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ABSTRACT Ship hybridization has received some interests recently in order to achieve the emission
target by 2050. However, designing and optimizing a hybrid propulsion system is a complicated problem.
Sizing components and optimizing energy management control are coupled with each other. This paper
applies a nested double-layer optimization architecture to optimize the sizing and energy management of
a hybrid offshore support vessel. Three different power sources, namely diesel engines, batteries and fuel
cells, are considered which increases the complexity of the optimization problem. The optimal sizing of
the components and their corresponding energy management strategies are illustrated. The effects of the
operational profiles and the emission reduction targets on the hybridization design are studied for this
particular type of vessel. The results prove that a small emission reduction target of about 10% can be
achieved by improving the diesel engine efficiency using the batteries only while the achievement of a larger
emission reduction target mainly depends on the amount of the hydrogen and/or on-shore charging electricity
consumed. Some design guidelines for hybridization are derived for this particular ship which could be also

valid for other vessels with similar operational profiles.

INDEX TERMS Hybrid, offshore support vessel, sizing, control, energy management.

I. INTRODUCTION

Climate change policies are creating significant restrictions
on greenhouse gas emissions in the transportation indus-
try [1]. The shipping emissions occupies from 2.76%
in 2012 to 2.89% in 2018 in the global anthropogenic green-
house gas emissions [2]. This industry section is under great
pressure to meet the emission target of at least 50% reduction
by 2050 [2]. Electrification is one of the promising ways to
reduce CO; emissions. Therefore, hybrid and electric vessels
have received a lot of interest recently.

Fig. 1 shows some common propulsion systems of hybrid
and electric ships in practice. The well-known mechanical
propulsion systems are widely adopted for ship applica-
tions. Based on the original mechanical propulsion systems,
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the diesel-electric propulsion systems are then applied to
decouple the power generation and power consumption [3].
The operating point of the diesel generator can even be decou-
pled from the rotational speed of the main shaft by using a
DC bus [4], [5] which finally increases the efficiencies of
the diesel engines. The electric propulsion systems have been
developed quickly after the batteries, especially lithium-ion
(Li-ion) batteries, are integrated into the propulsion sys-
tems [6], [7]. Recently, hydrogen fuel cells have attracted
interest because of their relatively high energy density [8] and
completely emission-free [9], [10]. They have been widely
investigated for automotive applications [11], [12]. However,
they are barely studied for marine applications [10], [13].
Several different types of hydrogen fuel cells for maritime
applications are reviewed in [14]. Low temperature polymer
electrolyte membrane fuel cell (PEMFC) is most promising
for ships with mission requirements up to a dozen hours [14].
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FIGURE 1. Overview of propulsion systems.
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High temperature fuel cells like solid oxide fuel cell (SOFC)
can achieve higher overall system efficiencies. However,
SOFC has not yet been fully ready for maritime applications
due to its poor dynamic performance [15]. Fig. 1 also shows
the hybrid propulsion system in which the propeller is driven
by different types of movers and/or the electrical system is
supplied by different power sources [16]. The hybrid propul-
sion system provides more flexible operation modes, such as
power take off, power take in, and power take home [17]. The
detailed benefits of hybridization have been investigated for
eight types of vessels with various operational profiles [18].

However, on the other hand, the hybridization results in a
more complicated design and optimization for the propulsion
system. The design process is a multi-objective optimiza-
tion problem that spreads over topology [19], sizing, and
control (energy management). Fortunately, for automotive
industry, the system level optimization strategies have been
well studied and applied to electric vehicle applications [20].
Fig. 2 shows the optimization architectures which are widely
used in automotive industry. The most popular optimization
architecture is the control design (the inner layer) nested
within the plant design (the outer layer). The most differ-
ences between different double-layer optimizations are the
algorithms applied to those two layers. An exhaustive search
method is adopted for the plant design problem at the early
stage [21] while multi-objective genetic algorithm (GA) or
particle swarm optimization (PSO) is more suitable to handle
a very large design space [22], [23]. For the control design
problem in the inner layer, the dynamic programming (e.g.
mixed-integer linear programming (MILP)) is more promis-
ing to find the optimal control policy [24] than the traditional
rule-based (RB) algorithm [22].

Back to the marine applications, Table 1 lists several
references working on sizing and energy management of
power sources. For instance, several objectives like fuel
consumption, gensets start/stop numbers, and running hours
were formulated into one single objective [25]. This might
miss the trade-off among different objectives. A complicated
three-stage optimization with a single objective for each stage
is applied to optimize all-electric ship power systems in [27].
However, only the control problem is addressed for a given
ship power plant design in which the power rating and the
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FIGURE 2. System level optimization architectures [20].

energy storage capacity have been known from the begin-
ning. The optimal generator sizing and its management are
studied by using a GA in [28]. This sizing problem is not
that complicated since only one power source is considered.
Two-stage optimization with single objective is adopted to
optimize the battery size of an electric ferry ship [29]. But
all the constraints are just formulated linearly and the prob-
lem is then solved by the fmincon function in MATLAB
rather than other more advanced algorithms. One thing needs
to be mentioned is that not all of the available algorithms
are listed in Table 1. A more complete overview, but for
automotive applications, can be found in [20]. Some recent
literature [32] presents the optimization of the energy con-
version scheme for off-grid applications which might be also
interesting to ship applications.

Reviewing all the above mentioned studies highlights two
facts. The first one is that more power sources like diesel
engines, diesel gensets, batteries and fuel cells complicate
the powertrain design for hybrid ships. The second one is
that the system level optimization architectures developed for
automotive applications could be tried to solve the design
problem for marine applications [32].

This project aims to look into the feasibility of the hydro-
gen based ship hybridization for several different types of
ships, as well as the effect of hybridization on the reduction
of CO; emissions. This paper presents a part of our current
work on applying a multi-objective double-layer optimization
methodology to sizing and control of a hybrid ship propulsion
system. The contribution of this paper is firstly to formulate
the developed methodology and show its effectiveness to find
out the optimal solutions based on some certain objectives.
This case study is carried out on an offshore support ves-
sel with specific operational profiles. Therefore, the second
contribution is to derive some design guidelines of hydro-
gen based hybridization for ships with similar operational
profiles.

This paper starts with a brief introduction of the studied
offshore support vessel. The ship parameters, the operational
profiles, and the proposed hybrid propulsion system are
explained. Next, the procedure of the double-layer optimiza-
tion is illustrated followed by formulating the optimization
objectives and constraints. Subsequently, the hybrid propul-
sion systems are optimized using the proposed methodology
for four different operational profiles. The influences of the
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TABLE 1. Summary from the review of hybrid/electric ships.

L Algorithms Power sources
Objective o )
Component sizing ~ Energy management  Engine/Genset  Battery  Fuel cells
Skjong et al. [25] Single - MILP v V- -
Shang et al. [26] Multi - NSGA-II V4 Vv -
Kanellos et al. [27] Single - DP+PSO Vv Vv -
Boveri et al. [28] Single GA - V4 - -
Mashayekh et al. [29] Single MATLAB fmincon VA Vv -
Skinner et al. [30], [31] Multi GA RB/SQP Va - -
Banaei ez al. [10] Single - MILP - Vv Vv
This paper Multi NSGA-IT MILP v Vv Vv

GA: genetic algorithm; NSGA-II: non-dominated sorting genetic algorithm II; PSO: particle swarm optimization; DP: dynamic
programming; MILP: mixed-integer linear programming; RB: rule-based; SQP: sequential quadratic programming.

operational profiles and the emission reduction targets on the
hybridization design are discussed. Finally, conclusions are
drawn.

Il. VESSEL DESCRIPTIONS AND ASSUMPTIONS

A. SHIP PARAMETERS

The studied vessel is an offshore support vessel as shown
in Fig. 3. Table 2 gives the basic parameters of the vessel.
Fig. 4(a) shows the original mechanical propulsion system.
All the needed energy is provided by the diesel fuel which
is stored in tanks. Two fixed pitch propellers are driven
by two diesel engines. They have the same power rating
of 720 kW for each. Fig. 5 shows the propeller curve of
the original mechanical propulsion system with high-speed
diesel engines. There should be a reduction gearbox locating

FIGURE 3. The studied offshore support vessel (photo by GEOxyz).

TABLE 2. Parameters of the studied vessel.

Description Unit Value
Type Offshore support
Overall length [m] 19.5
Width [m] 7.5

Main engines power [kW] 720
Specific fuel consumption  [g/kWh] 214
Maximum speed [knots] 24
Cruising speed [knots] 22

VOLUME 9, 2021
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FIGURE 4. Propulsion powertrain studied.

between the engine and the propeller. It is just omitted
in Fig. 4(a) for simplicity. The auxiliary loads are supplied
by a separate diesel generator which will not be considered
in this study.

B. HYBRID PROPULSION AND OPERATIONAL MODES

The existing propulsion system is considered to be hybridized
to achieve the emission target. On-shore electricity could be
charged in batteries and used for propulsion. Li-ion batteries
are adopted due to their high power/energy density compared
to other types of batteries [33]. Hydrogen could be another
energy source for zero CO2 emission. The hydrogen storage
could be in the form of liquid hydrogen, compressed hydro-
gen or metal hydrides [15]. The first two options are more
common in practice. The liquid hydrogen is adopted in this
case study considering its relatively higher energy density.
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FIGURE 5. Propeller curve of the original mechanical propulsion.

As mentioned above, PEMFC is adopted because it operates
at relatively low temperatures and widely available in current
commercial markets. Fig. 4(b) gives the proposed hybrid
propulsion system according to the ship builder’s experience.
The system contains the energy storage systems including
diesel and hydrogen tanks and one set of batteries. It also
contains two diesel engines, two electric motors/generators
and fuel cells for energy conversion.

The diesel engines and the electric motors can drive the
propellers independently or in a combined way according to
the power demand. The motors can be supplied by the batter-
ies or the fuel cells separately or simultaneously based on the
energy management strategy. The motors can also operate as
electric generators to take the excess power delivered from
the engines to the propellers. The batteries can charge or
discharge through a bi-directional DC/DC converter.

C. OPERATIONAL PROFILES

Originally, this offshore support vessel is used for crew trans-
fer mission. The corresponding operational profiles of the
power demand are measured from the main diesel engines
on two different days and given in Fig. 6. The total traveling
period is about 12 hours. The vessel takes around 1.5 hours
to arrive at the working area and then stays there for about
7 hours. Finally, it takes 1.5 hours to return. As we could see
from Fig. 6, the maximal power happens when the ship goes
to and returns from the working area. There is a small amount
of power required in the working area. One thing might be
good to mention here is the power peaks in Fig. 6(a). They are
probably random operations because of the different captains

1500 1500

Power (kW)

J liminnirinin b e ww LJ

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)

(a) (b)

FIGURE 6. Operational profile measured on-site.
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FIGURE 8. Diesel fuel consumption with mechanical propulsion.

since there are no peaks in Fig. 6(b). In order to be consistent
with other operational profiles studied in this paper, Fig. 6
is simplified to operational profile I as shown in Fig. 7(a).
The dynamic characteristics in the time scale of a couple
of seconds are not considered in the following optimization.

This offshore support vessel may have different operational
missions which correspond to different operational profiles.
One objective of this paper is to investigate the effects of
operational profiles on the hybrid powertrain design. Fig. 7
gives the studied operational profiles. The vessel is assumed
to have the same going and returning voyages, but different
missions in the middle. As mentioned above, operational pro-
file I represents the original measured one. This indicates the
operational mission with low power and energy demand in the
working area. Operational profile II has slightly higher power
demand and longer traveling time. It represents the mission
with relatively low power demand, but high energy demand.
Fig. 7(c) shows operational profile III which is exactly the
same as the profile I, but with three power peaks in the middle.
This indicates some fast, but short, moving in the working
area. This profile represents the mission with short-time high
power demand, but relatively low energy demand. The survey
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vessel has a similar operational profile shown in Fig. 7(d).
It travels at a medium speed in the working area for a survey
task. This operational profile IV represents the mission with
high power and energy demand.

By using the method developed in Section I1I-B, the diesel
fuel consumption with the original mechanical propulsion
system is predicted for these four operational profiles and
given in Fig. 8. They are the reference points for the following
optimization.

llIl. OPTIMIZATION DEFINITION

This section will firstly introduce the proposed optimization
procedure. The objectives, the variables, and the constraints
of the optimization will then be formulated. Subsequently,
the estimation of the diesel fuel and the liquid hydrogen
consumption will be explained.

A. OPTIMIZATION PROCEDURE

Fig. 9 gives the optimization procedure applied in this paper.
The whole process is a nested architecture in which every
evaluation of a plant needs a full optimization of the control
design. The input parameters include the operational profiles
and the parameters of components, such as the quantity,
the power/energy rating and the C-rates of battery charging
and discharging. Some other operating limitations can also
be as inputs, for example, the initial state-of-charge (SOC) of
battery and the operating range of fuel cells.

Optimization Input Parameters
- Operational profiles
- Components parameters
- Operating limitations

|

| v
! CAPEX Model
|

|

|
I —— Yoo . Multi-Objective Optimization |
| 5, Power/Energy Management | - Algorithm: NSGA-II i
ie 1'% - Algorithm: MILP ! - Minimum CAPEX ;
e | - Minimum OPEX ! - Minimum OPEX |
18 1= i | - Minimum emission !
} A B } |
g 15 OPEX Model | |
(=1 | }
L%**:::::::::::::ﬂ#»: 7777777777777777777777 I

Optimization Pareto Front
FIGURE 9. Optimization procedure.

With the quantities and power/energy rating of the com-
ponents, the outer layer could roughly estimate the CAPEX
of the proposed propulsion powertrain. In the inner layer,
the energy management strategy is optimized to minimize
the OPEX. The start/stop number, the running time and the
corresponding power of the components are scheduled using
the MILP algorithm. It is a linear programming algorithm
with an objective function and inequality and/or equality
constraints in which the variables are integers [34], [35]. The
consumption of the diesel fuel and the liquid hydrogen is
predicted in the OPEX model. The non-dominated sorting
genetic algorithm II (NSGA-II) is applied to determine Pareto
optimal solutions for this multi-objective problem [26], [36].
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It is a well-known evolutionary based algorithm [37]. The
first population of N propulsion designs is generated and
evaluated by the CAPEX and OPEX models taking the energy
management strategy into account. Each design varies based
on a set of input variables provided. All N propulsion designs
are evaluated according to the optimization objectives, and a
new generation of N propulsion designs is generated from the
best (fittest) individuals of the previous generation. In this
study, the population size N and the generations are both
selected as 100.

B. OPTIMIZATION VARIABLES AND OBJECTIVES
The variables and the objectives of the double-layer optimiza-
tion will be introduced separately as follows:

TABLE 3. Fixed parameters of the studied vessel.

Description Machine parameter  Value
Number of diesel engines Npg 2
Number of battery set NpBat 1
Number of fuel cell set Nrco 1
Diesel fuel price [$/kg] Cpr 1.45
On-shore electricity price [$/kWh] Ce 0.16
Hs purchasing price [$/Liter] CH, 0.2
kWh to kg conversion coefficient for Ho Kp_m 0.03
kg to liter conversion coefficient for Ho Kp_v 24.8
Cost per kW of diesel engines [$/kW] Cpe 300
Cost per kW of batteries [$/kW] CBat 475
Cost per kW of fuel cells system [$/kW] Cro 2000
TABLE 4. Variables of NSGA-II.
Description Variables . Value
min  max

Power rating of diesel engines [kW] Php 0 2000

Energy rating of batteries [kWh] E% . 0 5000

Power rating of fuel cells [kW] Pro 0 2000

1) OUTER LAYER OPTIMIZATION

Table 3 gives the fixed parameters of the optimization. In this
paper, the numbers of diesel engines, batteries, and fuel cells
are determined based on the powertrain selected in Fig. 4(b).
Table 4 gives the variables of the studied propulsion system.
There are three objectives to be minimized simultaneously in
the outer layer optimization. They are the CAPEX, the OPEX
and the weight of the diesel fuel consumed Mpr which are
formulated by (1), (2) and (3), respectively.

OF " = CAPEX (P}, Efyyy» Prc. NpE. Npar. Nrc), (1)

where OF IGA is the objective function of the CAPEX in the
outer layer, Py, Ey , Pp~ are power/energy rating given
in Table 4, Npg, N4, Nrc are the number of power sources
given in Table 3.

OF$* = OPEX(Mpr, Vi) + OPEXpat, )

where OF, 2GA is the objective function of the OPEX, the first
item is the cost of the diesel and hydrogen fuel and the second
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item is the cost of the on-shore charging electricity.
OF$* = Mpr(PpE, Npe, XpE).- 3

where 0F3GA is the objective function of the weight of the
consumed diesel fuel calculated by (6). The diesel fuel con-
sumption actually indicates the emission reduction by com-
paring it to the reference point shown in Fig. 8.

TABLE 5. Variables of MILP.

Description Variables Piecewise approx.
Diesel engines power P}'?E PBEI , P]”“JE2 , P}'JEB

: J
Batteries power PL . -

k k k K

Fuel cells power Pgo PF01 s PFCZ, PF03
Diesel engines binary variable XpE XBEl , X}DEQ,X;‘JE3
Batteries binary variable XBat -
Fuel cells binary variable Xro X};Cl s X},Cz s X}?CS

2) INNER LAYER OPTIMIZATION

Table 5 gives the variables of the inner layer optimization.
They are the power of each component and binary vari-
able related at each time interval. For the binary variable,
1 indicates the component switches on and 0 means off. The
objective of the inner layer is to minimize the OPEX given
by (4) in which the cost of the on-shore charging electricity
in the batteries is not considered. This is because the batteries
always discharge till the minimal SOC at the end to minimize
the diesel and hydrogen fuel consumption for a given power-
train.

OFLP = OPEX(Mpr, Vi), 4)
H Npg ' Nrc
OPEX = > [ Cor Y Mpp(t)+Cr, Y Vi, |, (5)
=0 i=1 k=1
where
Mbp(t) = for(Php () At - Xpg(1), (©6)

Vi, (6) = frc(Ppc(O)At - K Koy - Xpe(@), (7

in which fDF(PBE(t)) is a function of the fuel consumption
rate with respect to the instantaneous power, ch(Pl;C(t))
is a function relating the output power to the total power
generated by fuel cells, Kg_,, and K,,_y are conversion
coefficients relating the power generated to the consumed
hydrogen.

The diesel fuel consumption M, g (#) can be then predicted
by Ppp(t). It is assumed that only the steady-state diesel
fuel consumption is considered while the transient influence
is not taken into account. The fuel consumption is calcu-
lated using the simple analytical engine torque model given
in [38]. The engine torque is modeled as a function of the
fuel consumption m} and engine speed nj,, in the form of a
second-order Taylor expansion of two variables given in (8).
It is in a normalized expression in which the superscript **’
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represents the ratio between the actual value and the nominal
value.

The =1 —ci(1 = npp) + ca(l = njpp)* — e3(1 — mf)
+eg(l—m)? + 2es(1 — npe)(1 —mf),  (8)

where c1-c5 are parameters which determine the trend of the
engine output torque. These five parameters can be calculated
with five measurements on the real diesel engine. If there is
no actual information, these parameters could be roughly esti-
mated by implementing five typical operation points given
in Table 6. Fig. 10 then shows the normalized specific fuel
consumption. This empirical model can then be applied to
estimate the fuel consumption rate by multiplying the specific
fuel consumption by power. The typical fuel consumption
rate curve of diesel engines is given in Fig. 11. It indicates
this curve can be approximated by a quadratic function given

TABLE 6. Parameters for torque estimation.

Operational points np, o m; ThE
1 0.5 0.48

1
2 1 0.06 0
3 0.75 0.5 0.49
4 0.5 0.25 0.2
5 0.5 0.04 0
. 4
2) .
@35/ T e
5 ! n _=1.0
3 3 bE T
E |
@257
c
o] I
o 2h
] \
2 \\\\
:,.(i) 15 B \\x I
8 1 ——
Q
(9]
05 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2
Engine power P
FIGURE 10. Normalized specific fuel consumption.
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FIGURE 11. Typical curve of fuel consumption rate of DEs.
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by:

. . . 2 .
Sor P = i (Ppp®) + BPor) + v ()

where «;, B; and y; are coefficients of the fitted quadratic
function.

It is not straightforward to calculate the hydrogen volume
required for generating each kWh electric energy since the
fuel cell system is complicated. The temperature, the pres-
sure, and even the aging all affect the performance of the
fuel cell system. Therefore, the equation (7) applies the
conversion coefficients to related the power generated and
the hydrogen consumed [10]. However, not all of the power
generated by the fuel cells delivers to the loads, but disappears
in the form of losses. Fig. 12 gives a typical efficiency of a fuel
cells system which describes the function of fr¢ (P’;C(t)) [10].
Fig. 13 gives an example of the total power generated with
respect to the output power of a fuel cells system whose
rated power is 300 kW. Similar to Fig. 11, the original
curve can be approximated by a quadratic function given
by (10) [27].

2
frePhe@) = ak (Pre®) + BPic® + v (10)

where o, Br and yi are coefficients of the fitted quadratic
function.
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However, MILP can only deal with linear problems rather
than quadratic functions like (9) and (10). The easiest way is
to apply piecewise linear functions to get over this quadratic
function [39]. Three segments are adopted in this paper as
shown in Fig. 11 and 13. 51, 57 and s3 are the slopes for three
segments, respectively. The analytical representations of fISF
and f;‘c will be re-formulated by using the piecewise linear
approximation. For brevity, the detailed formulations can be
found in the appendix.

C. OPTIMIZATION CONSTRAINTS
Each diesel engine should not provide a higher power than its
rating. This constraint can be formulated as:

0 < Php(t) < Pp. (11)
Similarly, the batteries have a power constraint as:
Pliar < Pha®) = P (12)

where P’Bm(t) is either a positive value (discharging mode)
or a negative value (charging mode). By doing this, there
is no need to apply additional binary variables to prevent
simultaneous charging and discharging for an individual set
of batteries [10]. Moreover, it is critical to increase the life-
time of the batteries by keeping the SOC within an acceptable
range (0.25 - 0.85 in this paper) as:

SOCpin < SOC!(t) < SOCpax, (13)
where
- Pl (1) - X} (D A

r
E Bat

SOC/ (1) = SOC/(t — 1)

(14)

Fig. 12 gives a typical efficiency of a fuel cells system.
In practical, the system is expected to operate between the
range of 10% and 90% of its rated output power due to the
high efficiency. This leads to the following constraint for the
fuel cells.

0.1 Pl < Phe(t) <09 - Pre. (15)

Finally, the total power generation and consumption should
be balanced during the operation period. This can be formu-
lated as:

NpE Npar .
PL(t) = ) Pp(®) - Xp() + ) Phyy() - Xp, (D)
i=1 J=1
Nrc
+ Y Pie() - Xfe(). (16)
k=1

The left side of (16) represents the total power demand
based on the operational profile given in Fig. 6. The right side
represents the power generated by the diesel engines, the dis-
charging or charging power by batteries and the power sup-
plied by the fuel cells, respectively. For brevity, the detailed
formulations of these constraints using the piecewise linear
approximation are updated in the appendix.
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The weights and volumes of the propulsion system are
also critical to be constrained in practice. However, they
are assumed not to be constrained in this case study since
this paper aims to look into the ideal design of the hybrid
propulsion system with a large emission reduction range.

IV. RESULTS AND DISCUSSIONS

A. OPTIMIZED PARETO FRONTS

The proposed propulsion systems are optimized according to
the above four operational profiles. Fig. 14 gives the Pareto
fronts of the diesel fuel consumption with respect to the
CAPEX. In general, the diesel fuel consumption goes down
when the CAPEX increases. This can be easily explained by
the involvements of the batteries and fuel cells which are more
expensive than the diesel engines. Another thing we could
observe from Fig. 14 is that the case with operational profile
IT reduces the diesel consumption more effectively than the
other three scenarios at the beginning. This will be explained
in the following section.
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FIGURE 14. Diesel fuel consumption vs. CAPEX.
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FIGURE 15. OPEX vs. CAPEX.

Fig. 15 shows the OPEX with respect to the CAPEX for all
scenarios. The OPEX presented here only includes the cost of
the diesel fuel, the hydrogen, and the on-shore charging elec-
tricity for a one-way route. No maintenance and depreciation
costs are considered. The OPEX may vary with different unit
prices in different markets. This paper will not discuss the
OPEX further, but shows the trade-off between the OPEX
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and the CAPEX. Electrical power sources have less operation
and maintenance costs than traditional diesel engines which
might lead to an interesting investigation from the economic
perspective.

Instead of giving the total CAPEX, Fig. 16 shows the
power rating of the diesel engines and fuel cells and the
energy rating of the batteries for different operational profiles.
At first glance, the trends are similar for all four situations.
The diesel engines become smaller while the fuel cells and
the batteries become bigger when the diesel fuel consumption
decreases. However, the detailed sizing and design guidelines
are different depending on the operational profiles and the
emission reduction targets.

B. SMALL EMISSION REDUCTION

The small emission reduction discussed here is about 10%
compared to the original mechanical propulsion systems.
Fig. 16 indicates that the power ratings of the fuel cells are
very small below 10% emission reduction. It actually means
that the fuel cells may not be necessary for the emission
reduction by 10%, at least for this case study. This could
simplify the practical hybrid propulsion systems if only diesel
engines and batteries are considered.

In order to prove the above statement, the propulsion sys-
tems with diesel engines and batteries are optimized using the
same methodology developed in the previous section. Fig. 17
shows the comparison results of the optimized fronts with
and without the fuel cells. In each case, two fronts coincide
on the left which means it is more practical to only involve
the batteries for a small emission reduction target. However,
this is not valid for a higher reduction above 10% in this case
study. The hybrid propulsion systems with both batteries and
fuel cells are more promising for higher emission reduction
targets.

Table 7 summaries the optimal solutions from the Pareto
fronts for the ~10% emission reduction target. Fig. 18 shows
the power schedules of the selected design for each opera-
tional profile. For all scenarios, the batteries support a part
of the power for the going and returning trips in order to
lower the size of the diesel engines. For operational profiles
I and I1I, the batteries provide the whole power between 4 h
and 10 h except the diesel engines support three power peaks
for operational profile III. For operational profiles IT and IV,
they may lead to huge batteries if only the batteries provide
the power within the working area. Therefore, it can be
observed from Fig. 18(b) and (d) that the diesel engines and
the batteries operate alternatively. Although the frequency
of the alternate operation for profile II is higher than that
for profile IV, the similar idea behind is to make the diesel
engines run at high power which finally results in higher
efficiencies.

Fig. 19 shows the diesel engine efficiencies of the original
mechanical propulsion system. Except for operational pro-
file TV, the diesel engines operate a lot of time at low effi-
ciencies. Fig. 20 shows the engine efficiencies of the selected
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Operational P, EL,, CAPEX MpFr
Profile [kW] [kWh] [k$] [ton]
1 628 431 582 0.95
1T 638 342 545 1.15
11 585 574 624 1.10
v 514 933 752 2.08

even though the efficiencies of the engines could be further
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FIGURE 17. Pareto fronts without fuel cells.

hybrid propulsion systems given in Table 7. The diesel
engines run at high efficiencies during most of the time
when they switch on, apart from operational profile II.
The selected hybrid propulsion system for profile II has
already reduced the diesel fuel consumption by about 10%,
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improved. However, as mentioned in Fig. 17, adopting the
fuel cells could be more cost-effective to improve the engine
efficiencies further for operational profile II.

In summary, the hybrid propulsion systems including the
diesel engines and the batteries are most cost-effective and
practical for a small emission reduction target (e.g. ~10% in
this case study). The common idea for different operational
profiles is to improve the efficiencies of the diesel engines.
The batteries provide all the low power for the scenarios with
low energy demand and the engines only switch on to support
the short-time power peaks (i.e. I and III). For the cases
with high energy demand (i.e. II and IV), the diesel engines
provide most of the power and energy. However, the batteries
help the engines operate at higher power which leads to higher
efficiencies.
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FIGURE 18. Power schedule of the selected designs for small emission reduction.

C. MEDIUM EMISSION REDUCTION

The medium emission reduction discussed here is around
50% compared to the original mechanical propulsion sys-
tems. Fig. 20 has indicated that there is little space to improve
the diesel engine efficiencies for operational profile I, III,
and IV. Therefore, it needs a certain amount of fuel cells
and large batteries to achieve this medium emission reduction
target as shown in Fig. 16. One exception is the case for
operational profile II. This can be explained by Fig. 20(b).
The engine efficiencies could still be improved further before
adopting larger fuel cells and batteries.

Table 8 summaries the optimal solutions from the Pareto
fronts for the ~50% emission reduction target. The first three
scenarios roughly have the similar components sizing. The
fourth scenario has a larger fuel cells because its emission
reduction is not mainly contributed by improving the engine
efficiencies.
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TABLE 8. Solutions for medium emission reduction target.

PL. Ep.,. Prc CAPEX OPEX Mpr

[kW] [kWh]  [kW] [k$] ($] [ton]
I 363 1356 251 1364 1245 0.53
1I 511 1064 210 1232 1486 0.67
111 446 1391 278 1484 1468 0.65

v 255 731 885 2270 2810 1.03

Fig. 21 shows the power schedules of the selected design
for each operational profile. For these four operational pro-
files, all power sources provide power together during the
going and returning traveling. This helps to reduce the size
of the individual components for a lower CAPEX. Moreover,
the diesel engines still provide more than half of the power
and energy for going and returning. Although the power
ratings of the fuel cells are different for different operational
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profiles, they operate roughly at a constant power level
during most of the operating time in each scenario. This
helps the fuel cells to operate at high efficiencies resulting
in a lower OPEX. For the working area with low power
demand (i.e. I and II), the diesel engines are switched off
and all the power provided only by the fuel cells. The similar
phenomenon happens for operational profile III. However,
the short-time power peaks are supported by the batteries
rather than the engines like in the previous section of small
emission reduction. For the working area with high power and
energy demand (i.e. IV), both the diesel engines and the fuel
cells provide the power.

In summary, the hybrid propulsion systems including
engines, batteries and fuel cells are more cost-effective to
achieve the medium emission reduction target (e.g. ~50%
in this case study). At this level, it is most likely difficult to
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further improve the diesel engine efficiencies. The emission
reductions mainly depend on the amount of the hydrogen
and the on-shore charging electricity used for the propulsion
comparing to the diesel fuel consumed. In this case study,
the diesel engines and the batteries provide approximately
half of the total power, respectively, for the going and return-
ing voyages. The fuel cells provide relatively low and roughly
constant power during the whole traveling. One exception is
the scenario with high power and energy demand (i.e. IV).
The diesel engines and the fuel cells provide roughly half
of the power required in the working area for the whole
voyage while the batteries support the left power for going
and returning.

D. ULTIMATE EMISSION REDUCTION

The ultimate emission reduction discussed means the
emission-free propulsion systems. Table 9 summaries the
solution designs for the emission-free systems for all oper-
ational profiles. Extremely small diesel engines are still there
in the results. However, they are always switched off if we
check their power schedules. Therefore, it is reasonable to
ignore them in the following discussion. Similar to the previ-
ous section of the medium emission reduction, the first three
cases approximately have the similar sizing of the compo-
nents. Compared to the fourth scenario, the first three hybrid
systems have relatively smaller fuel cells, but larger batteries.

TABLE 9. Solutions for emission-free.

PL,. Eg,. Pro CAPEX OPEX
(kW] [kWh]  [kW] (k$] [$]

I 16 2654 410 2090 1052
I 24 2896 356 2102 1246
M 32 2481 484 2166 1296
IV 26 1010 1230 2955 2582

Fig. 22 gives the power schedules of the selected design
for each operational profile. The first three scenarios almost
follow the same pattern. The fuel cells provide a small amount
(~25%) of the maximal power at the beginning and the end to
lower the sizing of the batteries. The batteries provide most of
the total power and follow the transient power demand for the
going and returning trips. In the working area, the fuel cells
provide almost the whole power apart from the batteries take
over the short-time power peaks for the operational profile III.
The last scenario has the opposite situation. The fuel cells
provide most (~80%) of the power and energy for the going
and returning trips while the batteries support some power to
lower the sizing of the fuel cells. In the working area, only
the fuel cells provide the whole power. Another interesting
thing could be found if we compare the average power to
the fuel cells power rating. The average power is 398 kW,
346 kW, 465 kW and 865 kW, respectively, for each opera-
tional profile. Apart from the last one, the first three values
are close to the fuel cells power ratings given in Table 9. This
fits our common feeling that the fuel cells roughly provide
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FIGURE 21. Power schedule of the selected designs for medium emission reduction.

a long-term constant power at high efficiencies while the
batteries are applied to boost the power and level the energy.

In summary, the hybrid propulsion systems including bat-
teries and fuel cells are common for the emission-free target.
In most cases, the power rating of the fuel cells could be
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roughly selected based on the average power. But it could be
larger for an operational profile with high power and energy
demand. The battery size could then be estimated according
to the maximal power and the energy demand for the whole

voyage.
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V. CONCLUSION

This paper applies a multi-objective double-layer optimiza-
tion methodology to initially optimize the sizing and energy
management of a hybrid ship propulsion system. Regarding
the effects of the hybridization on the emission reduction,
two main ranges are observed from the results of the studied
offshore support vessel. In the low range of the emission
reduction, the main reason is due to the efficiency improve-
ment of the diesel engines. Only using the batteries to assist
the engines is more cost-effective and practical to achieve
a small emission reduction target (e.g. around 10% in this
case study). In the high range, the emission reduction mainly
depends on the amount of the hydrogen and the on-shore
electricity consumed for the propulsion. This agrees with our
expectations, but be proved by the optimized results presented
in this paper.

Regarding the design guidelines for roughly sizing the
power sources, for the small emission reduction target as
mentioned above, the diesel engines provide most of the max-
imal power for the going and returning voyages. The batteries
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either provide the whole power making the engines shut
down in the low energy demand case (e.g. the operational
profiles I and III) or operate alternatively with the engines
making them run at higher power in the large energy demand
case (e.g. the operational profiles II and IV). For the medium
emission reduction target (e.g. ~50%), the diesel engines and
the batteries each provide approximately half of the maximal
power for the going and returning trips while the fuel cells
provide a relatively low and roughly constant power during
the whole voyage. One exception is the operation profile IV
of high power and energy demand. In that case, the diesel
engines and the fuel cells each provide approximately half of
the maximal power and the batteries are sized accordingly.
For the emission-free target, the power rating of the fuel
cells could be roughly determined by the average power. The
batteries could then be sized according to the maximal power
and the energy demand. It would be good to mention that the
exact solutions with specific ratings in this paper might not be
available in the market. However, those initial sizing solutions
leads to the initial design guidelines at the early design stage.
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APPENDIX

OPTIMIZATION CONSTRAINTS

A. DIESEL ENGINES

By using the piecewise linear approximation, the analytical
representation of the fuel consumption rate can be formulated
as:

fhe % $1Ppg, (1) + 2P, () + s3Php (1) + Mpyp, . (17)
The original single variable PiDE(t) is then replaced by
three variables PE)EI (1), P"DE2 (t) and P})E3 (t) given by:

hE(®) = Php (1) + Php (1) + Pl (1). (18)

Therefore, the constraint of the diesel engine (11) used in
MILP is modified by the following three constraints.

0 < Ppy, () < P, (19)
0 < Ppp, () <Py — P, (20)
0 < Ppp,(t) < Php — Ph. (1)

Due to the convexity of the approximated piecewise linear
function, it is guaranteed that PiDE(t) is scheduled in such a
way that the low incremental slope segment will be scheduled
first. In other words, this prevents the operation of PEE3 (t) #
0 while Pf)Ez(t) = 0, for instance.

B. FUEL CELLS
By using the piecewise linear approximation, the analytical
representation of (10) can be formulated as:
fhe ® 5Py (1) + 2P, (1) + $3Phe, (0 + Phe,. (22)
The single variable P’;C (#) can be replaced by three vari-
ables given by:
PEe(t) = Phe, () + Phe, (1) + Pl (). (23)
Then, the constraint of the fuel cells (15) used in MILP is
modified by the following three constraints.

0.1 Pie < Py (1) < PF, (24)
0 < P, () < Py — P, (25)
0 < Pie,() 0.9 Phe — P5. (26)

C. DEMAND SUPPLY
The constraint of the demand supply given by (16) is updated

as:
Npe 3

PL)=) " Ppp () Xpp, (1)

i=1 m=1
Npar Npc 3

+ Y P Xbo 0+ Y Phe (1) Xfe, (0. 27)
j=1

k=1 n=1
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