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HIGHLIGHTS

e Optimal design and operation of a hybrid PEMFC/Li-ion battery propulsion system.
e Optimization-based approach to concurrently minimize costs and PEMFC degradation.

e Reduction of PEMFC degradation by up to 65% respect only cost minimization method.

e The limited PEMFC degradation implies an unavoidable increase in battery capacity.
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ABSTRACT

Hybrid Polymer Electrolyte Membrane Fuel Cells/Lithium-ion battery powertrains are a
promising solution for zero-local-emissions marine propulsion. The present study aims to
optimize the design and operation of such hybrid powertrain for small-size passenger
ferries, taking into account the performance degradation of both fuel cells and batteries. A
Mixed-Integer Linear-Programming approach and a hierarchical method are adopted to
concurrently minimize the fuel cells degradation, the capital expenditure and the oper-
ating expenditure, while constraints are included in the model to limit the battery degra-
dation. The results show that the proposed multi-objective optimization can lead to a
reduction of fuel cells degradation by up to 65% compared to a cost-minimization only.
However, this can imply an increase in the battery capacity by up to 136%. The proposed
method has general validity, and it is a useful tool for both preliminary design and choice
of the optimal energy management strategy for ships energy systems.

Introduction

With around 940 million annual tons of CO,, the maritime
transport is responsible for about 3% of global greenhouse
gases emissions [1,2]. Recently, the International Maritime
Organization (IMO) and other bodies imposed new rules that
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aim to mitigate the climate impact of the shipping sector [3].
Such regulations represent a turning point in the maritime
industry, affecting the entire process of ship design. Indeed,
several fuel consumption and emission reduction strategies
have been identified, regarding, for example, hull resistance
reduction, waste heat recovery on board, combustion
improvement, and alternative fuels and/or power systems.
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Among the latter, Fuel Cells (FC) systems have seen a growing
interest in the last years as they could guarantee zero emis-
sion propulsion [4]. In particular, Polymer Electrolyte Mem-
brane FC (PEMFC) represent today the most mature
technology, at least in sector other than shipping, and are
considered a potentially very promising candidate for trans-
portation (e.g. automotive sector) [5].

Notwithstanding the clear advantages of PEMFC in terms of
emissions, the design and application of such systems on
board of ships entails several issues and challenges. Firstly,
PEMFC require high purity hydrogen (>99.995% of hydrogen in
mass) entering the anode, in order to avoid poisoning of the
platinum-based catalyst. If hydrogen is directly stored on
board in its pure form, the space and safety issues linked to
the storage system and the lack of hydrogen bunkering
infrastructure are amongst the main issues that currently
hamper the diffusion of such systems on a large scale [6].
Indeed, marine PEMFC still represent a niche market, even
though the guidelines and draft codes available today could
accelerate future applications [7,8].

As for the design of PEMFC propulsion systems, a key point
is represented by the FC operation in dynamic load conditions.
In fact, while FC have good capability to follow the power
demand during steady state operation, rapid load variations
would stress the FC membrane, resulting in an increase FC
degradation [9,10]. Moreover, due to the relatively high cost of
FC compared to traditional Internal Combustion Engines (ICE),
itis opportune to hybridize FC systems with an Energy Storage
System (ESS) to meet the total power demand, avoiding large
FC installed power. Among different types of ESS, lithium-ion
(Li-ion) batteries cover, today, the largest market share in the
transport sector thanks to their higher energy density
compared to other commercial secondary batteries, and have
already been implemented also in shipping applications
[11,12].

The ratio of FC power to the total power demand depends
on the role of the ESS, but generally the FC should provide the
base load, while the ESS covers the peak transients [13]. In this
context, the comprehensive review by Pollet et al. [14] on the
current status of FC Hybrid Vehicles (FCHV) points out that
hybrid powertrains involve lower FC installed power and
hence lower costs. In addition, it is stated that an appropriate
control strategy of FCHV could avoid the peak operation of
both FC and batteries, improving the components lifetime.

The study of load allocations and of the Energy Manage-
ment Strategy (EMS) can lead to an overall improvement of the
energy plant operation (in terms of energy efficiency, cost,
etc.). This aspect has been widely investigated for the appli-
cation of hybrid powertrains in the automotive sector and
starts to be examined also in the maritime industry. Two
different approaches can be followed for the definition of EMS:
rule-based and optimization-based. The first approach defines
the EMS on the basis of rules delineated from the human
expertise in the field. Optimization-based approach, instead,
outlines the best EMS through the optimization of the energy
system (e.g. pursuing technical, economic, environmental, or
social targets). Optimization can be either global (i.e. on the
overall operation profile) or real time. The latter implies high
computational effort but has been widely used especially in
the automotive sector since the optimization can be

performed even if the driving cycle is not known in advance.
Extensive reviews on both rule-based and optimization-based
EMS are reported in Refs. [15,16] with reference to automotive
applications. In particular, Yue et al. [16] analyze the possi-
bility to define health-conscious EMSs that account for both
FC and Li-ion battery degradation during the system opera-
tion. The review concludes that the future trend would be the
development of multi-objective optimization problems that
take into account the degradation of the energy units, with a
special focus on achieving a good balance between complexity
and optimality of the system.

The aforementioned studies refer to FCHV, but the infor-
mation has general validity and can be transposed to the
maritime sector. Indeed, research and applications of hybrid
FC/ESS propulsion systems in the shipping industry are still
limited compared to the automotive ones, even though
several studies can be found in the literature.

An extensive overview of hybrid ship propulsion systems is
presented by Geertsma et al. [17], where both mechanical and
electrical propulsion hybrid systems are reviewed. As of the
electrical propulsion systems, the hybridization with an ESS is
analyzed for different main power suppliers (e.g. ICE, gas tur-
bines, FC, batteries). The paper shows that the benefits of the
ESS in a hybrid power system could be diverse, for example the
possibility to switch off one of the main engines when they
would run inefficiently, the opportunity for peak shaving and
load levelling, the reduction of fuel consumption and local
emissions, or the provision of back-up power during a failure.

Other studies available in the literature [18—25] specifically
address FC/ESS hybrid systems. For example, Choi et al. [18]
study the development and demonstration of a PEMFC/ESS
hybrid propulsion system for a 20 m long tourist boat in Korea.
The PEMFC installed power and battery capacity are respec-
tively 50 kW and 47 kWh, where PEMFC cover the base load
and battery is used for peak shaving. Taccani et al. [19] analyze
the technical feasibility of the installation of a hybrid PEMFC/
Li-ion battery energy system for the propulsion of a small
passenger ferry fuelled by hydrogen. The rule-based EMS en-
compasses PEMFC for covering the average load and batteries
for peak shaving. Rivarolo et al. [20,21] propose a general
approach for the analysis of a PEMFC system on board of ships
in terms of energy efficiency, CO, emissions, and costs. In
particular, in Ref. [21] different power generation configura-
tions (i.e. micro gas turbines, PEMFC, solid oxide FC) are
analyzed in order to find the best EMS of a cruise ship. A ge-
netic algorithm is used to minimize the annual variable cost of
the plant. In Refs. [13,22,23] different rule-based EMS are
applied to FC/ESS hybrid ferries. In all cases, rules are defined
on the basis of batteries State Of Charge (SOC) and the ferry
power demand. Other rule-based EMS are proposed in
Ref. [24], where Su et al. propose a general methodology for the
secure and stable operation of hybrid FC/ESS ship power
systems. Wu et al. [25] eventually develop an EMS for the
optimization of a plug-in hybrid PEMFC/Li-ion battery coastal
ferry. The study aims to determine the size of FC and battery
that concurrently minimize the average voyage cost and the
Global Warming Potential (GWP) emissions of a vessel single
voyage. It is assumed that the batteries can only be charged at
ports with onshore power. FC degradation rate is calculated as
function of the operating conditions, while for batteries it is
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assumed an average degradation rate at each time step
calculated on the basis of specific lifetime. More in detail, Wu
et al. [25] evaluate the FC performance degradation as pro-
posed by Chen et al. [26]. More in detail, the reduction of a
single cell voltage at the same current values. The single cell
degradation describes the ageing process of the entire PEMFC
stack subject to load variation, power supplied, and start/stop
cycles. The results report a minimum 65% GWP emission
reduction, however no data on the FC performance degrada-
tion over one-voyage are reported.

Similar approaches for evaluating PEMFC degradation have
been used by Fletcher et al. [27], and Balestra et al. [28]. As for
Li-ion batteries degradation, Refs. [29,30] describe the battery
performance degradation as function of temperature, SOC
and C-rate. In order to avoid excessive computational efforts
implied by this approach, alternative methods have been
developed. In particular, in Refs. [31,32] the Li-ion battery
degradation is included as a constraint in the analysis of en-
ergy systems.

In this context, the present paper aims to find the best
Design and Operation (D&O) of a hybrid PEMFC/Li-ion batte-
ries energy system for the propulsion of Ro-Pax ferries, taking
into account the performance degradation of both FC and
batteries. More in detail, a multi-objective optimization model
has been set to concurrently minimize the FC degradation and
the daily cost (CAPEX and OPEX) of the vessels, while the
battery degradation constrains the minimum battery capacity
to be installed on board. This modeling approach represents
an innovative method for the D&O optimization of marine
propulsion systems.

The analyses have been performed on three different Ro-
Pax ferries (small to medium size), characterized by short
and frequent coastal routes during the day, as this type of
ships could be particularly suitable for advantageous appli-
cation of hybrid FC/ESS powertrains. It is assumed to have
only one hydrogen refueling per day and that the batteries
cannot be charged with onshore power. These choices have
been made in order to limit as much as possible the overall
complexity of the ground infrastructure (e.g. plug-in infra-
structure, refueling stations). In addition, hydrogen could be
produced by exploiting the availability of energy from
renewable sources and then stored without a relevant self-
discharge rates, as reported in several recent studies [33—38].

Among different approaches proposed in the literature for
the optimization of ship energy systems (see e.g. Refs.
[39-42]), a Mixed-Integer Linear Programming (MILP)
approach has been chosen in this study. This method has
been widely applied in similar studies available in the litera-
ture for both ships and on-land applications (e.g. Refs.
[43—46]), where different production units jointly operate for
the satisfaction of a time variable power demand. An exten-
sive synthesis of MILP approach is proposed by Rech in
Ref. [47], where the author reports a detailed description on
variables, equations, operational constraints and objective
functions that are required for the dynamic optimization of
such systems.

The first part of the paper describes the energy systems
considered and the main characteristics of the ferries
analyzed in the case studies. Afterwards, the D&O

optimization model is described and results are presented and
discussed.

Case study

This study aims to analyze the optimal design and operation
of Ro-Pax ferry energy systems, based on PEMFC, fuelled by
hydrogen, stored in cryogenic form. As for ESS, Li-ion batteries
with Nickel Manganese Cobalt Oxide chemistry (NMC) have
been chosen given their high specific energy and their matu-
rity for maritime applications [11].

Three Ro-Pax ferries are chosen to compare the optimiza-
tion results, i.e. the optimal D&O variables of hybrid FC/bat-
tery system. Ferries are different in terms of size, power
installed onboard, and typical operative profile (see Table 1 for
the technical characteristic). Existing power generation sys-
tems are taken as reference for volume and weight available
for the installation of the new energy systems.

Fig. 1 shows the power demand profiles of the three ferries,
used as input data of the optimization problem. For each ferry,
power demand at each time step is evaluated as function of
typical speed data available on [48]. Cubic polynomial fits are
used to approximate the speed-power relationship of each
vessel, as proposed for example in Ref. [49]. Auxiliaries power
demand are estimated in accordance with typical values for
each ferry. Each electrical demand is evaluated for 1-min in-
tervals. At each time step, the energy system (presented in
Section) shall fulfil the entire energy demand of the ferries.

Energy system description

This section aims to describe the energy system proposed to
fulfil electricity demand of ferries. Fig. 2 shows the conceptual
schematic of a ferry energy system, where design parameters
variables are written in red and operation variables in green.
The first ones identify the size of the energy conversion and
storage units that are chosen according to the EMS optimiza-
tion criteria. The second ones are input and output power
flows.

As shown in Fig. 2, cryogenic storage has been adopted for
hydrogen at a temperature of 20 K and pressure of about 1 bar.
Liquid hydrogen can reach an energy density of about 70 g/l,
and hence could be an interesting alternative for maritime FC
applications in terms of volume and weight of the storage
system. Nevertheless, the use of liquefied hydrogen storage on
board entails severe safety implications, even if some barriers

Table 1 — Main technical characteristics of the considered
ferries.

Very small Small Medium
ferry ferry ferry
Length x Width (m) 42.0 x 9.4 579 x 13.1 88.6 x 13.6

Gross tonnage (tons) 282 630 2,055
Propulsion engine (kW) 2 x 206 2 x 637 2 x 746
Auxiliary engine (kW) 2 x 28 2 x 200 534
Engine volume (m?) 15.5 44.9 56.2
Engine weight (kg) 7,185 20,928 26,160
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Fig. 1 — One-day power demand profile of: very small-size
ferry (a), small-size ferry (b) and medium-size ferry (c).

of using cryogenic gases for ship propulsion have been over-
come as today liquefied natural gas is already a logistic fuel in
marine applications and IMO has published the “International
Code of Safety for ships using gases or other low flash point
fuels” (IGF Code [7]) [S0—-55]. In the proposed energy system,
the stored liquefied hydrogen is pumped to a vaporizer, indi-
rectly heated by seawater or air. After that, gaseous hydrogen
at a pressure between 5 and 30 bar passes through a reduction
valve to power PEMFC. This type of fuel cell requires hydrogen
at a temperature of about 20 °C—60 °C and pressure of about
1 bar—1.5 bar. The energy demand of the fuel management
system is considered constant at varying load. In the same

way, global electric efficiency of the power conditioning sys-
tem is assumed to be constant and equal to 95%.

Methods

This section aims to present the simulation model imple-
mented to optimize the design and operation of the proposed
energy system. The behavior of conversion and storage units,
i.e. PEMFC stacks and Li-ion battery, is described using
mathematical relations, shown in Egs. (4)—(19). An innovative
approach allows to include the performance degradation
model for both FC and battery in the D&O optimization. In this
way, energy system operation depends on the optimal oper-
ation of the single units, in terms of energy performance and
degradation.

Characteristics of the optimization model are outlined
with specific emphasis on the choice of the objective func-
tions and on the characteristics of the equations included in
the model of each conversion or storage units. A MILP
approach is chosen, since the performance characteristic
curves of the units can be linearized without a significant loss
in accuracy, while obtaining a lower computational effort
than other approaches [44,46,47]. Binary variables (¢ in Egs.
(1)—(14)) are used to decide about activation/de-activation of
each unit during operation. A flow-chart of the optimization
approach is shown in Fig. 3.

The optimization model is written with Python program-
ming language [56] and solved with Gurobi Optimizer [57].

The MILP optimization problem is set as:

Find x'(t) and &"(t) (i.e. the optimum values of the contin-
uous, X, and binary, , decision variables associated with the
design and operation of the energy system) that maximize or
minimize the objective function Z (Eq. (1)) subject to the
constraint equations g(t) and inequalities h(t) (Egs. (2) and (3)),
on which the model of the energy system of the considered
ships is based.

Z=f(x"(t), 8"(t)) )
g(x'(t), (1)) =0 )
h(x'(t), 8"(t)) <0 3)

The following subsections shows the g(t) and h(t) re-
lationships in Egs. (2) and (3) and the Z objective functions in
Eq. (1), and the method used to optimize multi-objective
function systems.

PEMFC stacks model

The design decisional variable of PEMFC is n, defined as the
optimal number of FC stacks included in the energy system.
With this modeling approach, the D&O optimization model
has a limited computational effort, and it is possible to use
linear curves to approximate with a good accuracy the char-
acteristic curves of FC. Usually PEMFC are modularized and
manufacturers propose fixed stacks size. According to these
assumptions, it is considered that a single stack has a nominal
electric power of 100 kW (Pgc,,). A typical performance
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characteristic curve, i.e. FC efficiency at varying FC power
load, has been elaborated on the basis of commercial products
for marine applications [58—61]. In order to simplify the
overall mathematical structure of the optimization problem, it
has been decided to represent the FC characteristic curve in
terms of fuel consumption per power output. The fuel con-
sumption has been expressed in kW, and is defined as the
ratio between the FC power output and the FC efficiency.

Fig. 4 shows the characteristic curve of a 100 kW PEMFC
stack; the y-axis identifies the fuel consumption per hour
(measured in kW), the x-axis the electric power produced by
the stack. It can be noted that the curve is well approximated
with a linear curve in the PEMFC stack operation range (from
20% to 100% of the nominal power). Other nominal power
values for the stacks could be easily implemented in the model
by modifying the characteristic curves of the proposed ones.

Equations describing i-th PEMFC stack operation are:

Frc, (t) = Rapc*Prc, (£) + Rarc *0rc, (t) + Ostup, (£) *Fstart *Prcex (4)
Recmin * Prepa: ¥Orci(t) < Prc, (t) < Rrc, max*PECme *0rc; () (5)
Ape > [P, (t) — Prc, (t— 1) (6)
0 < 0rc; (t) = Orc, (t+1) + Ostup, (t) ()
where:

e kRipc and kopc=linearization coefficients of the stack
operation;

o Prc,(t)=power output of PEMFC i-th stack (in kW);

e Orc, (t)=on/off status of the i-th stack;

dstup; (t)=start-up phase for the i-th stack;

Fstarr=fuel consumption in start-up phase;

e Prc,.=nominal power of the i-th stack;

Recmin and krc max=limits of the power i-th stack range;
Ap,.=load variation allowed for the i-th stack.

Performance degradation model of PEMFC

Egs. (8)—(12) describe the performance degradation of PEMFC
stacks, which is defined as the voltage reduction of a single
cell at equal current output, assuming that the behavior of a
single cell can approximate the one of the entire FC stack
[25—28]. The loss of power depends on:

e load variation (in Eq. (8)), defined as the variation of power
(kW) between t and t+1;

e start/stop cycles (in Eq. (9)), defined as the number of start-
up phases occurred for the i-th PEMFC stack, i.e. 3 (dstup, (t))
(defined in Eq. (7));

e power converted by the i-th PEMFC stack (in Eq. (10)),
defined in dependence of the stack current (in Eq.

(1))

For each time interval t, Eq. (12) defines the total loss of
voltage for the i-th single cell, described with MILP equations.

dvloadi (t + 1) = }PFC‘ (t) — PFCi (t + 1) ! *Auload (8)
AV st.up, (t) = Ostup; () * AVstup ©)

AV, (t) = Ra,, *Iec, (1) + Rz, (10)
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dVi(t) = dvload( (t) -+ dvst_’up( (t) -+ dVPrc, (t) (12)
where:

o dVi,e4 (t)=voltage reduction due to load variation of i-th
single cell;

e Aupg=proportionality constant for load variation;

o dVs up (t)=voltage reduction due to start-up of i-th cell;

o Avgp=constant value of voltage reduction due to start-up
of i-th cell,

e dVp, (t)=voltage reduction depending on the power pro-
duced by i-th cell at time t;

e Irc,(t)=mean current intensity supplied by the i-th cell;

e k1, and k,, =proportionality constants describing voltage
at varying current of i-th cell;

e k1, and ko, =proportionality constants describing current at
varying power of the i-th cell;

e dV;(t)=total loss of voltage in the i-th cell.

Lithium-ion battery model

The Li-ion battery operation is described by the following
equations:

Ebatt(t) :Ebatt(t - 1) + (nbat‘t * Pl:an(t) - (1 / mnm) * P;at‘t(t)) (13)

Socmin * Ebatterymx < Ebatt(t) < Socmax’}"Ebu!:tevy],,mX (14)

Ebatt(o) = Ebatt (tﬁn) (15)

where:

e Eyqt(t)=energy stored in the battery at time t;

o mar=charging/discharging energy efficiency;

e P/ () and P, (t)=output/input battery
respectively;

® Epattery,. —€1€Ctrical energy capacity of the battery;

e SOC,in and SOCax=coefficients refer to the minimum and
maximum battery SOC.

batt power,

The design decisional variable of Li-ion battery is the
nominal energy capacity (Epattery,.,,)» Which is limited by the
maximum and minimum SOC.

It is required that the SOC at the initial and at the final
time step of the optimization period (i.e. one-day) are the
same.

Mpare 1S SUpposed to be constant at varying of the C-rate.
Given the high complexity of the energy system and the
limited variation of 7,4, this assumption does not lead to a
relevant error in the results of the optimization problem.

Performance degradation of Li-ion battery

Li-ion battery degradation can heavily affect the overall eco-
nomic feasibility, the weight, and the volume of an energy
plant. In this study, the Li-ion battery degradation is included
in the model in a simplified way, following the procedure
proposed in Refs. [31,32], in order to avoid an excessive
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increase in the computational effort required for the optimi-
zation. In fact, an exhaustive model would require the use of
quadratic constraints to accurately describe the behavior of
Li-ion battery at varying charging/discharging electrical
parameters.

Firstly, the battery capacity Epattery,,, 18 Oversized to ensure
the required energy storage at end of life of the battery:

Ebatter
__ Sbatterymax (16)

Cbatt;os = T

where:

e Cparos=0OVversized battery capacity at end of the battery
lifetime;

® Epattery =re€quired battery capacity at the beginning of the
battery lifetime;

e EoL =share of battery capacity at the end of its lifetime.

Note that the battery oversizing due to the discharge effi-
ciency and Depth Of Discharge (DOD) is already accounted in
Egs. (13) and (14). Afterwards, assuming that the battery de-
grades linearly over its lifetime, an averaged battery capacity
Chatt.qv is calculated as:

EoL+1

Crattav =

Cbattzos (17)

A constraint is therefore included in the optimization
model, defined as follows:

tin
LTvan * Z Py (t) < E (18)

t=tg

where:

LTy,w=Dbattery lifetime;

to and ts,=initial and final time step in the day;
P} ..()=battery power supply at the time step t;
¢ Ey,=energy throughput of the battery (in kWh).

The energy throughput of the battery E; is the total
amount of energy that a battery can store and deliver over its
lifetime, and it is calculated as follows:

Etp = nbatt*Ncycle.max*Cbatt,au *DOD (19)

where:

o LT,r=battery lifetime;
¢ Neydemax=maximum number of battery cycles;
e DOD=Depth Of Discharge.

Energy system constraints

This section explains the relations used to describe the overall
characteristics of the energy system proposed for the ferries.

Electric energy balance

The energy balance in Eq. (20) ensures that the energy system
(hybrid PEMFC/Li-ion battery propulsion system) totally fulfill
the ferry energy demand in each time interval t (of 1 min, i.e.
At =1 min). For simplicity, the equation is expressed in terms
of power, being the length of the time intervals (At) constant.

D " Prc, (1) + Plogs (t) = Paux(t) + Pprop(t) + Py (1) (20)
i=1
where:

e Prc,(t)=power supply by the PEMFC i-th stack (kW);

P} . (t) e Py . (t)=output/input battery power, respectively,
Paux(t)=auxiliaries power demand,

Pyrop(t)=propulsion power demand.

Volume and weight of the plant

Volume and weight are extremely important parameters for
the design of ship energy systems. For this reason, Egs. (21)
and (22) limit the volume and weight of the alternative en-
ergy system within those of the conventional propulsion
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Table 2 — Input parameters of the optimization model.

thn

: n

Parameters Unit Value Ref. / (Fre, (6) *dt) * Vi, | + Evatteryne * Voare 1% Prcpn, * Vic
cn, €/kWh 03 [44] =\
Chatt €/(kWh-da 0.747 11,12,31,32
cre e/gkw- day)y ! 5.137 {57760] ! < Volumeeng™*(1+ Cov)
Cov \ 0.2 N.A. (22)
AVioad PV/AKW 0.0441 [25—28] )
AVstup uV/cycle 23.91 [25—28] Wwhere:
DoD % 80 [11,12,31,32]
EoL % 80 [11,12,31,32] e n=number of PEMFC stacks with an output nominal power
Nbatt % 90 [11,12,31,32] of Prc,
Fstart h 0.1 [25—28] e Vy,=volume occupied by hydrogen and its storage system
Kig WV/A 0.0351 [25-28] (evaluated per energy unit, i.e. m3/kWh);
tzdv {N 2;22 {527?1;} e Vyar=volume occupied by the battery (evaluated per energy

1 . - .
Ko, kW ~14.771 [58—61] unit, i.e. m?/kWh); '
ks, A/KW 4.3479 [25-28] e Vpc=volume occupied by a PEMFC stack (evaluated per
ko, A ~39.729 [25—28] power unit, i.e. m3/kW);
LTt years 3 [12,14] e wy,=weight of bunkered hydrogen and its storage system
Neydle max cycle 6529 [11,12,31,32] (evaluated per energy unit, i.e. kg/kWh);
f’i:‘:x fnvé]/kWh (1)2)0091 Eﬁizal,‘%z] o Zzba;;/v}iéight of the battery (evaluated per energy unit, i.e.
Ve m*kwW 0.0312 [58-61] 9/ ),’ .
Vi, m*/kgH, 017 [62—64] o wrc=weight of a PEMFC stack (evaluated per power unit, i.e.
Whatt kg/kWh 7.98 [11,12,31,32] kg/kW);
Wi kg/kW 20 [58—61] e coy=correction oversizing factor.
Wi, kg/kgH, 28.5 [62—64]

Objective functions

A multi-objective optimization has been used to find the best
D&O of the hybrid FC/battery propulsion system, using the
MILP solver Gurobi Optimizer [57]. For multi-objective opti-
mizations a “Hierarchical Objectives” method is adopted,

systems (engine volume and weight in Table 1) increased by
an acceptable correction factor to take into account the cur-
rent limited development state of FC systems.

e fixing different priorities for the objective functions. The
Z /(chx(t)*dt)*sz + Ebatterymex ¥ Whatt + 1 * Prce * Wre method consists in a chain of consecutive optimizations
=1\ % starting from the objective function with higher priority.
< Weighteng*(1 + Coy) Among the set of solutions, which maximize/minimize the
(21) higher-priority objective function, algorithm searches for the

best solutions to optimize the following objective functions in

Table 3 — Main results of the multi-objective D&O optimization (cost minimization and FC degradation minimization).

Design Operation
FC Battery Volume of main Weight of main  Daily FC H,
nominal installed units (m?) units (ton) cost degradation consumption
power (kW) capacity (kWh) (€/day)  (nV/day) (kg/day)
Very small-size ferry 2 x 100 286 8.3 6.2 2590 214.5 157
Small-size ferry 4 x 100 330 14.9 11.0 5335 212.6 351
Medium-size ferry 6 x 100 657 23.5 17.5 8074 230.5 519

Table 4 — Main results of the single-objective D&O optimization (only cost minimization).

Design Operation
IEC Battery Volume of main Weight of main  Daily FC H?
nominal installed units (m?) units (ton) cost degradation consumption
power (kW) capacity (kWh) (€/day)  (wV/day) (kg/day)
Very small- size ferry 2 x 100 202 7.7 5.7 2456 620.5 152
Small-size ferry 3 x 100 140 10.4 7.8 4893 565.4 359
Medium-size ferry 7 x 100 377 24.6 17.7 7927 366.8 497
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priority order. The optimum solution is chosen among the
solutions that do not worsen the previous objective functions,
unless a gap from the best values of the previous objective
functions is allowed (see Ref. [57]).

In this work, two objective functions have been specified,
namely cost (f; in Eq. (23)) and FC degradation (f, in Eq. (24)).
The first function describes the cost of one-day operation of
the energy system, takinginto account the CAPEX and OPEX of
energy units, the second one describes the performance
degradation of the PEMFC stacks included in the energy sys-
tems. In this case, a higher priority has been set for the
minimization of f, and a 10% deviation from the optimal value
of the function is allowed.

tin

/(FF‘C] (t) * dt) * CH2

ey

i=1

+ Ebattevymax * Cpatt + 1 * PFCmX *CFC

(23)

fo= / avi(t) (24)

where:

e cy,=hydrogen cost (evaluated per energy unit, i.e. €/kWh);
o cpar=battery cost (evaluated per energy unit, i.e. €/kWh);
o cpc=PEMFC stack cost (evaluated per power unit, i.e. €/kW).

The results of the multi-objective optimization are then
compared with the ones of a single-objective optimization for
cost minimization (f; in Eq. (23)). In this way, it is possible to
appreciate the influence of the objective function f, (Eq. (24)) in
the overall optimization of the system. In Tables 3 and 4, the
optimal values of the objective functions f; and f, are reported
in “Daily cost” and “FC degradation” columns, respectively.

Results

In this section, the optimization results are presented and
discussed for each of the three vessels. More in detail, Table 2
reports the parameters adopted in the optimization. The pa-
rameters referring to PEMFC and battery are calculated ac-
cording to data collected from the literature and elaborated on
the basis of commercial devices. As for PEMFC and battery
CAPEX, a three-years lifetime for each unit has been set to
evaluate a daily CAPEX depreciation. The battery lifetime
LTpate has been elaborated from indications available in
Ref. [14].

With the adopted parameters, the multi-objective optimi-
zation leads to the results reported in Table 3 and plotted in
Fig. 5.In particular, Fig. 5 shows the best operation of the three
ferries as resulting from the multi-objective D&O optimiza-
tion. It can be noted that FC tend not to operate at nominal
power to avoid higher degradation rates, even though, in some
cases, the operation of FC at nominal power could avoid the
increase of the battery size. For example, Fig. 5 c shows that
the best operation of the medium size ferry requires the FC to
work at nominal power for about 4 h in a day. In this way,
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Fig. 5 — Best daily operation of the (a) very small, (b) small,
and (c) medium size ferries according to the multi-objective
optimization results. For each time step, energy store in
the batteries (Epar), FC power output (Pgc) and electrical
power demand of the ferry (Pgemand) are represented.

additional CAPEX for FC and battery are avoided, resulting in
an overall limitation of the daily cost of the ferry. It is
important to note that this aspect is also influenced by the
currently high cost of FC and battery (see Table 2), which could
rapidly decrease in the next years if such technologies will
reach a larger market share, hence modifying the best D&O
configuration. However, the proposed optimization model has
general validity and can be easily adapted to a wide range of
market scenarios (e.g. different CAPEX, overall improvement
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of units performance, reduced volume and weight of the units,
different ship types) by modifying the optimization parame-
ters in Table 2.

To highlight the influence of the FC and battery perfor-
mance degradation, the multi-objective optimization (MO)
results in Table 3 are compared with the ones of a single-
objective (SO) optimization reported in Table 4, where only
the cost is minimized.

If the minimization of FC degradation is not an optimi-
zation criterion, the FC can follow the power demand,
possibly with rapid load variation and/or a high number of
start/stop cycles. This aspect affects not only the operation,
but also the design of the ferry energy systems. As for the
operation, it can be seen from the comparison of Table 3 and
Table 4 that the FC degradation is significantly higher in SO.
In particular, for the very small ferry the FC degradation in
SO is about 189% higher than the one in MO. In the
considered power profiles and on the basis of the assump-
tions taken into account, the daily hydrogen consumption
remains almost constant. As for the design, the wider range
of FC operation to fulfil the power demand in SO results in a
lower installed capacity of the batteries (e.g. the battery
capacity of the small ferry would be reduced by about 60%).
This, in turn, might cause an increase in the overall volume
and weight of the shipboard energy conversion and storage
units in MO, as it happens for the small size ferry, where
volume and weight are increased by about 43% and 41%
respectively compared to SO. However, it should be noted
that, for all ferries, costs remain almost unchanged from SO
case to MO one.

Conclusions

The paper suggests a methodology for the D&O optimiza-
tion of hybrid PEMFC/Li-ion batteries energy systems for
Ro-Pax ferries. Both FC and Li-ion battery performance
degradation have been taken into account in the model.
More in detail, a MILP approach is adopted to describe
conversion and storage energy units and a multi-objective
optimization model has been performed for the concurrent
minimization of FC degradation and daily CAPEX and
OPEX of the vessels. Three ferries are chosen as case
studies, to show the ease to adapt the method to different
ships, in terms of size, power installed on-board, and daily
power demand profile.

The optimization results show that the EMS prevents
FC from operating at nominal power to avoid excessive
degradation, even if sometimes this operating mode is
necessary to limit the overall CAPEX and OPEX cost of the
ferry. The multi-objective results were also compared to
the ones of a single-objective optimization for the cost
minimization, showing that the first approach can poten-
tially reduce FC degradation by up to 65%, without sig-
nificant changes in costs. The comparison also shows that
if FC degradation is minimized, it is necessary to increase
the battery capacity by up to 136%, causing an increase in
the overall weight and volume of the system, but without
exceeding the values of the traditional ICE system
currently installed.
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Overall, the proposed methodology could be applied for
both the preliminary design and the choice of optimal EMS for
different size and type of ships, demonstrating the general
validity of the method.

Further developments of the model are planned to
include detailed modeling of the FC efficiency with load, the
Li-ion batteries and the power conditioning system in
different operating conditions, and to include heat recovery
in the energy system. In addition, solar energy could be
considered as an energy input in an improved optimization
model.
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