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Abstract: The need to decarbonize the shipping sector is leading to a growing interest in fuel cell-
based propulsion systems. While Polymer Electrolyte Membrane Fuel Cells (PEMFC) represent one
of the most promising and mature technologies for onboard implementation, they are still prone to
remarkable degradation. The same problem is also affecting Lithium-ion batteries (LIB), which are
usually coupled with PEMFC in hybrid powertrains. By including the combined degradation effects
in an optimization strategy, the best compromise between costs and PEMFC/LIB lifetime could be
determined. However, this is still a challenging yet crucial aspect, rarely addressed in the literature
and rarely yet explored. To fill this gap, a health-conscious optimization is here proposed for the long-
term minimization of costs and PEMFC/LIB degradation. Results show that a holistic multi-objective
optimization allows a 185% increase of PEMFC/LIB lifetime with respect to a fuel-consumption-
minimization-only approach. With the progressive ageing of PEMFC/LIB, the hybrid propulsion
system modifies the energy management strategy to limit the increase of the daily operation cost.
Comparing the optimization results at the beginning and the end of the plant lifetime, daily operation
costs are increased by 73% and hydrogen consumption by 29%. The proposed methodology is
believed to be a useful tool, able to give insights into the effective costs involved in the long-term
operation of this new type of propulsion system.

Keywords: PEMFC degradation; lithium-ion battery degradation; health-conscious optimization;
hybrid PEMFC ship propulsion; MILP approach; RO-Pax ferry

1. Introduction

In the last few decades, an increasing number of restrictions has been introduced in
the transportation sector in order to reduce greenhouse gases and pollutant emissions. This
has posed new technological challenges, and the need to explore new solutions is ever
more urgent. In particular, growing efforts have been placed in reducing the emissions of
the shipping sector, where the new and upcoming restrictions require a thorough revision
of the whole ship building process. The urge to develop and upscale new technological
solutions for decarbonizing the maritime transportation sector has promoted the research
and development of different strategies. Among them, fuel cell-based propulsion has
gained attention, as was demonstrated by several national and international initiatives
on this topic [1-4]. As emerged from a previous study by the authors [3], one of the most
promising solutions employs hydrogen-fuelled Polymer Electrolyte Membrane Fuel Cells
(PEMFC), hybridized with a Battery Energy Storage System (BESS). In fact, it is well known
that hydrogen-fueled PEMFC can potentially guarantee zero-emission propulsion: this
feature makes their use fully compliant even to the most stringent regulations. As has
already been demonstrated in several analyses, a small to medium sized vessel could
benefit from the installation of hybrid PEMFC/BESS propulsion systems. In fact, the
technical and regulatory barriers are currently limiting the installed power of PEMFC to
few hundred kW, as highlighted in Table 1 and extracted from [3]. As for BESS, Table 1
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also points out that the most recent projects use Lithium-Ion Batteries (LIB), as LIB are the
commercial product with the best characteristics in terms of specific energy [5].

Table 1. List of projects on hybrid PEMFC/BESS propulsion systems. Elaborated from [3].

Project Name Start Date End Date PEMEFC Power Battery Type and Capacity Ref.
Elektra and
Elektra 2 (e4ships 2017 2024 300 kW LIB, 2.5 kWh capacity [6,7]
consortium)
Energy observer 2017 2024 22 kW LIB, 122 km prop.glslon, 18kWh [8,9]
daily facilities
Aero 42 - 2023 2800 kW LIB, 672 kWh [10,11]
Race for water 2015 2021 60 kW LIB, 745 kWh [12]
Future Proof - 2021 635 kKW LIB, 300 kWh [13]
Shipping
Kamine boat 2018 2020 60 kW LIB, 60 kWh [14,15]
Water Go Round
Golden Gate Zero - 2020 360 kW 100 kWh, no data on the type [16,17]
Emission
Zeff (part of 50 kWh estimated; type of
Pilot-E scheme) 2018 2020 2200 kW batteries under evaluation [18,19]
ZeroV - 2017 1800 kW LIB provide for 200 kW power [20,21]
Busan tourist boat - 2016 56 kW LIB, 47 kWh [22]
ZEMSHIP FSC 2006 2013 100 kW Lead gel, 560 V (7 x 80 V) 360 Ah [23-25]
Alsterwasser
Nemo H2 2008 2011 60-70 kW Lead acid, 55 kW [26]

The main drawback of such hybrid PEMFC/LIB powertrains is that both PEMFC and
BESS are prone to degradation, which is responsible for the overall reduction of the plant
lifespan. Hence, a correct design and management of hybrid PEMFC/LIB powertrains
is fundamental in order to achieve their cost effectiveness [27,28]. The management of
hybrid PEMFC/LIB powertrains also includes the energy-efficient power allocation, usually
addressed by the definition of an Energy Management Strategy (EMS). The latter can be
defined following different approaches, among which rule-based and optimization-based
ones are the most investigated in the literature on ship propulsion systems.

As for rule-based EMSs, an example is provided by Taccani et al. [29], who analyzed
the implementation of a hybrid PEMFC/LIB power system for the propulsion of a small-
sized ferry. The authors proposed a rule-based EMS in which PEMFC work at a constant
load in order to cover the average power demand of the vessel, while LIB are used for
peak shaving. Moreover, Han et al. [30] proposed a state-based EMS to control the energy
flows between the PEMFC and the batteries of the hybrid ship Alsterwasser depending on
the vessel power demand and the battery State of Charge (SOC) [23-25]. The same vessel
was also studied by Bassam et al. [31], who proposed an improved state-based EMS for
the hybrid PEMFC /battery system taking into account the PEMFC efficiency as input to
the proportional-integral EMS. By adopting the proposed EMS, up to 3.5% of hydrogen
daily consumption could be saved in comparison with a previously proposed strategy [30].
The main advantages of rule-based EMSs lie in their simplicity of use, which makes them
practical for onboard applications. As a drawback, their operative principle is based on
human expertise, and they could easily reflect human errors generated while defining the
control strategy.

To overcome this issue, some studies proposed optimization-based EMSs [32-39].
For example, Rivarolo et al. [32,33] developed two computational tools dedicated to the
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preliminary design and the thermo-economic analysis of different engineering solutions for
ship power systems, including PEMFC and Solid Oxide Fuel Cells (SOFC). The proposed
methodology provided the best energy system configuration in terms of environmental
impact, cost, and overall dimensions. Bassam et al. [34] defined a multi-scheme EMS
that minimizes the equivalent fuel consumption over one operation day of the hybrid
PEMFC/BESS passenger ship Alsterwasser [23-25]. The developed EMS resulted in a
16.7% reduction of the total hydrogen consumption with respect to previously proposed
EMSs. Zhang et al. [35] designed a real-time optimization EMS that took into account
the degradation of PEMFC and used a high-pass filter to prolong battery life. A similar
approach was followed by Chen et al. [36], who employed a whale optimization algorithm
to optimize size and frequency for a hybrid battery/supercapacitor fuel cell ferry. Wu
et al. [37] included the calculation of PEMFC degradation in the optimization of a hybrid
plug-in PEMFC/BESS ferry for coastal navigation, defining the optimal size of the system
by considering both greenhouse gas emissions and economic performances. For the same
ferry, Wu et al. [38] recently proposed a reinforcement learning approach for the definition
of an adaptive EMS. In both [37,38], the BESS degradation rate was set as a constant in
each time step, independently from the operating conditions. Pivetta et al. [39] proposed
a multi-objective design and operation optimization of three different ferries for coastal
navigation, adopting a Mixed-Integer Linear Programming (MILP) approach based on a
simultaneous minimization of PEMFC degradation, investment cost and operation cost.
In this case, battery degradation was set as a constraint of the optimization model. As a
main outcome, it was found that in order to limit both battery and PEMFC degradation,
the battery capacity should be increased by up to 136%.

Although EMSs taking into account system degradation (also known as health-
conscious EMSs) are of great interest for the shipping sector, the interplay between PEMFC
and BESS degradation has been rarely addressed as of yet. Interesting contributions on this
point can be found in the recent literature on hybrid PEMFC/BESS powertrains for other
types of applications [40-47]. Some remarkable examples have been provided by Cinar
et al. [43], Liang et al. [44], and Wang et al. [45]. The former group [43] used meta-heuristic
algorithms to optimize hydrogen consumption in the aircraft sector. The second one [44]
compared two EMSs (composite fuzzy control versus Pontryagin’s minimum principle)
for hybrid PEMFC/LIB logistics, while the third one [45] proposed a health-conscious
EMS for a hybrid PEMFC/LIB bus. Both PEMFC and LIB degradation were included as
the objectives in a cost-optimization problem. In addition, Li et al. [46] studied an online
adaptive EMS for a PEMFC hybrid vehicle, which takes into account the degradation of
PEMFC, batteries, and supercapacitors. The authors concluded that the degradation of one
of the power sources implied an increase in the degradation of the other ones. Moreover,
they proved that the proposed EMS guaranteed normal plant operation also in case of
plant source degradation. However, a holistic analysis throughout the whole plant lifetime
was not addressed, and a quantitative plant lifetime estimation was not provided. Lastly, a
comprehensive review on health-conscious EMSs for hybrid fuel cell vehicles was proposed
by Yue et al. [47], who concluded that future trends in this research field should address
the multi-objective optimization of a hybrid PEMFC/LIB system including degradation
modeling and lifetime estimation methods of the power sources, possibly limiting the
overall complexity of the problem.

Overall, the literature review pointed out the importance of considering the degra-
dation of both PEMFC and LIB in optimizing the entire hybrid ship-propulsion system.
However, it emerged that a holistic optimization procedure that takes into account the
progressive worsening of both PEMFC and BESS performances with the progressive ageing
over the plant lifetime has not been addressed yet. This indeed would be fundamental for
a complete understanding of the costs involved in the operation of hybrid PEMFC/LIB
propulsion systems. To fill this gap, the present study proposes an innovative methodology
that (i) evaluates the degradation over time of both PEMFC and LIB, (ii) optimizes the oper-
ation of a hybrid PEMFC/LIB powertrain over the entire lifetime, and (iii) simultaneously



Energies 2021, 14, 3813

4 0f 20

minimizes the fuel consumption and the power source degradation rates. As is widely
recognized, the MILP approach is a good candidate for optimizing complex energy systems
because it allows a reduction in the computation effort with respect to other optimization
techniques [48-51]. Therefore, in this study, MILP equations have been used to describe
the hybrid PEMFC/LIB operation and a multi-objective optimization has been performed.

A small-size ferry for coastal navigation has been taken as case study to perform the
optimization of operation over the entire power plant lifespan. The design of the system
previously optimized in [39] has been taken as a reference for the operation optimization
here proposed. Here, Lithium Iron Phosphate (LFP) chemistry has been chosen as LIB. In-
deed, among different LIB chemistries Nickel Manganese Cobalt (NMC) and LFP batteries
are addressed as the most mature technologies for shipping, but LFP are slightly better in
terms of safety onboard [5].

The first part of the paper describes the methodology proposed for the analysis.
Afterwards, the case study is described, and the results are presented and discussed.

2. Methodology

This section shows the main characteristics of the proposed method, with a particular
focus on the equations describing the energy conversion and storage units. Given the
complexity of the multi-objective optimization, a MILP approach has been adopted to limit
the overall computational effort. Therefore, operation and performance degradation of the
energy units, i.e., LFP battery and PEMFC, have been described with MILP equations. In
the next paragraphs, a description of the procedure followed in the analysis is reported.

At first, the preliminary sizing of the hybrid PEMFC/LFP battery propulsion system
has been determined by implementing the design and operation optimization model
developed in [39]. The obtained sizes for PEMFC and LFP battery systems have been taken
as input parameters of the new optimization approach for the long-term operation.

Starting from time ¢; = 0, corresponding to a novel installation of both PEMFC and
LFP battery, consecutive optimizations have been run in a loop until either PEMFC or
LFP battery reached the end of their life. In order to limit the computational effort, it has
been assumed that the first day of the month i is representative for the operation of all the
days of the month (assuming all months have 30 days). Operation optimization has been
performed for the day representative of the entire month i. The cumulative degradation of
PEMEFC and LIB calculated at the end of month i has been taken as an input parameter for
the operation optimization of month i + 1.

The optimization problem has been developed in Python [52] and solved with the
MILP optimizer Gurobi Optimization [53]. The general formulation of the MILP optimiza-
tion problem has been set to find the optimal value of the generic continuous variables
x*(t) and binary variables §*(¢) that maximize or minimize the set objective function(s)
Z (Equation (1)). The MILP problem is subject to equality constraints g(¢) and inequality
constraints h(t) (Equations (2) and (3)), which include the description of the modeled ship
energy system. The continuous and binary variables represent the decision variables of the
optimization problem. In particular, binary variables have been implemented to decide
about activation/de-activation of each energy unit during operation.

Z = f(x'(b), 5°(1)) M
g(x (1), 8°(£)) =0 @)
h(x*(t), 5%(f)) <0 3)

In the following subsections, the main constraints describing the energy system
operation and the degradation models of PEMFC and LFP battery are presented, i.e., the
relationships g(f) and h(t) in Equations (2) and (3). Subsequently, the objective functions
of the optimization problem, i.e., the objective functions Z in Equation (1), and the solving
procedure are illustrated and discussed.



Energies 2021, 14, 3813

50f 20

2.1. Energy System Constraints

It has been assumed that at each time step t the ship energy demand P04 ()
(propulsion and auxiliaries power demand) is fulfilled by the power output of the n fuel
cell stacks Prc;(t) and by the discharging power of battery Pt (t). Py, (t) indicates the
charging power of battery, which is charged by fuel cells whenever Prc, () is higher than
Piemand (t). The overall power balance has been set as (Equation (4)):

ZPFCj(t)+Pb+tht<t) = pdemand(t) +Pb:1tt(t) 4
=1

Equations (5) and (6) are the constraints adopted to limit the proposed energy system
volume and weight, set to be lower than the values of volume V;;5y and weight wy,x of the
ferry existing energy system (i.e., internal combustion engines powered by marine gasoil).
A correction factor (c,,) has been introduced to consider the current limited development
state of PEMFC and LFP battery technologies.

L
Z ~/t (FFC]' (t)dt) ’VHZ + Ebatterymx'vbutt + n’PFCmM 'VFC < Vmax'(l + Cov) (5)
j=1 i

L
Z ~/t (FFC]' (t)dt) *WH, + Ebatterym,u'wbutt + n’PFCmM “WEC < wmax'(l + Cov) (6)
j=1 in

where t;, and t;, identify the time interval considered for the operation of ferry without
refueling. With reference to Equation (5), the volume occupied by hydrogen is expressed by

ft: g (Frc,(t)-dt)-Vy,, where Frc;(t) is the fuel consumption of the stack j at time t and Vj,
is the volume occupied by hydrogen and its storage system. The volume occupied by LIB is
expressed as Epattery,,,, - Voart, Where Epgtrery,,, 1S the energy capacity of the battery and Vi
is the specific volume. The volume required by PEMFC is determined as n-Prc,,,.-Vrc, with
n being the number of installed PEMFC stacks, Prc,,, the fuel cell stack rated power and
Vrc the specific volume of a PEMFC stack. Similarly, in Equation (6) the weight of hydrogen

is expressed as [ ffi " (chj (t) ~dt) ‘wy,, being wy, the weight of bunkered hydrogen and its
storage system. Weight of LIB is calculated as Epgttery,y,, - Woatt, Where Wy, is the specific
weight of LIB, and weight of PEMFC is n-Ppc, _-wrc, where wrc is the specific weight of

PEMEC stack.

2.2. Polymer Electrolyte Membrane Fuel Cells Model

It has been considered that separate PEMFC stacks with fixed rated power are installed
on board. Each stack has been assumed to operate independently from the others. Stacks
with different rated power or with different performances could be included in the model
by modifying the stack operation parameters (see Section 3).

The operation of the PEMFC stack j is described by the following MILP equations
(Equations (7)—-(11)):

Frc;(t) = (e Tec; () + 2y ) 0k, () + Sstaupy (8) Fotart PG @
Ppe, = (klp'IFCj(t) + kzp) Orc; (1) (8)
Ipc,;,-0rci(t) < Ipc,(t) < Ipc Orc; () )

Prc;(t) — Prc;(t = 1)’ < Apge (10)

0 < dpc; (t) = Orc; (E+1) + dstup; (1) (11)
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where | FC; is the current density (in A/ cm?), kir, kop, kip and kyp are the linearization
coefficients, Jrc; is the binary variable defining on/off status, dst,.p; is the binary variable
defining the occurrence of a start-up phase (if 5st,ltpj =1, it will be counted as one start/stop
cycle), Fstart is the fuel consumption in the start-up phase, Irc,, and Ifc,,, are the limiting
values for the current density, and Ap, . is the allowed load variation.

The PEMFC stack degradation is a complex phenomenon that affects the performances
of several stack components (e.g., electrodes, membranes, bipolar plats, gas diffusion lay-
ers). Degradation effects may be different from one cell to another, e.g., near the edges, cells
are subject to a faster degradation [54]. Besides, at the component level, the degradation
mechanisms are hard to estimate. As reported in [47], the ageing mechanisms in mobility
application could be analyzed through three possible approaches: impedance estimation
based on electrochemical impedance spectrometry, remaining useful life estimation, and a
stack voltage degradation model. Even though the latter approach is less accurate with
respect to other degradation models and strongly depends on experimental data, voltage
degradation can be expressed by MILP equations, allowing a sensible reduction of the com-
putational effort required by an optimization with respect to, for example, Mixed-Integer
Quadratic Programming (MIQP).

Therefore, the stack voltage degradation model has been adopted in this study to
describe the PEMFC ageing. PEMFC voltage loss has been considered to depend mainly
on three operating conditions: the stack load variation, the start/stop cycle and the
idling /high-current operation of the stack [55]. The voltage loss caused by the stack
degradation has been expressed as the voltage reduction of a single cell at an equal current
density output, as proposed in other studies available in the literature [37,56-58].

Performance degradation of the PEMFC stack j at time t is described by Equations (12)—(15).

dVloadj(t_‘_l) - PFC]-(t> _PFCj(t+1)"Avloud (12)
stt,upj(t) = 5st,up]-(t)’Avst,up (13)

dVPch (t) = kldv'IFCj(t) + kg, (14)

de(t) = dVload]-(t) + stt,upj(t) + dVPpC], (t) (15)

where d Vloudj (t) is the voltage reduction due to load variation, Avj,,q and Avst,,p are the
proportionality constants, dVs,.,j(t) is the voltage reduction due to start-up, dVp, (t) is
the voltage reduction depending on the power load, ky,, and ky,,, are the linearization
coefficients, dV;(t) is the total loss of voltage at time ¢.

The cumulative voltage degradation evaluated for the single cell modifies the charac-
teristic curves of the entire stack. In particular, the relation between the cumulative loss of
voltage (Equation (16)) and power has been approximated by a linear curve, which relates
voltage loss to the angular coefficient of the power curve (k1,), as described in Equation (17).
The SOH for PEMFC stack (SOHpgpmrc;)) has been defined as in Equation (18).

dVrorj = / dvi(t)-dt (16)

kip = ki, dVroT; + k24 (17)

Vier,ec — dVroT,]
Vref FC

SOHpemrc; = (18)
where dVor i j is the cumulative loss of voltage, kq deg and kp,, o ATe the linearization coef-
ficients, Vi, rc is the reference maximum voltage for a novel single cell (voltage at the
minimum current density I chm)

It has been assumed that k1, and ky, are not affected by the stack degradation dVror ;.
Therefore, when the power loss caused by degradation increases, the efficiency of the stack
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tends to decrease. The stack efficiency #rc has not been included as a decisional variable
in the optimization problem, but it has been evaluated as a result (Equation (19)).

1rc = Prc;/ Fre; (19)

2.3. Lithium Iron Phosphate Battery Model

At each time step £, the energy stored in the battery Ej,;; (¢) has been defined according
to the charging /discharging power of the battery Pbﬂ; ,+(t) and the relative efficiency 77y,
assumed constant and equal in the charging/discharging phase (Equation (20)). The SOC
of the battery at time ¢ has been calculated as the ratio between Ej,;;; () and the energy
capacity of the battery Eygttery,,, (Equation (21)). The battery C-rate has been determined as
the ratio between the charging/discharging power of the battery and the battery capacity
(Equation (22)), and the C-rate has been constrained in order not to exceed the maximum
C-rate (Cratey,y) achievable by the battery (Equation (23)). A constraint has been set on
the SOC in the first-time step of the day (g to make it correspond to the SOC at the end of
the day t;, (Equation (24)).

Ebatt(t) = Ebatt(t - 1) + (Ubatt'Pb;tt(t) - (1/77batt)' Pbtztt(t))'At (20)
SOC(t) = Eoanlt). (21)

Ebatterynmx

PE, (¢t
Crate™ (t) = Poan®) (22)

Ebatterym,,x

]Cmtei(t)] < Cratemax (23)
SOC(ty) = SOC(tfm> (24)

As for battery degradation, the most dominant ageing phenomenon of LIB is the
formation of a Solid Electrolyte Interface (SEI) at the electrode/electrolyte interface. The
thickness of SEI increases over time, leading to a progressive increase in the impedance of
the battery and a consequent decrease in the battery capacity. Different degradation models
are available in the literature, based either on electrochemical /equivalent circuit methods
(e.g., SEI film thickness models and internal resistance models), or on empirical/semi-
empirical methods (e.g., capacity fade models) [47,59]. In this study, it has been chosen
to model the battery degradation over time with a capacity fade model. In fact, such an
approach allows to limit the overall computational burden with respect to electrochemical
models, allowing a comprehensive analysis of the entire system.

Commonly, battery ageing can be classified into two categories: calendar ageing and
cycle ageing. Calendar ageing occurs when the battery is at rest condition, i.e., when no
current is flowing through the battery. Calendar degradation rates depend on SOC and
temperature. Cycle ageing occurs when the battery is charged or discharged, and depends
on battery C-rate, SOC, temperature, number of performed equivalent cycles, and Depth
of Discharge (DOD) [60,61].

In the proposed study, the hybrid propulsion system has been considered to power a
small-size ferry for public transport, which operates 24 h, seven days a week. Therefore,
it is reasonable to assume that only cycle ageing occurs on the battery. Nevertheless, to
prevent an excessive calendar ageing of the battery in case of a prolonged stop of the vessel
it has been decided to set a constraint on the SOC at the end of each day of operation
(Equation (25)). The reference SOC.,;; has been set equal to 60%, according to the data
available in the literature [62].

soc(tfm) — SOC,y; (25)
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Cycle ageing has been evaluated following the experimental studies available in [61]
for a single LFP cell. As done for PEMFC (see Section 2.2), in this case it has also been
considered in terms of the degradation of a single cell, representative for the whole battery.
At each time step t of an operative day, Tj, (t) has been expressed as linear function of
Crate(t), through the linearization coefficients a7, and a7, that depend on the ambient
temperature (Equations (26) and (27)). The capacity fade of battery Qjyss(t) has been
calculated as a linear function of battery temperature Ty, (t) (Equation (28)).

Tpate (t) = arrx-Crate(t) + aor, « (26)
MTx = f(Tumh,x)? AT x = f(Tamb,x) (27)
Qlossi(t) = a107,i* Tpart (t) + a2071,i (28)

The time dependency of Qs (t) in the long-term operation has been taken into
account by determining the linearization coefficients a;gr y and a,gr , in Equation (27)
at each month of the plant lifetime. In particular, 1oty and agr, at the month i have
been evaluated as a function of the energy throughput Ah; at month I, as expressed in
Equation (29).

aori = ki, an AR + ko an- Ahi + ka1 ap (29)

a0, = k1o an-AN? + ko an Ay +kap ap (30)

where ki1 an, ko1, an, k31,41, k12,40, k22,41, and k3p ap,. Note that Equations (29) and (30) have
been evaluated at the beginning of the optimization and hence have not been formulated
as MILP. Equation (31) expresses the energy throughput Ah; at month i.

Ah; = ndays'Ncyclei—l'DOD'Ahcell (31)

where 14,5 is the number of days per month (assumed all equal to 30 days), Neycre, ,
is the number of equivalent cycles performed by the battery during one operation day;,
representative for the month i — 1. Ny, has been determined via a rainflow algorithm.
Ah; indicates the capacity of the single battery cell. DOD effect on the capacity fade has
not been directly taken into account in the evaluation of Q,(t), since its effect on the
capacity fade is negligible if compared to the cycling effect [61]. As for the SOC effect, a
constraint has been set (Equation (32)) to limit the SOC-window of operation and hence
further limit the degradation, as proposed for example in [63].

SOCyin < SOC(t) < SOCpax (32)

At the end of each month i, the SOH of the battery (SOHpgttery;) has been determined,
as in Equation (32).
Ebattery,max - Qlossi

SOHbattery,- = (33)

Ebattery,max

2.4. Objective Functions

A multi-objective optimization has been performed to determine the optimal long-
term operation of the proposed FC/LFP battery hybrid system, taking into account the fuel
consumption and the degradation of both PEMFC and LFP battery over their lifetime.

Three objective functions have been specified, namely fuel consumption (f; in Equation (34)),
PEMFC performance degradation (f, in Equation (35)), and LFP battery performance degra-
dation (f3 in Equation (36)). For the multi-objective optimization, a “Blended Objectives”
method has been adopted, considering a linear combination of the objective functions,
each with a fixed weight [53]. In this case, a cost-related weight has been assumed for
each objective function. The weight of f; (w; in Equation (38)) depends on the cost of
hydrogen. Weights of f, and f3 (w, and w3 in Equations (39) and (40)) derive from the cost
of components and their lifetime. The multi-objective optimization has been performed
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by minimizing the linear combination of the three objective functions, defined as fa;o
(Equation (37)).
A 1% deviation from the optimal value of the f);o function has been allowed.

LC tfin
fi 2]2/0 Frc;(t) dt (34)
LC tfin
= dv:(t)dt (35)
p=y | avi
tfin
fz= 0 Qioss battery(t)dt (36)
fymo = Minimize (wy-fi + wy-fa + w3-f3) (37)

w; parameters have been defined as in Equations (38)—(40).

w1 = CH2 (38)
PECyx
Wy = Cpc* v (39)
0
E
R (40)
0SSmax

where cpc is the cost of a PEMFC stack (€/kW), and V, is the total voltage loss permitted
for the single cell of the PEMFC stacks (set equal to 20% of Vi, f pc). Similarly, ¢y, is the
cost of LFP battery (€/kWh), and Q.. is the maximum capacity fade of the battery (set
equal to 20%).

3. Case Study

A typical small size RO-Pax (Roll-on/roll-off Passengers) ferry operating in coastal
areas has been chosen as a case study. Table 2 reports the main characteristics of the
ferry. The proposed RO-Pax is similar to the represented ferry in Figure 1. Power system
volume and weight in Table 2 have been elaborated from data available on diesel storage
on board and diesel-electric generator for marine propulsion, scaled by the installed power
of the ferry.

Table 2. The main characteristics of the RO-Pax ferry proposed as a case study. Power system volume
and weight have been elaborated from data available on diesel storage on board and a diesel-electric
generator for marine propulsion, scaled by the installed power of the ferry.

Unit Value
Vessel Type - RO-Pax ferry
Length Overall m 42
Breadth Extreme m 9
Gross Tonnage t 280
Propulsion engines kW 2 x 206
Auxiliary engines kw 2 x 28
Power system volume m3 15.5

Power system weight kg 7185
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LH, storage
tank

g

Figure 1. A typical RO-Pax small size ferry.

The ferry power demands (propulsion and auxiliaries demands) over a typical oper-
ation day have been evaluated in [39]. Ferry power demands rated per minute enter as
input in the proposed long-term operation optimization. More details on power profile
and the typical sailing cycle of the ferry chosen as a case study are reported in Appendix A.

A simplified schematic of the propulsion system for the proposed case study is
presented in Figure 2. Resulting from the design optimization performed in [39], the
proposed energy system is composed of two 100-kW PEMFC stacks fueled by hydrogen,
an energy management system, and a 286-kWh LFP battery. Hydrogen has been assumed
to be stored in liquid form in a cryogenic tank, with the aim of reducing the volume and
weight for the storage system in comparison to other types of hydrogen storage systems
(e.g., compressed hydrogen tanks). It has been assumed that the ferry has enough fuel for a
daily operation.

ENERGY SYSTEM

FERRY ENERGY DEMANDS

Energy management
system

Auxiliaries

_______

! H, gas

Pﬂemand(t)i

- o pace (£) ‘,;!
- + >
LFP battery ‘ I

——— Hydrogen flows ‘ ’ ~—— Electric power flows

Figure 2. A simplified schematic of the proposed hybrid PEMFC/LFP battery propulsion system for the small-size ferry
taken as a case study. Cryogenic tank provides hydrogen to two PEMFC stacks that convert chemical energy into electricity.
The latter is sent to an energy management system that directs the power flows to fulfill the energy demand of the ferry
(propulsion and auxiliaries demands) and/or to charge the battery.

The parameters that have been used for the long-term operation optimization are
reported in Table 3. These model parameters represent the main characteristics of the
considered ferry and of the current market scenario. In particular, the PEMFC and battery
characteristics have been evaluated on the basis of the existing technologies.
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Table 3. Input parameters of the multi-objective optimization.

Parameters Unit Value Ref.
cH, €/kWh 0.3 [64,65]
Chatt €/kWh 818 [5,66]
CrC €/kW 3750 [64]
Cov % 20 Assumed

AVjpad uV/kw 0.0441 [37,55-58]
Ap,. % 10 Assumed
Avgtup uV/cycle 23.91 [37,55-58]
At min 1 Assumed
Wpatt % 90 Assumed
Fstart % 10 Assumed
IrCyus A/em? 600 [67]
Irc,., A/cm? 75 [67]
k1, nVem?/A 0.243 [37,55-58]
k24 uv 0.159 [37,55-58]
kq, kWem?/A 0.354 [57,58,67]
ko, kW 3.837 [57,58,67]
ki, kWem?/A 0.159 [57,58,67]
k2, kWem?2/A 7.251 [57,58,67]
k11, an 1/(KAh?) -7.1-107° [61-63]
ko1 an 1/(KAh) 2.2.10~% [61-63]
k31 an 1/K 0.033 [61-63]
k12,1 1/(KAh?) 2.1-1076 [61-63]
koo An 1/(KAh) —0.48 [61-63]
k3o, An 1/K —8.885 [61-63]
SOC in % 20 [63]
SOCiax % 90 [63]
Viatt m3/kWh 0.0091 [5]
Vi m3/kW 0.0312 [64]
Vi, m3/kgip 0.025 [64,65]
Vinax m> 15.5 Assumed
Vo A% 0.19 Assumed
Whatt kg/kWh 8 [5]
WEC kg/kW 20 [64]
W, kg/kgmn 25 [64,65]
Winax kg 7185 Assumed
4. Results

In this section, the main results of the optimization are presented and discussed.
In the first part, a comparison of the plant lifetime obtained with the proposed opti-
mization approach and the one obtained without considering energy units degradation
(i.e., non-health-conscious optimization) is presented. Afterwards, the optimal operation
profile during one day of operation along the entire lifetime operation is presented and
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compared with the one obtained through the non-health-conscious optimization. Lastly,
the increase/decrease path of different optimization variables during the plant lifetime
is analyzed.

4.1. Plant Lifetime Estimation

In this subsection, an evaluation of the energy system lifetime obtained with the
proposed long-term optimization approach is compared with a non-health-conscious
optimization approach. The latter considers the minimization of fuel consumption only
(i.e., the minimization of the objective function f; in Equation (34)), and will be later
referred to as FM (Fuel consumption Minimization). Figure 3 shows the SOH of both
LFP batteries and PEMFC during the plant lifetime, expressed in the number of operative
days. The dots indicate the SOH evaluated at the month i. Figure 3a shows the results of
the FM optimization, while Figure 3b illustrates the results obtained with the proposed
health-conscious multi-objective optimization.

105
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SOHbattery
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Figure 3. SOH of LFP battery and PEMFC during the plant lifetime for (a) fuel consumption minimization only optimization

and (b) newly proposed long-term operation optimization approach. The dashed orange lines indicate the threshold values
of SOH. The solid black lines represent the SOH of LFP battery, the dashed black lines the SOH of PEMFC.

From Figure 3a it can be noticed that with an FM approach the plant lifetime results to
be about 210 days. After this time, SOHpgpmpc reaches 80%, while SOHyery is still about
93%. This is due to the fact that the design of the system is fixed following the methodology
explained in [39], where battery degradation was anyway included as a constraint in the
methodology. Therefore, if PEMFC degradation is not minimized the battery results to be
oversized. This implies low C-rates and hence lower degradation rates of LIB. On the other
hand, PEMEFC stacks tend to follow the power demand. Such an operation implies that
PEMFC operates at a high current density and performs large load variations, causing high
degradation rates of PEMFC and hence limited lifetime.

The optimization approach proposed here allows to increase the plant lifetime from
210 to 600 operation days, as shown in Figure 3b. In this case, the first energy unit to reach
the threshold value of SOH is the LFP battery, while the SOHpgprc, at this time is still
about 83% (so theoretically PEMFC could work for another 60-90 days). This aspect is
also due to the current higher cost of PEMFC with respect to battery (see Table 3). As a
consequence, the degradation of PEMFC (f,) weighs more on the overall objective function
(fmo), and hence the optimal EMS advantages the minimization of PEMFC degradation
instead of the LFP battery one.
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4.2. Health-Conscious Optimal Daily Operation over the Entire Lifetime

The proposed optimization approach allows also to determine the optimal daily
operation of the ferry, representative for the entire month 7, during the whole lifetime of
the energy system.

Figure 4 shows the health-conscious optimal operation of the ferry during one day
in the first month of operation (Figure 4a) and the last month of operation (Figure 4b).
Here, at both the beginning and the end of the plant lifetime, the PEMFC tends to avoid
the operation at rated power, as this would result in a higher degradation rate and a
lower energy conversion efficiency, and tends also to avoid large load variations and
start-up phases, which would also cause higher degradation rates. As for battery, it is
possible to see that the operation changes from the beginning till the end of the plant
lifetime. As mentioned before, the cost of battery is lower than that of PEMFC, hence the
minimization of battery f; (Equation (36)) weighs less on the overall objective function
than the minimization of PEMFC degradation f, (Equation (35)). As a consequence, at the
beginning of the plant lifetime when the degradation rate of the battery is low, f3 slightly
affects fy;0 (Equation (37)), and battery operates to fulfill the power demand of the ferry
not covered by PEMFC. Differently, at the last month of operation, the degradation rate of
the battery is higher and hence f3 weighs more on fy10. Consequently, the optimal EMS
finds a compromise between the battery degradation and that of the PEMFC. For example,
at the beginning of the day in the last month (Figure 4b) the PEMFC stacks operated
at a higher load with respect to the first month to avoid high C-rates of the battery. To
better understand the advantages of the proposed health-conscious EMS, the results of the
long-term operation optimization have been compared with the results of FM optimization.
Figure 5 shows the optimal operation of the ferry during one day in the first month of
operation (Figure 5a) and the last month of operation (Figure 5b) if the FM approach is
followed. It can be noticed that at the first month of operation (Figure 5a) the PEMFC
operated to follow the highest possible value of the total energy conversion efficiency.
Indeed, storing energy in the LIB would imply a lower overall efficiency, as LIB is subject
to a charging/discharging efficiency. In the first month, LIB operates in a range of SOC
(about 35% to 65%) smaller than in the health-conscious optimization (about 20% to 65%),
and hence the LIB degradation rate is only partially affected by the non-health-conscious
EMS at the beginning of the plant lifetime. In the last month of operation (Figure 5b), the
situation was different. The non-health-conscious EMS would still advantage the PEMFC
operation instead of LIB in order not to decrease the efficiency. However, at the end of the
plant lifetime there is an increased use of LIB to overcome the voltage loss experienced by
PEMEFC stacks.

80 450 80
70 400 /P demand 70
60 = 60
300
S0C 50 g 50 _
it & 5 250 / )
40 g 5 S0C 40 9
o) £ 200 o)
30 © 30
& 150
/ 20 76 ’ / | 20
Pre 10 50 Prc 10
0 0 0
12:00 18:00 0:00 0:00 6:00 12:00 18:00 0:00
Time (h) Time (h)
(a) (b)

Figure 4. Health-conscious optimal daily operation of the ferry during the (a) first month and (b) last month of operation.

Light blue lines represent the ferry power demand, orange lines the PEMFC output power, the blue lines the SOC of LFP

battery.
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Figure 5. Non-health conscious daily optimal operation of the ferry during the (a) first month and (b) last month of

operation. Light blue lines represent the ferry power demand, orange lines represent the PEMFC output power, the blue
lines the SOC of LFP battery.

When focusing attention on H, consumption, the results show that H, daily consump-
tions obtained with the FM approach (155 kg2 /day at the first month and 208 kg, /day
at the last month) are similar to the ones obtained with the health-conscious approach
(157 kg1 / day at the first month and 204 kg, /day at the last month). This indeed demon-
strates that energy conversion efficiency has not been affected considerably by limiting the
degradation of PEMFC.

4.3. Behaviour of the Energy System Variables during the Plant Lifetime

As seen in Section 4.2, the proposed methodology allows to optimally define the
daily operation of the ferry during the entire lifetime, and hence it is possible to analyze
the behavior of the energy system variables in the long-term operation. Figure 6 shows
the daily H, consumption (Figure 6a), the PEMFC average efficiency (Figure 6b), the
volume and weight of the plant (Figure 6¢), and the daily cost (Figure 6d) over time. The
PEMFC average efficiency is defined as the average conversion efficiency of PEMFC over
an operation day. It can be noticed that the hydrogen consumption at the end of the
plant lifetime (204 kg/day) is about 29% higher than the hydrogen consumption at the
beginning of the plant lifetime (157 kg/day). While this increase could be partially caused
by the change in the optimal operation over time (see Section 4.2), the rise of hydrogen
daily consumption is mainly due to the decrease of PEMFC average efficiency (Figure 6b).
Indeed, with the progressive degradation of PEMFC, the efficiency is decreased and hence
a higher amount of hydrogen is needed to reach the same power output.

An important drawback of the increase of hydrogen daily consumption over time
is the increase of volume and weight required by the storage system onboard. Figure 6¢c
reports the increase of volume and the weight of the main components of the system
(i.e., LFP battery, PEMFC stacks, hydrogen tank). It is possible to observe that the system
volume and weight at the end of the plant lifetime increased by up to 8.9% and 1.7%,
respectively, with respect to the volume and weight at the beginning of the plant lifetime.
While this does not exceed volume and weight constraints of the plant currently installed
on board (Equations (5) and (6)), such aspects should be carefully taken into account when
designing hybrid PEMFC propulsion systems, as it could affect the space available for the
total payload of the vessel.

Lastly, from Figure 6d it is possible to see that the daily cost of the plant, i.e., the value
of the fy1o (in Equation (37)), increases from 3183 €/day to 5518 €/day. While this increase
is partially due to the increase in hydrogen daily consumption (Figure 6a), it can be mainly
related to the ongoing PEMFC and LFP battery degradation over time. The average daily
cost over the entire plant lifetime was calculated as being equal to 4273 €/day.
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Figure 6. Energy system variables during the whole lifetime: (a) hydrogen daily consumption; (b) PEMFC average efficiency
during one day; (c) volume and weight of the main components of the energy system; (d) total cost during one day of
operation (value of fj1o in Equation (37)).
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5. Conclusions

The present study proposes a new methodology for the definition of the optimal
EMS over the long-term operation of hybrid PEMFC/LFP battery propulsion by devel-
oping and applying a holistic MILP optimization methodology to a small-size ferry for
coastal navigation.

The proposed EMS allows to increase the overall lifetime of the plant from 210 to 600
typical operation days with respect to a FM optimization. Given the current higher cost of
PEMFC in comparison with LFP battery, the first component to reach the end of life is the
LFP battery system, as its degradation rate weighs less in the overall objective function of
the optimization problem. The results also show that the usage of LIB helps in reducing
the degradation rate of PEMFC, and plant operation changes with the passing of time to
allow the optimal economic performance of the plant. With the progressive ageing of the
components, the decrease in the average PEMFC efficiency causes an increase in hydrogen
daily consumption (from 157 kg/day to 204 kg/day at the end of the plant lifetime). This
reflects on the need to oversize the hydrogen storage system in order to ensure the daily
autonomy of the ferry over the entire lifespan. Such an implication is thus jeopardizing the
technical feasibility of directly installing on board the system, as well as on the cost and
possible total loss of payload. Moreover, the components ageing also affects the plant daily
cost, which was found to increases by up to 73% at the end of lifetime with respect to the
daily cost at the beginning of the plant lifetime.

The proposed methodology is a useful tool, which can be easily adapted to other
types and designs of hybrid PEMFC/LFP battery propulsion systems, as well as to other
types of vessels and to other market scenarios. Moreover, the present study points out
that changes in the costs of PEMFC, LFP battery and liquid hydrogen could noticeably
affect the optimal long-term operation of the energy system. These results can provide
some interesting inputs for future research on this topic, such as the analysis of how the
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optimization results are affected by uncertainties on hydrogen, PEMC and LIB costs. In
addition, the uncertainty on the mission profile, caused by variations on hull resistance
(due to, e.g., fouling of ship’s hull) or seasonal variability of power will also be considered
in future works.

Future studies will be also addressed to the improvement of hybrid PEMFC/LIB
powertrains with the addition of onboard solar energy plants and to the possible connection
to a battery charging station when ferries are staying at the quay for a long time. Lastly,
it should be stressed that safety and regulatory aspects still play a key role in limiting
the onboard installation of such systems and hence further analyses should address these
points to provide information about the technical feasibility of the plant.
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Nomenclature
BESS Battery Energy Storage System

DOD Depth of Discharge
EMS Energy Management Strategy

™M Fuel consumption Minimization
H, Hydrogen

LFP Lithium Iron Phosphate

LIB Lithium-Ion Batteries

MILP Mixed-Integer Linear Programming
MIQP Mixed-Integer Quadratic Programming
NMC Nickel Manganese Cobalt

PEMFC  Polymer Electrolyte Membrane Fuel Cells
RO-Pax  Roll-On/roll-off Passengers

SEI Solid Electrolyte Interface

SOC State of Charge

SOFC Solid Oxide Fuel Cells

SOH State of Health

V4 Generic objective function of a MILP optimization problem
x* Generic continuous variable of a MILP optimization problem
&* Generic binary variable of a MILP optimization problem
g Equality constraints of a generic MILP optimization problem
h Inequality constraints of a generic MILP optimization problem
t Time
Pjemang ~ Propulsion and auxiliary power demand of the ferry
j Index for PEMFC stacks
Prc Power output of a PEMFC stack
Pb'; " Discharging power of LIB

bt Charging power of LIB
n Number of PEMFC stacks
tin Initial time step for one day of operation

tfin Last time step of one day of operation
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Fuel consumption of a PEMFC stack

PEMEC stack rated power

Volume occupied by the hydrogen storage
Volume occupied by a PEMFC stack

Volume occupied by LIB

Weight of bunkered hydrogen

Weight of a PEMFC stack

Weight of LIB

Oversizing correction factor

Current density of PEMFC stack

Linearization coefficients

Linearization coefficients

Binary variable defining on/off status of PEMFC stacks
Binary variable defining the occurrence of PEMFC start-up phase
Fuel consumption in a start-up phase

Lower limit of PEMFC current density

Upper limit of PEMFC current density
Allowed load variation of a PEMFC stack
PEMFC voltage loss due to load variation
Proportionality constant

Proportionality constant

PEMFC voltage loss due to start-up

PEMFC voltage loss due to power load
Linearization coefficients

Total loss of voltage of PEMFC (not cumulative)
Cumulative loss of voltage of PEMFC
Linearization coefficients

Reference maximum voltage for new PEMFC
PEMFC stack efficiency

Energy stored in LIB

Charging/discharging efficiency of LIB

Energy capacity of LIB

Time interval between two consecutive time steps
C-rate of LIB in charging/discharging phase
Upper limit on LIB C-rate

SOC constraint to limit the calendar ageing
Temperature of LIB

Linearization coefficients

Capacity fade of LIB

Ambient temperature

Linearization coefficients

Energy throughput of LIB

Proportionality constants

Proportionality constants

Number of days per month

Number of equivalent cycles of LIB

Capacity of a LIB single cell

Lower limit on SOC

Upper limit on SOC

Weights of the objective functions

Objective functions

Blended objective function

Cost of hydrogen

Cost of LIB

Cost of PEMFC

PEMEC loss of voltage allowed before substituting PEMFC
Maximum capacity fade before substituting LIB
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Appendix A

In the following, details on the ferry chosen as a case study are reported for conve-
nience, while extensive information is available in [39]. Figure A1 shows the power demand
profile of the ferry for a typical day of operation. The considered ferry has been assumed to
operate 72 journeys per day, each with a duration of five minutes. The propulsion power
demand while sailing has been evaluated as a function of typical sailing speeds obtained
by fitting the speed data available in [68]. It has been assumed that the sailing phase can be
divided into two phases: a first phase at high power and a second one in which the power
demand is reduced thanks to the draft. It has been assumed that only auxiliary power is
required while the ship is in port. Auxiliary power has been set to 25 kW, constant during
the day. In order to account for possible variations in the sea conditions during the day, it
has been assumed that the power demand is higher in the central hours of the day due to
increased sea-traffic in the area.

450
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100
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Figure A1l. Power demand profile of the ferry chosen as a case study [39].
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