parameter C, is the nominal capacity of the battery and
i, is the battery current. The battery voltage can be derived as:

Vo () = Ocv(Soc(£)) — roin (1), an

where Ocy is the open circuit voltage of the battery and is a function of
Soc- 1 is the battery resistance.

2.5. DC/DC converter

A non-isolated bidirectional converter is considered in this paper and
its dynamical model is established using Kirchhoff current and voltage
laws:
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Fig. 3. Validation results of two synchronous generator sets. The parameters of
these two generators are used to establish a model for other synchronous
generators used.

. dhe . Dy, 1o
i (1) = "L—b(t)vdc (1) vzil)vdc(,) - CZ it (1) — - (,f,,(t)’ 12)

where dy(t) is the duty cycle of the switching operation, i, is the cur-
rent of the equivalent inductor on the low voltage side of the converter,
vy is the battery voltage, L. is the inductance of the converter, and Dy, is
the voltage ratio. A similar model is used for the SOFC converter, which
only operates in the boost mode.

Energy Conversion and Management 245 (2021) 114625

2.6. SOFC

A model is developed to calculate the current-voltage characteris-
tics, fuel consumption for different loads and transient response of a
typical SOFC system with internal reforming of natural gas. Such sys-
tems are described extensively in literature, for example by Ahmed et al.
[48] and van Biert et al. [49]. The modelling equations are formulated
such that the main dependencies are captured, while simplifying the
simulation of thermal management and the power consumption of bal-
ance of plant components. Note that in this subsection t is omitted for the
sake of notional simplicity.

Using an isothermal plug flow reactor model developed in [50], the
electric power produced by the SOFC stack is calculated from:

UgVeell 'Aslack

Pyack Lstack Vstack fg, d&/j(@) (13)
where uy is the fuel fraction utilised in the stack, here assumed to be
0.85, Veell = Vstack /Mseries 1S the voltage produced by a single cell, j the local
current density as a function of the electrochemical reaction coordinate
9, Agack the total stack area and ng ., the number of cells connected in
series in each stack. The voltage produced by a single cells follows from
[51]:

Veell = VNernst (19) - ﬁohm (’9) - ﬁconc ('9) - 7/I\a\c&.zm (19) - ;I\«’JCLCH (19)7 a4

where Vnems is the local Nernst potential and 7,,; feone @0d 7, are the
ohmic, concentration and activation overpotentials respectively. The
hydrogen oxidation reaction is assumed to dominate the electrochem-
istry, such that the local Nernst voltage follows from:

VNemst(lg) = - (15)

& RTslack ll’l{
VH,0 (19) Po

Yo, ('9) “YHy (‘9) P
2F ' 2F }
where Ag; is the Gibbs energy for hydrogen oxidation at standard
pressure pp and average stack temperature Ty, R the universal gas
constant, F Faradays constant, p the actual pressure and y; the local
concentration of species i.

The concentrations of hydrogen and steam are calculated using
Gibbs energy minimisation. The inlet composition is calculated
assuming pure methane as a fuel, which is diluted with recirculated
anode off-gas to reach an oxygen-to-carbon ratio of 2. The unburned fuel
leaving the stack is combusted in an afterburner, and the hot flue gases
are use to pre-heat and pre-reform fuel and air. Detailed calculations of
such a system are shown in [50].

The ohmic overpotential follows from

T (8) =300 (24 24 22, as)

where 7 and ¢ are the thickness and conductivity of the anode, elec-
trolyte and cathode respectively. Since the SOFC is modelled as an
isothermal reactor, the resistance is constant.

The concentration losses account for the deviation of the gas con-
centrations at the triple phase boundary from the bulk flow, mathe-

matically expressed as:
RTS‘;\C 2 19
R kzn<”° (¥) ) a7

n (pHQO.(pb (9)-pu, (19)>
4F Po, ipb (19)

o~ RTS ac
M cone (19) = 2; :

PH,0 (8) ‘PH, tpb (19)

in which the reactant partial pressures at the triple phase boundary p; i,
depend on partial pressures in the bulk flow, stack temperature, effec-
tive diffusion coefficient and local current density:

RTsmck Tan .

- 18
ZFDCff‘ﬂﬂ / ( )

PH, tpb (19) = P, ('9)
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R Tslack Tan .

— 19
ZFDeff.an / ( )

PH,0.tpb (19) = PH,0 (19) +

ETS ack Tea .
Po,.tpb (19) = DPstack — <pslack —Po, (19)> exp (m} (19)> (20)
The activation overpotential losses in the anode are calculated from a
corrected Butler-Volmer equation for the anode

. . PH,.tpb (19) ( w2F > PH,0.1pb (19) (
9) = joan' - Nactan 9 -
J(8) = { P, (9) “p Rl ™" (9) Pro(9) “p

1 —w)2F .
- %”aa.an (19)> :| 3 (21)

where jj is the reference exchange current density and w the symmetry
factor. The exchange current density is a strong function of temperature,
but treated as a constant due to the isothermal modelling assumption.
The activation losses at the cathode are assumed to be dominated by
charge transfer losses only:

o W2F (- w)2F
j(@) = Joca {exp (RTSmck Mact.ca (8)) exp( FTSka Hactea (8)> :| @2

Egs. (13)-(21), are solved to determine relations between stack
power, cell voltage and current density. The stack area is calculated
based on cell voltage at rated power (v, = 0.7 V). The cell voltage,
stack voltage and current can be determined for the requested stack
power based on these design conditions. Fig. 4 shows the cell voltage
and normalised stack power versus normalised stack currents.

The model accounts for both constant losses independent of the load
factor and load-dependent power consumption by the auxiliary system
components to calculate the actual system power. For any requested
SOFC system power, the corresponding stack power thus follows from:

Pyack = Poote (1 + Plogs1a) + Pross.c, (23)

where Py is the output power of the SOFC. A rate limiter zgopc is
applied to the stack current to comply with the typical operating limits
imposed by SOFC system manufacturers [52]. The actual stack current is
then used to calculate the actual voltage of the stack and the average
voltage of a single cell.

The system efficiency, used to calculate the actual SOFC fuel con-
sumption, subsequently follows from

n _ Psnfc
system anhf7

(24)

with n; the molar fuel flow at the system inlet.

An overview of the parameters used to model the SOFC system is
given Appendix A which is based on typical operating characteristics
reported by manufacturers.

2.7. The overall power system model

If all the power sources are connected, the dynamics of the DC-link
can be represented as:
Ve (1) = é (ﬁrec 15 (1)Galo (1) + Decivn (1) + Dyoteisack (1) — ftond (l‘)> (25)
where Dy, and D, are voltage ratios of battery and SOFC converters,

respectively, i (t) = %, and
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As a result, the overall dynamics of the energy generation side can be
described using the following equations:

I6(t) = Xg5'S, (wéT(’)) Xolo (1) +Xg'Ralg (t) +vae () X5'E
+ Xalefd (t)d)ge (f)

1

=57 (Cee (1) = 16 (1) X5 (1) Gol (1)) Qe (1)
Q e(t) K C(t) 4 (t)
= _g‘r_s + Keefee (1) i (1) = ZTVdC (1) - zbc Lsofe (1)
dsofc t Vstac (t) .
1 pu Pros
= & (Al EOG 1600 + D) + Duses () - 22 c26)
Vde (t)
where
0O 1 0 0 O
-1 0 0 0 O
G,=|0 000 0],
0O 0 0 0 O
0O 0 0 0 O
Xg is the matrix of inductances introduced in (4),
Ureg;Sin | arctan | — | — ¢y,
I, L
Qe COS | arctan ) ¢ Wee (1)
E,j _ Tec; qu rec; 7Sm( ge )
gl’
0
o 20 44
gl'
%) 5 5 0 0
= & 27)
0 0 0 0 0
0 0 0 0 0
L O 0 0 0 0]
and the matrix of resistances is:
rs 0 0 0 0
0 r 0 0 0
Rc=10 0 —ry 0 0 |. (28)
0 0 0 —rd 0
00 0 0 —rg

In the next section, component sizing, energy and power manage-
ment approaches are introduced for the DC-PPS system presented in this
section.

3. Proposed Component Sizing, Energy and Power Management
Approaches

In this section, the proposed approaches for the power system
component sizing, energy management, and power management are
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Fig. 4. Schematic overview of the simplified method used to estimate the cell
potential from the reversible potential r,, voltage loss at open circuit Avoc,
stack current iy, and equivalent cell resistance r.q.

presented. The power system component sizing approach aims at
enabling maximum fuel efficiency during operation by optimizing the
power source sizes based on the weight and space limits. During the
operation, the energy management module solves an optimization
problem at each sampling time to find the optimal power split between
different on-board sources. The power management module consists of a
group of controllers which control the voltages and currents of the
power system as well as the shaft speed of the engine-synchronous
generator set. While the component sizing approach is utilized for the
ship design stage, the energy and power management approaches are
used during the operation. However, the proposed optimization-based
component sizing approach is created based on the philosophy behind
the energy management approach.

A median pass filter is designed for the energy management module,
which works based on the moving average window principle. The filter
takes the average of the required load over a bounded time window. As a
result, the output of this filter has slower transient which is suitable for
the SOFC and also the gas engine. It reaches way higher values
compared to the minimum required or the base load. The size of this
window is determined based on the transient capabilities of the SOFC
and the gas engine. Therefore, the power output of the SOFC and engine
together should be as much as the maximum value of the filter output. In
Fig. 5, an operating profile of a dredger is shown. This median filtering
technique is first explained in the remainder of this section, after which
the proposed component sizing, energy and power management ap-
proaches are presented.

3.1. The moving average filter

Suppose Pjy,q(k) is the overall load power at discrete time instant k.
Variable Py, (k) is bounded, i.e., Pioua(k) € [0, Ppay]- If the duration be-
tween two consecutive sampling times is Ak, then, the overall energy
required for the operation is:

=N,

Eioua(Ne) = kY P (i), (29)
i=0

where N, is the end time of the operation. Using (29), the consumed
energy in a bounded time window N,, can be calculated as:

i=k
Eiua (k) = Ak )" Pioaai). (30)

i=k—Ny

Note that, for all Pjy,q(i) with i<0, P(i) = 0. Using the above
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Fig. 5. Port side operating profile of a dredger versus the output of the moving
average filter.

equation, the filter output that is the average of the required power at
sampling time k over the time window N,, can be derived as:

_ 1 i=k .
Pulk) =5 > Pona(0)- (31)
W i=k—Ny
The size of N,, determines the transient speed of P, over time, i.e., if
AP, is the maximum allowable difference between two consecutive
filter outputs over time, we have:

[Py (k+1) — Py, (k) |<AP,,.- (32)
Using (31), the following inequality can be derived.
1
N_lpload (k+ 1) — Piowa (k_Nw)‘gAPwnm~ (33)

As a result, one can control the maximum magnitude of |P,(k +

1) —P, (k) ‘over time by changing the size of N,.

3.2. The ship design approach: sizing of the power sources

In the design process of a vessel, numerous operating profiles that the
vessel should be able to deal with are used. Each of these operating
profiles resemble a bounded random signal. Moreover, if the moving
average filter is also applied to this signal, its output, i.e., P, (k) is also
bounded and has a maximum value of P, that is Py, <Pmax.

The proposed optimization-based component sizing approach is
created based on the fuel efficiency of the gas engine and the SOFC. The
battery size is determined based on the size of these two power sources
and also the maximum required power. Assume 7, . and 7, are the
full load Specific Fuel Consumption (SFC) values of SOFC and gas engine
in g/kWh. The full load SFC 1, is more or less the same for engines
with different power rantings that belong to the same manufacturing
series (see [45] as an example). This is also the case for SOFCs. It is well
known that the efficiency of SOFCs are higher than the efficiency en-
gines [9].

The objective function of the component sizing optimization prob-
lem is established using 7, and 7, as:

Jd (Pmam Pmax7 Pmax) = nmax‘”ﬂ.Pmax + nmax‘”ﬂ_Pmax + ”meax (34)
sofe g€ b sofc ge b

where Priaxpse s Pmaxge s and P, are maximum deliverable power by the
SOFC, engine, and the battery in kW, respectively. Parameter 7, is the
charge efficiency of the battery in g/kWh using an engine and on the
nominal C-rate.

Assume that the maximum available space and weight on-board of
the vessel are denoted by S, and W,, respectively. Moreover, the volu-
metric power density (in m®/kW) of the sources are shown with d, ,d,.,
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and d,,. The gravimetric power density (in tonne/kW) of the sources are
denoted by dy,,, dv,, and dy,. The maximum possible charge and
discharge C-rates of the battery is shown with Cy,, . The weight and
space constraints are defined respectively as:

P Pmax
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SOFC and a gas engine are depicted in Fig. 6.

The objective function of the energy management problem can be
established using the SFC functions in (39). The main objective of the
energy management module is to minimize fuel consumption by finding
the optimal split between different on-board power sources. As a result,

<y P+l P+, e <SW,0<d,., P+, Prnge+dsy — " <S,. the objective function at sampling time k is defined as:
sofc ge ratemax sofc - e Tatemax
(35)
Jost (Patc (), Pae () = Pac (k) S (Patc (6)) + Pee (k) St (Pec (0)) = P (K) + b P (K) + e + e, () + boePys (K) + e (40)

In the proposed component sizing and energy management ap-
proaches, the battery should be able to provide the power when the
system faces loads with fast transient. Moreover, it has to be able to carry
out peak shaving during an operating profile. Based on the principle of
the moving average filtering, the battery should have a minimum ca-
pacity such that it can provide the extra required power and absorb the
extra generated power. This capacity is a function of SOFC and gas en-
gine transient capabilities. Suppose the minimum required time for
SOFC and the gas engine to reach to their maximum possible power
output from minimum power output (excluding the warm-up time) are
denoted with T, and Ty, respectively. Then, the constraint on the
minimum required battery capacity is:

0'7Pmax Thr
v

TrisemC Pma]_)} + Trisege Pm{gxé (36)

CT atemax

which is established based on the maximum and minimum safe battery’s
SoC that are 90% and 20%, respectively [53,54]. In (36), T, = 3600s
which accounts for an hour. The battery should be able to provide an
equal amount of power as the SOFC and the gas engine together.
Moreover, the combination of SOFC and engine should be able to pro-
vide power as much as P,,,, and the combination of all power sources
should be able to keep up with the maximum possible load P,,,x. These
result in the following three constraints:

Wmax

Pmax + Pmaxgpml':\xpma’_x + anx?P
e sofc g

sofe &

sz}x + Pmax + Pm{:\xSPmar (37)
sofc ge

Using (34) and the defined constraints, the component sizing opti-
mization problem can be established as:

MaXsofe

Pdesign : min Jd <Pmaxvpmax-,Pmax> (38)
,Pmuxgc ,I’maKb sofe ge b
subject to constraints in (35), (36), and (37).

3.3. The energy management approach

The energy management module works during the vessel’s operation
and its aim is to find the best power split between energy sources. The
energy management optimization problem is established using the SFC
curve of the SOFC and gas engine. The SFC curves of a SOFC and an
engine can be defined as:

Sfc,u,C (Psofc (t)) = asochsofc (t) + Cxofe + hsofcsfcge (Pge (Z))
Psol'c (t)

= ap Py (1) + P:—?[) + by (39)

where agofc ges Dsofe ges AN Cyore go are function coefficients and Py, (t) and
P, (t) are the power of SOFC and gas engine at time t. The SFC curves of a

In the proposed energy management problem, SOFC and gas engine
should provide the moving average load of the operating profile, i.e., the
sum of SOFC and gas engine power should be equal to the output of the
moving average filter, i.e.,

P (k) + Py (k) =P, (k) (41)

Therefore, the transients of the filter should not be faster than the
transients of the SOFC and engine, such that these power sources can
keep up with the output of the moving average filter. To guarantee this,
the window size of the moving average filter should be designed in
accordance with the capabilities of the SOFC and the gas engine. As a
result:

Ny = TrisemrC + Trisege- (42)

Eq. 42 is used in (31) to calculate the output of the moving average
filter.
The constraints on the decision variables depend on the transient
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Fig. 6. SFC curves of a SOFC and a gas engine versus the their SFC data.
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capabilities of the power sources. These constraints can be defined as:

P, max
A k sofc

risesofc

Pﬂ}?spsofc (k—1) - KPyosc (k) KPioge (k — 1)
P Pmax
+ Ak P PrinSPye (k — 1) — Ak

Tisegofc sofc  ge risege

Py (k) <P (k= 1)

Pmax
+ Ak

<Prax (43)

e

risege

In the proposed energy management scheme, the battery takes the
roll of peak shaver and keeps up with the fast transients. However, in
order to maximize the life time of the battery and decrease the aging
speed, the depth of discharge and average SoC should be controlled
[55]. This can be done in optimization problem, but will lead to a
nonlinear constraint due to the nonlinear relationship between battery’s
current i, and power P,. As a result, an alternative scheme is proposed in
this section, that is:

if SoC(k - I)SSOC & Pw“m /Pload(k - 1)

min

Pmax

\,Pwmx - Plnad(k - 1))7

P@@—mMHM{

ratemax

elseifSoc (k — 1)2S0c s

Pmax
P;uud (k) = Pload (k) - C .
Tatemax
else,
P;oad (k) = Plfmd (k)
end

Then, the filter output is calculated as:

1 i=k
Pload V . (44)

W i=k—Ny
The energy management optimization problem can be defined as:

Peum : min )JEM (Paufc (k) s Pee (k))’ (45)

Pyt (k) Pee (K

subject to the constraints in (41) and (43) and the battery power P, (k) is
calculated as:

Py (k) = Pioad’ <k> — Pl (k> - P;e (k>7 )

where P, . and P;e are the outputs of the optimization problem.

sofc
3.4. The power management approach

In this part, an alternative approach to conventional droop control is
proposed for controlling the on-board power sources in harmony with
the energy management approach. It is shown that the conventional
droop control approaches are insufficient for DC systems with different
types of power sources [56]. This power management approach is
designed based on the results in [41]. In the proposed DC-PPS, a passive
six-pulse rectifier is used for the rectification stage and DC/DC con-
verters for the SOFC and battery. The voltage of the DC-link is controlled
using a two stage control approach. In the first stage, the required
overall current to keep the voltage at its nominal reference value is
calculated. In the second stage, the generated current by each power
source is controlled using the output of the energy management module.
The schematic diagram of the power management module is depicted in
Fig. 7.

The first stage acts as an imaginary controller with which the
required overall DC current to keep the DC-link voltage at its desired
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value is determined. Take v, as the desired DC voltage. Considering (6),
the required current to keep the DC-link voltage around the desired
value can be computed using a Proportional-Integral (PI) control scheme
as:

) = K0 ()~ (0) 4 [ (3.0 — v (@)ar @

where K, and K; are the PI coefficients. Using (47) and the energy
management module results, the reference current for different on-
board power sources can be calculated as:

)= 0 () =y )
= dae (1) = e, (1) = e (0)- (48)

The task of the converters’ controllers and field voltage controller of
the synchronous generator is to guarantee DC current generation with
respect to the above desired values. Moreover, the governer of the en-
gine should be controlled such that the speed of the gas engine follows
the desired nominal speed w;. The desired control input for SOFC and
battery converters as well as gas engine and generator can be found
using PI control approach similar to (47). For the low level control of
converters and generator, refer to [57,7].

4. Simulation Experiment Results

In this section, the performance of the proposed approaches is
evaluated. For this purpose, a dredging vessel, built by our project
partner Royal IHC, is considered. The PPS, operating profiles informa-
tion and data are provided by Royal IHC. The dredger has a 24 MW
installed power on-board which is divided between 4 diesel-generators
over two switchboards. The PPS configuration of the vessel is all-
electric in which the loads are connected to power sources using an
electrical network. In Fig. 8, a schematic diagram of its PPS configura-
tion is provided.

The dredger (Fig. 8) has two switchboards for port and starboard
sides which can be connected through switches and choppers. Each
switchboard is connected to certain dredging and propulsive loads.
Based on the proposed configuration and approaches in Sections 2 and 3,
the configuration in Fig. 1 is proposed for this dredger. As a result, each
bus bar connects a gas engine, a SOFC, and a battery to the loads.
Moreover, the proposed PPS is a DC in which DC/DC converters are used
for the battery and the SOFC. Only one bus bar is simulated in the ex-
periments to reduce the complexity of the analysis.

To establish the simulation model, information and data about
different existing electrical components are shared with us by our
project partners Damen Schelde Naval Shipbuilding and Royal IHC.
Some of the validation results of components are shown in Fig. 3. For the
mechanical components the information and data from Wartsila engines
are used [45]. For more information about the modeling and validation
refer to [41,9].

Matlab/Simulink R2020b is used for simulations and Simscape
toolbox is partially adopted for modeling of the electrical components.
The simulations are carried out using a PC with 2.8 GHz Intel Core i7-
7600U CPU and 8 GB RAM.

The port side PPS of the original dredger has two 6 MW diesel-
generators which take in total 200 t of weight and around 150 m® of
space [45]. For our evaluations, we use two different operating profiles
of the real ship: an 8 h dredging in rock (Fig. 5 and a 10 h dredging in
sand. Based on these operating profile P, = 8.3 MW and Py, = 12
MW. Four scenarios are considered for the ship design. The first scenario
is a retrofitting case in which no engine room size increase is allowed, i.
e. W, =200 t and S, = 300 m®. In the second and the third scenarios
25% and 50% engine room size and weight increase are allowed,
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respectively. In Scenario 4, there is enough room for a 8.3 MW SOFC
system and therefore, no power is assigned to the gas engine. The weight
and space to power densities of the power sources are extracted from
literature. Values for the SOFC are based on a commercially available
300 kWe platform, which is corrected upwards to account for ongoing
improvements as presented in [58]. The simulation parameters for the
component sizing optimization problem are given in the appendix.

The results of the component sizing optimization problem are shown
in Table 1. The results show that as the space and weight limits are
increased, more power is considered for the SOFC as its space and weight
power densities are lower than the gas engine. Using these achieved
power ratings, DC-PPS models of the dredger for these different sce-
narios are established.

The simulation results of the SOFC-based DC-PPS for Scenario 3 are
given in Figs. 9 and 10. The DC-link voltage of the DC-PPS is shown in
Fig. 9a, which stays around its nominal value and indicates the stability
of power system. This verifies that the DC current generation by power
sources has been carried out properly. The DC currents generated by on-
board power sources are shown in Fig. 9c. The SoC of the battery is in
Fig. 9b which stays between its desired range, i.e., 40% to 70%. Scenario
2 results for rock dredging are shown in Fig. 11 and 12. The operating
profile is presented in Fig. 11a. The SOFC stack voltage and stable speed
of the engine indicate the stability of the system in Fig. 11. The fuel
consumption rate of the SOFC and the gas engine are presented in
Fig. 12a. The field voltage of the synchronous generator and the torque
of the gas engine are shown in Figs. 12b and 12c. The field voltage is a
control input which determines how much DC current should be
generated at the nominal voltage, while the inlet fuel controls the speed
of the gas engine.

The simulation results of different scenarios are provided in Table 2.
As it is shown, with the increase in available space, which results in
higher efficiency, less fuel consumption and CO; emissions. As an
example, the average reduction of fuel consumption is around 11% if the
engine room size and weight are increased by 25% and it is 24% if the
allowed size and weight increase are 50%. Switching to a fully SOFC-
powered DC-PPS (Scenario 4) leads to around 30% fuel consumption
reduction in comparison to Scenario 1. This is a result of shifting the
power and load towards the SOFC. Note that in Scenario 1, 2, 3, and 4,
the SOFC-gas engine power ratings are 17%-83%, 50%-50%, 80%-20%,
and 100%-0%, respectively. Therefore, if only LNG is used on-board a
60% addition of power share towards SOFC leads to around 25% of fuel
efficiency improvement and emission reduction, while a complete shift
towards SOFC leads to 30% reduction. In Fig. 13 the fuel consumption
reduction as a result of allowable overall size and weight increase is
shown. From this figure it can be concluded that per 1% percent of size
and weight increase, the fuel consumption is reduced by 0.5% in the
region of 0-50% engine room size increase if the combination of the
proposed approaches are used. This number is almost halved in the re-
gion of 50-70% size and weight increase.

The results of the proposed approaches are also compared with the
conventional design cases. Two conventional scenarios are considered.
The first one is fully diesel-electric case (Fig. 8) where the power is
provided by the diesel-generators. The second scenario is a newer design
where the flywheel energized dual fuel engines are adopted and the use
of diesel is decreased as much as possible [40]. Therefore, the engines
operate mostly in LNG mode. As a result, we neglected the use of diesel

Table 1
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Fig. 9. Simulation results of the electrical components in Scenario 3. The gas
engine is mostly providing a low power as the SOFC is preferred by the energy
management algorithm due to its higher efficiency.

for this scenario. These results are provided in Table 2.

4.1. Results and Discussion

The results show that the CO reduction in the retrofitting scenario in
comparison with the diesel-electric case and LNG case is around 32%
and 12% respectively. The CO2 reduction in Scenario 3 compared with

The results of the proposed optimization-based component sizing approach for four available size and weight scenarios.

Design scenario Maximum space (m3) and weight (t)

SOFC power (MW)

Gas engine power (MW) Battery size (MWh)

Scenario 1: retrofitting W, =200,S, = 300
Scenario 2: 25% increase w, = 250,S, =375
Scenario 3: 50% increase w, = 300,S, = 450
Scenario 4: 70% increase W, = 340,S, =510

1.35 7 2.8
4.2 4.1 2.8
6.7 1.6 2.8
8.3 0 2.9

11



A. Haseltalab et al.

0.25 ;
SOFC
® 02 x
D
=4
c
S0.15
Qo
£
>
g 0.1
Q
o
©
T 0.05
o ‘ ‘ ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000 12000
Time (s)
(a) Fuel consumption rate.
16
14
.‘é‘
51,
5}
&
(0]
j=))
S
5
>08f 1
— vfd
0.6 1
0 2000 4000 6000 8000 10000 12000
Time (s)
(b) Field voltage of the generator.
10.6 ;

N
<
~
T
I

Rotational speed (rps)
>
N

N
o

10000 12000

9.8 I I
0 6000 8000

Time (s)

I I
2000 4000

(c) Gas engine’s shaft speed.

Fig. 10. Simulation results of Scenario 3 for sand dredging.

the conventional diesel-electric case is 49.1% and 47.5%, which satisfies
the 2030 green house gas reduction goals of International Maritime
Organization (IMO) [8]. In Scenario 4, where only SOFC is used, the CO,
emissions reduction is around 53% and 39% on average in comparison
with the conventional diesel and LNG cases. Considering the lower
heating value of 13.8 kWh/kg and 11.8 kWh/kg for LNG and marine
diesel respectively, the fuel utilization efficiency is increased by 21% on
average, if the proposed approaches are used.

In Fig. 14, the effect of an increase in the SOFC power share is shown.
It suggests that with every percent of SOFC share increase around 0.25%
of COy decrease in comparison with conventional diesel-electric sce-
nario and 0.32% CO- reduction compared to the LNG scenario can be
achieved. It can also be concluded that with a more than 50% SOFC
power share, the 2030 IMO’s CO; reduction goal can be achieved.

One of the main advantages of using the proposed PPS design and
approaches is the potentiality for the reduction of installed power since
the battery is capable of shaving the momentarily high peaks. So, for
vessel types with highly fluctuating operating profiles, the installed
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Fig. 11. Operating profile and simulation results of Scenario 2 for
rock dredging.

power of non-storing sources (such as engines and fuel cells) can be
reduced. In the case study of this paper, this installed power is reduced
by 3.7 MW. Moreover, with the advances in the SOFC technology, the
transient capabilities are expected to be improved which leads to less
dependency on the battery and smaller battery size.

5. Conclusions and future research

In this paper, a new approach has been proposed to enable the use of
Solid Oxide Fuel Cells (SOFC) as the main power source on-board of
vessels. Liquid Natural Gas (LNG) is considered as the main and only fuel
on-board. A Direct Current Power and Propulsion System (DC-PPS) is
proposed for the integration of SOFCs into the vessel. First, a state space
model is proposed for the power generation side of the DC-PPS and then,
the component sizing, energy and power management approaches are
presented. The proposed optimization-based component sizing
approach determines the best power rating for the SOFC, gas engine, and
the battery given the space and weight constraints. For the design of the
energy management approach, a moving average filtering scheme is
considered which calculates the average of the overall load over a
bounded window. The size of this window is determined based on the
transient capabilities of the gas engine and the SOFC. Then, through an
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Fig. 12. Simulation results of Scenario 2 for rock dredging.
optimization problem, the optimal power split between different sources
is computed. The power management approach, which is in harmony

with the energy management scheme, controls the voltage of the DC-
link, shaft speed of the gas engine, and the generated DC currents by

Table 2
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different power sources. While the proposed component sizing scheme is
used in the ship design stage, the energy and power management ap-
proaches work continuously during operation. The results suggest a
large reduction in fuel consumption and emissions and increase of the
efficiency depending on the SOFC power share. With an above 50%
increase of the engine room’s space and weight, the emission reduction
goals of the International Maritime Organization (IMO) can be reached.

This paper is the first paper in the literature which enables the use of
SOFCs as the main power source for vessels by proposing energy and
power management approaches. The results of this paper suggest that a
maximum of 53% emission reduction in comparison with the conven-
tional designs can be achieved if LNG-fueled SOFCs are used on-board in
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Fig. 13. Fuel consumption decrease as a result of allowable size and weight
increase if the combination of proposed approaches are used.
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Fig. 14. CO, emissions reduction versus the SOFC share increase. The SOFC
share increase leads to linear reduction of CO, with slopes of 0.25 and 0.32 in
comparison with diesel and LNG scenarios, respectively.

The results of the proposed approaches for three available size and weight scenarios versus the results from the conventional scenarios.

Design scenario Engine consumption SOFC consumption Overall consumption Overall Energy Final SoC Efficiency CO; emissions
(kg) (kg) (kg) (kWh) (%) (kWh/kg) (kg)
S1: sand 6560 1072 7632 44650 69 5.85 20988
S1: rock 3069 449 3518 20710 55 5.88 9675
§2: sand 3169 3568 6736 44070 69 6.54 18524
S2: rock 1660 1483 3142 20440 55 6.50 8641
$3: sand 699 5021 5720 43712 69 7.64 15730
S3: rock 422 2303 2726 20250 55 7.42 7497
S4: sand - 5200 5200 43475 64 8.36 14300
S4: rock - 2491 2491 20287 64 8.14 6850
Diesel: sand 4876 x 2 - 9752 44480 - 4.56 30920
LNG: sand 4332 x 2 - 8664 44452 - 5.12 23820
Diesel: rock 2252 x 2 - 4504 21220 - 4.71 14284
LNG: rock 2040 x 2 - 4080 21190 - 5.2 11218
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combination with the proposed component sizing, energy and power
management approaches. This also can result in a maximum of 83%
energy generation efficiency, depending on the operating profile.
Moreover, the adoption of the proposed approaches can increase the
lifetime of the battery by controlling its average State of Charge (SoC)
during its lifetime as well the its depth of discharge. The results of this
paper can also be extended and used for other domains including
automotive and sustainable power generation, as it is shown that the
proposed set of approaches can deal with all sorts of operating profiles.

It should also be mentioned that an increase in the engine room size
and weight leads to more required energy for the voyages and dynamic
positioning operations. At the same time, higher fuel efficiency means
that less fuel can be taken on-board, which results in a smaller fuel tank
size and contributed to the fuel efficiency. These effects on the ship
design should be studied thoroughly from naval architecture point of
view for different types of vessels. Note that the case study of this paper
is a dredger which does not do any major voyage during its operation.

The results of this article suggest that a shift towards the adoption of
SOFCs in combination with batteries can effectively address the chal-
lenges of the maritime sector. SOFCs enable high fuel consumption
reduction while producing practically no hazardous emissions, noice
and vibrations. In addition, SOFCs can be configured to use a multitude
of future fuels, such as hydrogen, ammonia and methanol. However, the
power density, cold start and load following capabilities of SOFC sys-
tems need further improvement to reduce their impact on ship design
and operation. Other important challenges are the high capital cost and
limited lifetime.

Although methane (CH4) emissions are not globally regulated, there
is a need to focus on reduction of CH,4 emissions due to their significantly
high global warming potential. Application of the proposed LNG-fueled
hybrid power generation system can provide promising CH4 reductions
compared to an LNG-fueled only gas engine power unit. Methane re-
ductions of 50% or higher could be achievable for the SOFC-gas engine
power splits proposed in this research [26]. This is because, in the hybrid
power generation system, only the gas engine contributes to methane
slip. Thus, employing the SOFC as the main on-board power source will

Appendix A
A.1. DC-PPS component sizing values

¢ Density specs: d,, , = 30 t/MW, d,,, = 15 t/MW, d,,, = 20 t/MW, d.

Wsofe Wee

¢ Transients specs: Ty, = 880 s, Tiise,. = 300 s.

A.2. SOFC design values

Ssofc

» Efficiency specs: 7., = 0.036 g/kJ, 1,y = 0.048 g/KJ, 5, = 0.070 8/kJ, Crate,n,,
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allow for significant methane emissions reductions. Furthermore,
methane slip emissions from the engine can also be reduced by
employing various methodologies such as zero valve overlap, hydrogen-
natural gas blending, and after-treatment.

The next step to increase further the efficiency of the hybrid power
generation using SOFCs is studying a novel SOFC-based power and
propulsion system where the anode-off gas of the SOFC is used as a fuel
for the gas engine. The aim is to propose novel design and control ap-
proaches such that the efficiency increase and emissions reduction that
are proposed in this paper can be pushed even further.
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=50 m®>/MW, d,,, = 20 m*/MW, d,, = 30 m>/MW.
=3

e Thermodynamic properties (800°C): Ah; = 789.2kJ mol !, Ag; = 789.2kJ mol ' K!,R = 8.314 J mol 'K~!,F = 96485 C mol .

e Physical properties: 7,, = 500e° m, 7., = 50e°m, 7 = 20e °m, 6,, =8e* Q' m 1,6, =84e* Q' m!,65 =226 Q' m"~
e Electrochemical properties: u; = 0.85, Defran = 3.66e 5 m? s~ ), Degrea = 1.37¢ 5 m2 s, joun = 4.64€3 Q1 m 2 jooe =2.33¢3Q ' m 2 0

0.5,v%%" — 0.7 V.

) Veell

A.3. Scenario 1

-1

e Gas Engine: K, = 111610, six cylinders, 7 MW, engine-generator gear ratio: %, g = —8.293e —08,b,c = 0.04399,c,. = 30.79.

e SOFC: 1.35 MW Ngeries = 1200,P]055_1d = 0.02571’10“‘0 = 0.025, TSOFC =

1

900

sL,apr = 8.582¢ —06, by = 0.02423, Coore = 1.238.

e Synchronous generator: 6.850 MW, 6600 v, 60 Hz, 10 poles, H= 0.71,r; = 0.0343,rq = 0.2,1y¢ = 0.702,7 = 0.1032,L4 = 0.031,L,g =
0.0290, Ly = 0.0311, L¢y = 0.4620,L, = 0.0153,L;,q = 0.0164 and Ly, = 0.0167. Resistance values are in ohm and inductance values are in

Henry.

A.4. Scenario 2

e Gas Engine: K,. = 684400, six cylinders, 4.1 MW, engine-generator gear ratio: %, a,e = —1.444e—07,b,. = 0.04487,c,c = 18.4.

14
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o SOFC: 4.2 MW, Nyeries = 1200, Piogs1a = 0.025, Pogs c = 0.025, 750rc = glm s’l, Asofc = 2.759€ —06, byofe
e Synchronous generator: 4.05 MW, 6600 v, 60 Hz, 10 poles, H = 0.56,r; = 0.0550,r¢y = 0.2,1q

A5
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= 0.02423, cgorc = 3.851.
=1.5049,rq = 0.1706,Ly = 0.05168,Liyq =

0.05107,Lyg = 0.0600,L¢g = 0.310,Ly = 0.02702, L, = 0.0122 and Ly, = 0.02041. Resistance values are in ohm and inductance values are in

Henry.

. Scenario 3

e Gas Engine: K,. = 254652, six cylinders, 1.6 MW, engine-generator gear ratio: §,a,. = —3.879¢ —07,by. = 0.04621,c,. = 7.381.

e SOFC: 6.7 MW, Ngies = 1200, P51 = 0.025, P . = 0.025, 750pc = ﬁ $77, Qeoe = 1.729€ —06,byore = 0.02423, Coorc = 6.143.

e Synchronous generator: 1.55 MW, 6600 v, 60 Hz, 10 poles, H = 0.46,r; = 0.0740,r¢q = 0.18,rq = 1.9067,rq = 0.2306,Lq = 0.08828,L;,q =
0.09100, Lyg = 0.0910, Ly = 0.510,Ly = 0.0470, L,q = 0.0180 and Ly, = 0.0306. Resistance values are in ohm and inductance values are in

A.6

Henry.

. Scenario 4

e SOFC: 8.3 MW, NMeries = 1200, Pjoss g = 0.025, Pioysc = 0.025, Tsorc = 55 5 1, Guore = 1.396€ —06, byoge = 0.02423, Cyor = 7.61.

A.7. Electrical components

A8

Rectifier: Six-pulse rectifier, efficiency factor: 98.1%.
DC-link: C=1F.

Converter: L = 0.0005H.

Battery: v, = 500V, r, = 0.0125.

. CO; calculation

e For diesel engine, assuming operation on F76 marine fuel with 86.5% mass fraction of carbon yields to 3.171 kg CO; per kilogram fuel.
e For the LNG-based scenarios, assuming operation on 100% methane, the CO, emissions yields to 2.75 kg per kilogram LNG.
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