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ABSTRACT

Full electric vessels can benefit from hybrid energy storage systems (HESS) that combine two storage technologies of different
characteristics in terms of power and energy density. The optimal design of a HESS for a vessel is generally a rather complex
multivariable optimization with several degrees of freedom and constraints. Indeed, the optimization should account for the
operational characteristics of the storage units, including their progressive aging. Moreover, the sizing of the storage units is
tightly linked to the strategy implemented in the energy management system (EMS) for allocating the power needed by the load
to the storage units. This paper presents a two-stage Pareto-based design optimization procedure for HESS intended for a full-
electric vessel. The methodology first identifies a Pareto front as the set of all the optimal configurations in terms of capacity of the
two storage units that fulfil the operational constraints within a large discrete configuration space. These constraints account for
capacity degradation and limitations in power and energy. The degrees of freedom in the EMS are included in the configuration
space. A second stage identifies the optimal configuration on the Pareto front based on a defined cost function. The approach
decouples the analysis of the solutions that can fulfil the operational constraints from the optimization and can be very effective in
exploring the effect of several alternative cost functions on the optimal solution. Moreover, the shape of the Pareto front can offer
avisual clue to the benefits offered by a hybrid storage compared to a single technology solution and on the optimization margins.
The procedure is illustrated with a case of a full electric tugboat highlighting when a HESS can be beneficial and how the optimal

design can be facilitated.

1 | Introduction

Energy storage systems (ESSs) are widely used to compensate
for imbalances between power generation and power demand in
electrical systems, especially when the regulation of the gener-
ated power or of power demand is not feasible or convenient.
The selection of the most appropriate storage technology and
the design of the ESS are critical to ensure technically and
economically efficient operations. This is normally achieved by
matching the energy and power densities of the ESS to the

application requirements. In marine applications, the operational
power demand profiles present a very large degree of variability
even within a single category of vessels, due to the possibility of
the occurrence of unusual environmental conditions, emergency
operation needs, or specific service requirements [1]. When
a single type of storage technology is selected to address all
application requirements and environmental conditions, the
designed power and energy of the ESS may be significantly
larger than the value required to fulfil the basic operational
requirements, leading to a high-cost storage system. One solution
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to mitigate this issue is to define energy management strategies
that actively regulate the power demand to optimise the efficiency
and lifetime of the ESS by considering its operational constraints
[2]. An alternative option is represented by hybrid ESSs (HESSSs)
combining two storage technologies [3, 4] with complementary
characteristics in terms of power and energy densities. Thus,
a HESS will contain a high-energy (HE) ESS and high-power
(HP) ESS. The optimal design of a HESS for a vessel, accounting
for all the operational requirements, can be challenging due to
the many degrees of freedom and constraints. The design of
HESSs has been extensively addressed in the technical literature
for a wide range of applications and use cases. This is clearly
demonstrated by the large number of review papers on the
topic [5-14]. A discriminating element is the availability of an
external source acting as a slack node. This occurs in stationary
applications where the grid acts as the slack node, allowing
for lower constraints on the power and energy of the HESS [7,
9, 12]. On the contrary, the lack of a slack node, as in fully
electric vessels, leads to strict power and energy requirements
for HESSs that need to be specifically reflected in their sizing
process. The lack of a slack node is common in all traction
applications. Indeed, many papers propose sizing criteria and
control strategies for HESS in electric vehicles, as discussed in
the following review papers [6, 8, 10, 11, 13, 14]. It is worth
noting that electric marine applications are a very recent topic
addressed in the technical literature. Indeed, in [15], the authors
claim to be the first to investigate the optimal sizing and cost
assessment of the hybrid battery system based on the integration
of HE and HP Li-ion cells for marine applications. Although
the application of HESS in marine environments shares some
similarities with their use in electric vehicles, there are significant
differences due to distinct operational constraints. First, marine
vessels require considerably higher power levels than electric
vehicles. As a result, certain solutions that are effective in one
domain may not be as advantageous in the other. Moreover,
while weight is a critical constraint for electric vehicles, it is
less significant for marine vessels. Consequently, in the marine
sector, power converters used to couple the two energy storage
systems in a HESS are not as constrained by weight and size
considerations. Given the lower power and energy requirements
of electric vehicles, optimizing the weight and volume of power
converters is crucial. In contrast, for marine applications, semi-
active HESS configurations, which are commonly proposed for
electric vehicles, are less promising due to the relatively negligible
impact of power converter weight and size compared to that of the
storage units. Moreover, in marine applications, energy storage
units must undergo a marinization process, which can signifi-
cantly alter their performance compared to other applications.
For instance, due to safety requirements and mechanical stresses,
battery enclosures must be considerably larger than those used in
electric vehicle applications. This results in a reduction in both
energy and power density, making marine batteries inherently
less compact and efficient in terms of volumetric and gravimetric
performance.

The allocation of the energy demand between individual storage
devices of the HESS is a critical aspect, and several optimal control
strategies have been proposed for electric vehicles [16, 17]. Indeed,
the strategies for power allocation and the design criteria for
sizing the storage devices in a HESS are tightly linked, and both
should be accounted for in a design optimisation, but this is

not sufficiently considered in several papers focusing on marine
applications. An optimal design of an ESS based on a single stor-
age technology for marine applications, considering the effect of
the power profile and ageing has been proposed in [18,19], but the
results are not easily extendable to a HESS because the allocation
of the power between the storage devices is not addressed. An
integrated design procedure to optimise a HESS considering the
energy management strategy has been proposed by Trovao et al.
in [4], but it is based on a passive hybridisation system where
supercapacitors (SC) and lithium-ion batteries (LiB) are directly
paralleled without any power electronic interface. Therefore,
the power allocation between the HE-ESS and HP-ESS is not
controllable. In [20], Kim et al. introduced a hybrid power system
for bulk carriers, combining conventional diesel generators with
a battery/supercapacitor HESS for port operations. LiBs act as
HE-ESS for vessel manoeuvring in port, while SC act as HP-ESS
for crane operation when the vessel is moored. Albeit the paper
has demonstrated improved efficiency, reduced emissions, and
savings for bulk carriers, the potential synergies between the two
storage technologies have not been exploited because the two
ESSs are used separately.

Balsamo et al. addressed in [21] the optimal design and energy
management of a HESS for fully electric boats in inland
waterways, proposing a methodology to evaluate the design,
maintenance, and cost of marine transport systems. The proposed
procedure calculates the capacity of LiBs and SCs, and the
control rules of the energy management system (EMS) to assign
the power profiles to the two storage units with the objective
of minimising the battery current. The optimal solution aims
at improving the lifetime and the efficiency of the HE-ESS,
assuming that the ageing, losses and energy contribution of the
HP-ESS are negligible. While this proposal can be effective when
ESS characteristics are very different, as for lead-acid batteries
and SC, its effectiveness and applicability are rather limited
for storage devices with more similar characteristics, such as
LiBs with different chemistries. Therefore, the results cannot be
applied in more modern vessels in which the use of lithium
batteries will substitute the lead-acid technology. The possibility
of using LiBs with different chemistries for usage as HE-ESS and
HP-ESS was studied in [15]. In this paper, a reference load cycle is
selected for the vessel, and the HE-ESS supplies preferentially the
load power up to its maximum power. If the load power exceeds
this value, the difference is covered by the HP-ESS. This rule-
based design defines univocally the power profiles for the two
ESSs and allows the calculation of their minimum size and cost
to ensure at least ten years of operation. While this procedure is
applicable for different types of energy storage devices and EMS,
the recharge phase of the energy storage is not addressed, and can
alter significantly the results. Indeed, with partial recharge of the
HP-ESS, it is possible to implement peak-shaving features that
result of improvements of the overall system efficiency. Moreover,
only the total cost of the storage is considered as a quantity to
minimize, while other important aspects, like the overall volume
and the efficiency of the HESS, are not considered.

In [22], Forestieri et al. used a deep reinforcement learning
method to design, at the same time, the sizes of LiBs and of
SCs in a HESS by selecting the most appropriate frequency of
a low-pass filter for the EMS to allocate the power between
the two storage units. The proposed method is independent of
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the knowledge of the load profile and can be implemented in
real time. The objective function to be minimised is defined
considering the battery current limit, power losses, overall cost,
with the additional condition that the initial and final state of
charge of the storage devices are at the same level. Even if this
procedure is effective, the sensitivity of the different constraints
is not easily understandable, and it is difficult to assess how
much the solution is affected by the weight values. Moreover, the
total energy and volume of the HESS are not considered, albeit
they are the most important parameters for a vessel. In [23], Tao
etal. proposed a HESS design for full-electric marine applications
for the combination of HE and HP batteries. A low-pass filter
is used as power-split algorithm between HE-ESS and HP-ESS,
while restricting the energy transfer between HE batteries and HP
batteries, which reduces the cycled energy from HE-ESS but also
may end up in overestimation of the required energy for HP-ESS
if multiple discharge cycles should be delivered before charging
power is available. Moreover, battery aging is simplified and does
not consider current rates and temperature dependencies, while
multiple studies [24-26] demonstrated these are strongly affecting
battery degradation.

The optimal design of a HESS for a vessel is generally a rather
complex multivariable optimization with several degrees of free-
dom and constraints that should be appropriately accounted for to
achieve reliable results. Indeed, the optimization should consider
the operational characteristics of the storage units, including
their progressive aging. Moreover, the sizing of the storage units
is tightly linked to the strategy implemented in the EMS for
allocating the power needed by the load to the storage units. The
goal of a HESS design methodology is to identify the optimal
sizing (i.e., minimum capacity to be installed) for each storage
device. However, the presence of multiple constraints and degrees
of freedom with conflicting effects on the required capacity of
each storage unit is a challenging aspect of the optimisation
procedure. The papers available in the technical literature search
for an optimal sizing based on an objective function to minimize.
Even if this allows identifying an optimal solution, the whole
optimization process must be repeated if the objective function
changes. Moreover, it is difficult to capture the sensitivity of
the optimal configuration based on the specific choice of the
cost function. This is especially relevant when the parameters
in the cost function may be affected by uncertainties, and the
robustness of the optimal solution is a relevant aspect to consider.
The concept of Pareto optimality is at the foundation of several
approaches for solving multi-objective optimization problems
having conflicting objectives [27] but has not been applied yet
to the optimal sizing of a HESS for marine applications. Instead
of identifying individual solutions, a large set of Pareto optimal
solutions is generated forming the Pareto front. The assessment
of the optimal solutions with regard to a defined cost function
can be restricted to the evaluation of the configurations lying
on the Pareto front avoiding to repeatedly explore the entire
configuration space domain.

This paper is the first to apply a Pareto-based optimization to
the optimal sizing of a hybrid energy storage for a fully electric
vessel. The approach consists of two main stages. First, the Pareto
front is identified as the set of all the optimal configurations in
terms of minimum required installed capacities of HE-ESS and
HP-ESS for the HESS that fulfil the operational constraints within

a very large discrete design space. The considered HESS topology
includes two storage technologies with fully controllable power
flows via power converters. The operational constraints account
for capacity degradation and limitations in power and energy. A
multi-factor degradation model [24, 19] is adopted that accounts
for depth of discharge, current rates, and temperature dependen-
cies to estimate the degradation per cycle, which improves the
ESS degradation estimation, especially when short power pulses
are contained in the main discharge cycle. The degrees of freedom
in the configuration of the energy management system are also
included in the configuration space. A saturated low-pass filter
is assumed to split the power profiles of the HE-ESS and HP-
ESS, whose effectiveness has been demonstrated in [22, 23, 28].
An additional degree of freedom is considered by incorporating
and comparing three charging strategies for the HE-ESS and
HP-ESS. This allows setting a higher priority on either the HE-
ESS or HP-ESS power charge and usable energy, resulting in
a better exploration of energy and power requirements for the
HE-ESS and HP-ESS, compared with previous works. A second
stage identifies the optimal configuration on the Pareto front
based on a defined cost function. The approach decouples the
analysis of the solutions that can fulfil the operational constraints
from the optimization and can be very effective in exploring the
effect of several alternative cost functions on the optimal solution.
Moreover, the shape of the Pareto front can offer a visual clue
about the benefits offered by hybrid storage compared to a single
technology solution and a clear view of the optimization margins.

This paper describes this Pareto-based optimization and how to
incorporate the degradation models and the energy management
strategy into the process. Finally, a numerical example based
on an electric tugboat is thoroughly illustrated to highlight,
with a concrete example, the practical benefits of the approach
presented. Batteries and supercapacitors are considered storage
technologies. By exploring the different combinations of energy
management strategy parameters and applying the ESS sizing
algorithm to each split profile, the proposed Pareto-based design
approach maps the main trade-offs between considered per-
formance indicators (cost, volume, weight), producing a set of
HESS design alternatives instead of a single solution, so the set
of alternatives can be further analysed against size limitations
onboard and market-available ESS configurations.

2 | Hybrid Storage Systems and Energy Pareto
Optimality

The power and energy densities of storage technologies are the
main discriminating characteristics for the selection of an ESS,
because they are directly related to the capabilities to cover
base loads for long intervals of time or short power peaks. In
general, HE-ESS are characterized by lower power capabilities
and limited cycling life compared to HP-ESS technologies. Li-
ion batteries are the most popular HE and HP ESS for marine
applications, while supercapacitors have been considered HP-ESS
in a few applications. The main characteristics and performance
of seven energy storage modules and systems, based on different
chemistries/technologies, available for marine applications are
presented in Table 1. Cells with graphite anode and nickel,
manganese and cobalt cathode (G/NMC) show the highest
energy density but the lowest specific power. Cells with graphite
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TABLE 1 |
system performance).

Example of high-energy and high-power ESS modules/systems available for marine applications. (Values in parenthesis refers to full

G/NMC- G/LFP- G/LFP- G/NMC- Super

Technology/chemistry energy energy power power LTO/LMO LTO/NMC capacitor

Reference module XMP 123E Seanergy Seanergy 48P Orcaenergy  24V70Ah HP-7 SkelM162V62F

(system) [35] (XPAND 48M (seanergy) [46](orca G4.3 [47](Pack)  (skelgrid) [38]

XRS2) (seanergy) [33] energy) (Titan-IN)
[33] [32]

Manufacturer Freudenberg Saft Saft Corvus Altairnano  E-mobitech Skeleton

ePS energy

Capacity [Ah] 138 (@ C/10) 80(@C/5) 60(@C/5) 128(@C/3) 68(@1C) 10(@-) 2(-)

Nominal energy [kWh] 123 (@ C/10) 3.7(@ C/5) 26(@C/5) 565(@C/3) 15@1C)  6.9(@-) 0.226

(@Vmax.)

Nominal voltage [V] 88.6 46.2 46.2 44.5 24 691 113

Voltage range [V] 64.8 -97.9 37.8-53.2 37.8-53.2 36.4 - 50 17 -27.5 519 - 800 64.8 - 162

Cell configuration 24s2p 14s2p 14s2p 13s3p 10slp 290s1p® 54s1p

Cell type Pouch Cylindrical  Cylindrical Pouch Pouch Pouch® Cylindrical

Cooling method Liquid Forced air Forced air Forced air Forced air Liquid Forced air

Module protection class IP67 1P20 IP20 1P44 — 1P67 —

Discharge current rate 1/2 2/3 4/6 3/5 7.4/13.3 20/36 124/380

[C-rate] (cont./peak®)

Charge current rate 0.4/0.5 1/2 4/6 3/5 7.4/13.3 20/36 124/380

[C-rate] (cont./peak®

Specific energy [Wh/kg] 160 (122) 96 (71) 69 (49) 94 (76) 53 (40) -(26) 6.5 (4.1)

Energy density [Wh/dm3] 190 (110) 106 (92) 76 (63) 140 (87) 102 (44) -(34) 5.9(2.8)

Specific power [W/kg] 259 (218) 281 (210) 396 (295) 380 (340) 700 (535) - (920) 2450 (1560)

(10s, 50%SoC)

Power density [W/dm3] 308 (242) 310 (273) 432 (385) 560 (389) 1350 (588) - (1210) 2240 (1084)

(10s, 50%SoC)

Calendar life, 25°C @EOL 20 years® 18 years 20 years 22 years® 25 years 25 years? 28 years?

(80%SOH)

Cycle life to 80%SOH. 4000 cycles 4000 cycles 6000 cycles 10,000 cycles* 25,000 cycles 60,000 1,000,000
@80%DoD, @80%DoD, @80%DoD, @80%DoD, @100%DoD, cyclesb @75% DoD,
0.3C/0.3C, 0.2C/0.2C, 0.8C/0.8C, 1.2C/1.2C, 2C/2C,25°C @60%DoD, 15C/15C,35°C

25°C 25°C 25°C 30°C 5C/5C, 45°C

2Assumed based on average calendar/cycling life of similar cell chemistries.
bBased on performance for 10Ah LTO cell from Toshiba [31].
¢Peak for 10 s duration, continuous for at least 120 s or discharged.

anode and lithium iron phosphate cathode (G/LFP) show higher
specific power but lower energy density than G/NMC. Cells
with lithium titanium oxide (LTO) anode and NMC cathode or
lithium manganese oxide (LMO) cathode have even higher power
densities and lower degradation than G/LFP but lower specific
energies. Finally, the supercapacitors offer the highest specific
power, current rates, and cycle life, but the energy density is 32
times lower than G/NMC and six times lower than LTO/NMC.

2.1 | Hybrid Storage Systems for Electric Vessels

Even with the different ESS alternatives offered in the market, a
single storage technology may not fulfil all the requirements for a

specific marine application. Thus, the design of the ESS should be
based on the most restrictive requirement. For example, if the HE-
ESSis chosen according to the energy needed by the vessel but the
maximum power is lower than the power requirements of the ves-
sel, the capacity must be increased until the power requirements
are satisfied. Similarly, an HP-ESS storage technology can be
designed according to the power requirements but then specified
with a higher capacity to satisfy the energy requirements. This
consideration suggests that, by leveraging the strengths of two
different ESS technologies, HESS can be optimised according to a
selected metric (e.g., cost, volume, or weight).

The possible advantages offered by a HESS are illustrated in
Figure 1 on a plane reporting the power and energy requirements.
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FIGURE 1 | Illustrative example of possible sizing advantages of

HESS against HE-ESS and HP-ESS for specific power and energy
requirements.

Two storage technologies are considered, each with very different
characteristics in terms of power and energy density. It can be
reasonably be assumed that the power and energy capabilities
change linearly with the size of the storage system. This implies
that each of the storage components will have associated capa-
bilities lying on a line indicated in the figure as a dashed line
whose slope is highlighted visually by an arrow. Assuming a
required combination of power and energy capabilities indicated
by the grey dot, this combination does not match either of
the two storage technologies. The storage with the least power
density will have to be sized based on the power requirements,
resulting in an oversizing of the storage capacity (grey star in
the figure). By contrast, the high-power storage component will
have to be sized according to the energy capacity requirements,
resulting in an oversizing of the power capability (blue star in the
figure). The sizing requirements are clearly shown in the figure.
A combined system can offer performance with an intermediate
slope, depending on the grade of hybridization (i.e., the relative
share between the two types of storage technologies). This is
shown in the figure, combining the arrows and reaching a point
that fulfils both the energy and the power requirements with a
hybrid storage system (black star in the figure).

2.2 | Pareto Optimality Sizing

The concept of Pareto front is widely applied in multi-objective
optimization and is especially valuable to restrict the domain
of all possible configurations (configuration space) to the set
of the configurations that present a form of optimality. In
the context of this paper, it is assumed that the configuration
space is represented by a large discrete set of combinations of
storage capacities for the HE-ESS (E};;) and HP-ESS (Ej;p) at the
beginning of life (BOL). It is also assumed that the cost function
can be expressed as a monotonically increasing function of these
storage capacities. This is clearly true when expressing the cost
to be optimized as a function of volume, cost or weight since
these quantities increase for a larger storage capacity installed.
A performance index, PIxygss, could be expressed as a linear
function of Ey;; and Eyp, as:

Plxypss = &xpye * Eng + €xup * Enp @

'y | : :
Epp H Reference line: HESS performance index
equal to HE monotype performance

Evip= (€xtiE /€xtip) (Ekss.He - Ere)
Ex: Performance index per unit energy

HESS solutions with
improvement in
performance index
against HE monotype
performance

<0
-
-
-
-
-

\
N
Wasae.

~
?‘-- ..‘~~
I

- e

— >

E,
HESS solution with highest HE
improvement in performance index

FIGURE 2 |
potential improvement in a considered performance index and illustra-

Example of graphical detection of HESS solutions with

tion of HESS energy pareto optimality sizing.

where ¢, and €,5p are the reference values of performance
index PIx per unit energy for HE-ESS and HP-ESS reference
technologies and PIxy s is the performance index evaluated for
the HESS solution with installed capacities E; and Ejp. For
example, the HESS capital cost, HESS volume and HESS weight
can be estimated by replacing €, and €,;p by the cost per unit
energy, the inverse of volumetric energy density, and inverse of
gravimetric energy density, respectively, for the ESS reference
technologies. Similar considerations can be extended also in the
case of non-linear relations.

In this context, the concept of Pareto in the HESS-installed
energy, called here the Pareto optimality sizing, can be useful
to represent the set of HESS solutions with the best trade-offs
between Ey; and Epp, and therefore possible solutions with
the best performance. Figure 2 shows an example of graphical
detection of HESS solutions showing potential improvement in
a considered performance index and an illustration of the HESS
Pareto optimality sizing. The HESS solution space is defined
by all the possible combinations of E; and Eyp, which fulfil
the application requirements. This is graphically represented in
Figure 2 by the grey dots together with the Pareto front as a
dashed blue line. Based on the above assumptions about the cost
function, any optimal configuration will lie on the Pareto front.
Thus, the search for optimal configurations independent of the
cost function could be restricted to the Pareto front. The point on
the Pareto front corresponding to the optimal configuration will
depend on the specific cost function. It should be noted that also
monotype solutions are part of the Pareto front that, in the figure,
correspond to the intersection of the dashed blue line with the
axes.

The potential improvement of HESS solutions against monotype
solutions can be estimated by finding solutions fulfilling the
following criterion (assuming an improvement as a reduction in
the performance index, e.g., cost, volume, or weight):

EXHE
Epp < Ex

- (Egss.ue — Eng) @)

xHP
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FIGURE 3 | Overview of the methodology for sizing of HESS.

This corresponds to the grey area marked in Figure 2 between
the Pareto front and the green line with the assumption that the
HE-ESS monotype solution offers better performance (e.g., lower
cost, volume, or weight) than the HP-ESS monotype solution and
that all the solutions on the green line share the same PIx; g
value as the HE-ESS monotype solution. Indeed, the proposed
methodology suggests restricting the focus to solutions between
the Pareto front and the green line, then all the solutions/points
on the right of the green line can be disregarded as they have
worse performance than the best monotype solution. The optimal
configuration corresponds to the points on the Pareto front with
a tangent parallel to the green line. It should also be noted that
if the Pareto front lies above the green line, a monotype solution
should be preferred to a HESS.

3 | Methodology for the Optimal Design of HESS

The HESS under analysis is constituted by an HP-ESS and a
HE-ESS, each one connected to a DC power distribution by
means of a dedicated DC/DC converter. For this reason, complete
control of the power flow of the two devices is allowed. As
discussed in Section 2, the methodology proposed in this paper
has the objective of mapping the HESS design space to the
HESS performance space and obtain Pareto optimality between
required installed energy for HE-ESS and HP-ESS.

The design process can be split in four main sequential steps
illustrated in Figure 3 and shortly described in the following:

A. Power profile and design constraints definition: Starting
from the ship mission profile and the general specifications
(e.g., expected lifetime, charging availability, etc.), the HESS
power profile is obtained.

B. HESS energy management strategy: The rules of the HESS
energy management strategy to split the HESS power profile
between the HE and HP ESSs are defined.

C. ESS sizing: The energy capacity to be installed for the HE-
ESS and HP-ESS is determined considering degradation,
allowed depth of discharge, and minimum lifetime.

D. HESS performance evaluation: For each sizing solution
defined in step C, the performance of the HESS in terms
of total installed capacity, cost, and physical size (volume
and/or weight) is evaluated.

The design space domain is swept by modifying the EMS rules
and testing different alternatives of HE-ESS and HP-ESS to fulfil
the same HESS power profile. Consequently, steps B, C and D are
repeated until the HESS global performance space is mapped. If
the capacity of either the HE-ESS or HP-ESS is zero, then a single
ESS is sufficient to fulfil the vessel’s mission, and a HESS is not
needed.

The ship mission profile can be composed of several power pro-
files representing different operating scenarios of the vessel, and
therefore, multiple HESS power profiles need to be considered.
In that case, the design space domain could be expanded as it
is possible to find an optimal EMS rule for each HESS power
profile and use them for the defined operating modes/scenarios
of the vessel. Also, the ESS sizing should consider the associated
degradation for the expected usage of each HESS power profile as
well as the maximum/strongest power and energy requirements
along the different HESS power profiles. These considerations are
also discussed in the next subsections.

3.1 | Energy Management Strategy

As previously discussed, an energy management strategy for
splitting the power between the HE and the HP ESSs must be
defined. This represents a degree of freedom and should reflect a
design objective. Neglecting the power converter losses, the HESS
power, Pyss(t), can be expressed as:

Pypss (6) = Pyp (8) + Pyp (1) (3)

where Py (t) and Pyp(t) indicate the power allocated to the HE
and HP ESSs respectively. This paper assumes a power allocation
based on a saturated first-order low-pass filter. The output of the
low-pass filter containing the base load is assigned to the HE-
ESS while the remaining power is assigned to the HP-ESS. The
discharge power is assumed as positive, thus the upper and lower
filter saturation values correspond to the maximum discharge and
charge power for the HE-ESS respectively. An advantage of this
solution is that it can be easily implemented in a real EMS. The
EMS implementation is shown in Figure 4. It should be noted that
the output of the saturated low-pass filter (Pg; p) is processed by a
charging strategy block accounting for the necessity/opportunity
to recharge the ESSs depending on the operating condition.
Different charging strategies would lead to different ESS sizing as
discussed in the following.

The low-pass filter implementation require defining three param-
eters: the low-pass filter cut-off frequency (w,), the maximum
discharge power of HE-ESS (Pyppcmnmy) and the maximum
charge power of HE-ESS (Pygcum.)- However, only two of
these parameters (w, and Pz pepmye) have been considered as
free design parameters to guarantee the energy balance of the
resulting power profiles. The parameter Py oy, has been set as
the maximum charge power required to recover the discharged
energy per cycle within the available charging time of the power

6 0f19

IET Power Electronics, 2025



Low-pass Filter Pre oo — Ene «—1/s 4—‘
L»
| Wo . .y P
s e R st s
Pre.cHmx PHP

Phess>0 =» Discharge
PHess<O =» Charge

FIGURE 4 |

| start
@ vss»{ Pue = min{Pyess, Psipr} }_

YES
A 4
‘PHE= max{Pyess, -PHe crimx} ‘ Pue = max{Puess, Psipr} |

T’{ Php = Phess - Pre H )

a) Strategy 1: Priority on HE-ESS charge

—> >
— Ewp ‘—1/5‘—,

Energy management strategy based on low pass filtering for zero-emission vessels.

| Start
No vss»l Pye = min{Puess, Psipr} |
L

YES YES-

NO r
‘PHE = max{Pyess, -PHE.Cme}}—
NO-

YES Pue = max{min{0 Ppess+¥5Epp(t)/At}, -PHe.cHmd —

Pre = max{min{Ps.pf, Pess*+V2Enp(t)/At}, -Pre.ciimd}
—’{ Phe= maX{min{szHgss' PH555+1/2EHp(t)/At}, -PHE.Cme} 5
< H Pup = Puess - Pre

b) Strategy 3: Priority on HP-ESS charge

Ene(t)>0
YES & Epp(t)>0

NO

Phess(t) < Pugss(t-At) s

NO

NO
VES Pre = max{Pygss, -Pre cHmi}

Phess(t) < Pstee
NO-

v
No IPHE= max{min{0, Puess+/5Ewp(t)/At}, -Pre cimd }7# Pue = Min{Pyess, Psipr} ‘ @

YES

i \_’{ Pue = max{min{PSLPF, PHESS+1/ZEHP(t)/At}, ‘PHE,CHmX} |‘_{ Phe= min{PHESS, PHE.DCme} }Q—N FJ

b 4
Pre = max{min{%Puess, Puess+2Enp(t)/At}, -Phe.crme} Pre = Min{Pue(t-At), Puess+2Enp(t)/At, Prepcrmd

| Pup = Phess - Phe }_’C )

c) Strategy 2: Minimizing HP-ESS discharge energy

FIGURE 5 |

profile, so e.g., if a power profile is composed of two main cycles
with discharged energies per cycle of 100 and 150 kWh, and the
available charging times after each discharge are 15 min and 20
min, respectively, then the required charge power by the profile
is 450 kW (max{100 kWh/0.25 h, 150 kWh/0.33 h}).

3.1.1 | Charging Strategies

Three possible charging strategies are considered, and their
flowcharts are shown in Figure 5. They are detailed in the

Flowchart for the three charging strategy alternatives for the charging strategy block in the EMS (Figure 4).

following, and their effect is illustrated in Figure 6.

1. Priority on HE-ESS charge: The flowchart for this charging
strategy is shown in Figure 5a. This charging strategy
prioritizes the charging of the HE-ESS over the HP-ESS,
while avoiding power exchange between the HP-ESS and the
HE-ESS. Thus, the sign of the HP and HE ESSs powers is
always consistent with the sign of the required power profile.
When the HESS is discharging, the power reference for the
HE-ESS follows the minimum of the output of the filter and
the required power Pjp¢q(t). When the HESS is charging,
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the HE-ESS is charged at maximum possible power (i.e., the
lowest of the available charging power and the output of the
filter) until it is fully charged; then, the HP-ESS is charged at
maximum available power.

2. Minimizing HP-ESS discharge energy: The flowchart for
this charging strategy is shown in Figure 5c.This strategy
prioritizes recovering the energy to HP-ESS right after a
discharge pulse is delivered, using the HE-ESS to recharge
HP-ESS when the HESS is discharging. Thus, the strategy
allows the power flow from the HE-ESS to HP-ESS, but
not the flow in the opposite direction. When the HESS is
discharging, if the HESS required power is higher than or
equal to the output of the low-pass filter, then the HE-ESS
follows the output of the low pass filter, and the HP-ESS
also discharges providing the remaining power; however,
when the HESS required power becomes lower than the
delivered power by HE-ESS (P pss(t) < Pyp(t — At)), the HE-
ESS keeps delivering the same power, recharging the HP-ESS,
until it is fully charged. This may result in higher average
power per cycle for the HE-ESS but reduces the required
energy per discharge cycle for the HP-ESS. On the other hand,
when the HESS is charging, the HE-ESS follows the output of
the low-pass filter but constrained to ensure that at least half
of the available charging power goes to charge HP-ESS until
it is fully charged.

3. Priority on HP-ESS charge: The flowchart for this charging
strategy is shown in Figure 5b. This charging strategy prior-
itizes having the HP-ESS charged over the HE-ESS during

the HESS charging phase, while avoiding power exchange
between HP-ESS and HE-ESS during the HESS discharge
phase. As with strategy 1, the sign of the HP and HE
ESSs’ powers are always consistent with the sign of the
required power profile. When the HESS is discharging, this
strategy follows the same principle as in discharging strategy
1. When the HESS is charging, this strategy follows the
same charging rule as in charging strategy 2, prioritizing the
HP-ESS charging while also charging the HE-ESS.

In the example reported in Figure 6, both power cycles present
the same HESS discharge power profile, with a peak discharge
power of 1075 kW. The charging power profiles are constant, but
at values of 500 and 1000 kW. A saturated low-pass filter with a
cut-out frequency of 3.33 mHz and a maximum discharge power
of 800 kW is considered for the three charging strategies. The
required usable energy for the HESS profile is 417 kWh, as shown
in Figure 6c¢. It should also be noted that the discharge energy
increases when ESS is discharged and decreases when the ESS is
charged. Thus, it is possible to estimate a required usable energy
(E,¢q) associated with a power profile (Pgss(t)) by the difference
between maximum and minimum discharged energy as:

E,,, = max (TfOPEss OF dt) — min (T/FOPESS ®- dr) @)
0 0

where T}, is the fundamental operating period of the power
profile.
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TABLE 2 | Summary of ESS basic requirements for the illustrative example in Figure 6.
Charging Charging Charging
Requirement strategy 1 strategy 2 strategy 3
HE-ESS Usable energy [kWh] 321 396 367
RMS discharge power [kW] 663 732 663
RMS charge power [kW] 638 757 701
Max. charging power [kW] 760 1000 1000
HP-ESS Usable energy [kWh] 100 39 50
RMS discharge power [kW] 182 186 182
RMS charge power [kW] 176 311 351
Max. charging power [kW] 500 800 500

It can be observed from the example illustrated in Figure 6 that the
selection of a given charging strategy will lead to different power
and usable energy requirements for the HE-ESS and the HP-ESS,
which are summarized in Table 2. It can be noted that, while
using the same low-pass filter parameters, strategy 1 reduces
energy and power requirements for the HE-ESS, compared to
strategies 2 and 3; however, more usable energy is required for
the HP-ESS with strategy 1. On the other hand, strategy 2 results
in the lowest usable energy required for HP-ESS but also in
strongest power and energy requirements for HE-ESS, compared
to strategies 1 and 3. The different ESS requirements, together
with the considered ESS technology performance, will result in
different requirements for the energy capacity to be installed, as
discussed in the next sub-section.

3.2 | ESS Sizing Criteria

The size of the storage elements (HE-ESS and HP-ESS) should be
defined to fulfil the mission profile during the entire lifetime of
the vessel. Since the ESS will lose capacity due to degradation,
it should be ensured that enough ESS capacity remains during
operation at end of the design life (Egp;). After the EMS rule is
defined, the sizing criteria presented in this section should be
applied to both the HE-ESS and HP-ESS subsystems, with their
associated power profiles derived from the power split procedure.
The proposed ESS sizing algorithm estimates the minimum
capacity to be installed, considering the following criteria:

3.21 |
Range

Required Usable Energy and State-Of-Charge

The minimum required usable energy (Eyzy) is equal to the
maximum required usable energy from all required ESS power
time series composing the mission profile, so if the mission profile
is composed of N,, power time series:

EMRU = max (Ereql’Erqua sEreqi’ ’EreqN[s) (5)

where E,,; is the required usable energy associated with the
i-th ESS power time series, which can be estimated using
Equation (4). Then, the ESS is sized to charge and discharge
E\ru at the end of design life (EDL) and while maintaining the

state of charge (SoC) within the defined minimum (SOC,,,,) and
maximum (SOC,,,) set design limits (e.g., between 10% and 90%):

EMRU
P — L
Eepr 2 S0C,,. — SOC,,, ©)

3.2.2 | Required Power Versus ESS Power Capability
Degradation

Each ESS is sized considering the maximum charge and dis-
charge rates allowed by its technology, while ensuring a charg-
ing/discharging power at least as large as the required maximum
continuous (Py;cc /Pucp) and peak (Pype /Pypp) powers from all
required ESS power time series composing the mission profile
at the EDL. By assuming that the ESS is built by connecting
ng reference modules in series to achieve the required voltage
and n,, parallel-connected strings to achieve the required capacity
(Ahggg), the first-order resistive circuit model for the reference
ESS module, including the ESS open circuit voltage (OCV), an
internal ohmic resistance (R,), and a RC parallel network (R,
and C,), can be used to approximate the correlation between ESS
current (Igs) and ESS power (Ppgs), as follows:

I
Ppgs = Iggs - 15 - <OCV —Ry- _ZSS - Vc) @)
P
dv, Ipss
RC - — =R <_ -V, (8)
dt n,

where R, and R, depend on SOC, temperature, and current
direction (charge or discharge), while OCV and C, vary with SOC.
Rearranging Equation (7) to express it in terms of the nominal
capacity of reference module at BOL (Ahggp), the current rate
(Crate = Iggs /Ahggg), the nominal energy of reference module
at BOL (Eggr) and ESS nominal energy at BOL (Ego, 2 0 - 1, -

Ergr):

Prss _o <ocv R AR Cue V. ) ©

E BOL VREF EREF VREF

where Vi is an average voltage obtained from the relation
between nominal energy and capacity of the reference module
(Egrer = Vger - Ahggp), with the Ahggr and Eggp values normally
reported in the module datasheet.
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For the estimation of the maximum continuous powers, Equa-
tion (8) can be simplified by considering state-steady response
in the RC network (V. & R; - Iss/n,). Then, accounting for the
required maximum charging/discharging powers and the worst-
case operating conditions, the following conditions should be
satisfied:

PMCC (10)

EgoL 2
Cratemcc (kAV + kg - (Roemax + Ricmax) Crate,MCC)

1:'MCD (11)
Crate,MCD . (kAV - kAR . (R()d.MAX + Rld.MAX) . Crate,MCD)

2
kR.EOL : AhREF

Epor =

Kup = 12)
ar EREF
OCV (SOC,,,)
kAV - T (13)

where Cpyenmccs Craemep are the maximum continuous charge
and discharge rates for the reference module, respectively,
OCV(SOC,,,) is the OCV estimated at SOCy,, Rocjamax; Ric/amax
are the maximum expected values during charge/discharge for
the resistances R, and R, respectively (typically estimated at the
lowest expected module temperature and SOC,,,), and kg gor. is
the expected maximum increment of ESR at the end of life (EOL)

(typically kg por, = 2).

On the other hand, for the estimation of maximum peak powers,
the worst-case scenario is that C, is charged at maximum opposite
polarity of the OCV right before peak power is delivered. This
happens when Py should be delivered right after a discharge
cycle at Pycp, and when Pypp, is required during the timeframe
when Py is delivered. Then, from Equation (9), the following
conditions should be also satisfied:

PMPC

Epor, 2
Crale,MPC : (kAV + kAR : (ROCAMAX . Crate,MPC - R1<:AMAX . crate,MCD))

(14)

P
EpoL > MCD

crate,MPD : (kAV - kAR ° (ROd.MAX ° crate,MPD + Rlcl.MAX ° Crate,MCD))

as)

where Cyenvpes Craempp are the maximum peak charge and
discharge rates for the reference module, respectively, and all
other parameters as previously described.

3.2.3 | Remaining Capacity Versus Capacity Degradation
The ESS capacity at BOL should be sized to ensure that after
degradation, the total capacity loss at EDL (Q,.ppr) does not
reduce the ESS remaining capacity to a value lower than the
energy required for the mission power profile:

E
Egpr = Epor. — Qiossepr = m (16)

where Q.rp. depends on calendar aging as well as on
the ESS cycling use (defined mainly by depth of discharge,
charge/discharge current rates and temperature), and it is
estimated following the methodology described in Subsection 3.3.

3.2.4 | ESS End of Life Versus Required Design Life

The aging process in electrochemical energy storage devices
(like Li-ion batteries and supercapacitors) is reflected mainly in
capacity loss and the increment of internal resistance. While the
methodology considers the effects of the increment in internal
resistance on power capability degradation through the param-
eter kg por, the capacity loss has been considered the main EOL
criterion in this work. Thus, the EOL criterion (kgg; ) for the ESS
has been related to the ESS capacity fade [19]:

_ QlossEOL

kgop = - 100% 17)

BOL

where Q.o iS the total capacity loss at EOL. Normally, kg,
values between 20% and 30% are considered for electrochemical
energy storage devices, and here k;,;, = 20% is assumed.

Then, ESS should be sized to allow the energy cycling prescribed
by the power profile without causing the ESS to reach its EOL
before EDL:

QloxsEDL -100% < kEOL (18)

EBOL

Each of the previously mentioned criteria gives a minimum
required capacity to be installed, so this implies that Ep; is given
by the maximum of all calculated energy capacities.

3.3 | ESS Degradation Model

As the EOL criteria have been linked to the capacity fade, then
the considered degradation model only considers the effects on
capacity fade given by calendar aging and cycling degradation.
While it assumes that the maximum capacity loss will be reached
before the maximum allowed increment in internal resistance,
the overall increment in ESR is considered to fulfil power
requirements at EDL, as previously described in the second sizing
criterion. Also, it is assumed that superposition applies, such that
the incremental effect of each cycle in the overall degradation can
be added, and such that incremental calendar capacity loss can be
added to the capacity loss due to the cycles.

Based on the previous assumptions, the total capacity loss at EDL
is estimated by:

QlussEDL = Qcal + Qcycle (19)

where Q. is the total calendar degradation and Q.. is the total
cycling degradation at the EDL, expressed in J. The calendar
degradation can be estimated by:

AQcal

Qcal
= - -T 20
EBOL 100 EDL ( )

where AQ,,, is the capacity loss per year due to calendar aging
(in percent of initial capacity), and Ty, is the design lifetime in
years.

On the other hand, the capacity loss associated with cycling
degradation is estimated following the methodology described in
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Nis Neyele(i)
Qeyete = Z Nreoray - Tepr * 2 AQ,y. (i, k) 2D
i1 k=1

where ESS has been cycled N, times at different conditions
associated with the i-th ESS power time series composing the ship
mission profile, which repeats Nyqp(;) times per year. The cycle life
model based on fatigue theory reported in [26], in combination
with the multi-factor cycle life prediction methodology reported
in [24], has been used for the estimation of the fractional
cycling degradation per cycle (AQ,,.), expressed in J. The main
assumptions used are that the impact of main operational factors
on ESS cycle life is approximated to be independent of each-other,
as well as that the cycling degradation is uniformly distributed
along the lifetime, it follows that:

ag.. = Qs <DOD )5 ( I > < I, )
e NCLAref DODref IC.ref IDJ'Ef

e ( Tc.lref ’%> (22)

where DoD is the depth of discharge, T, is the average temper-
ature, I and I, are the charging and discharging current rates,
respectively, 3, a¢, ap, and y are the ESS-technology-dependent
degradation stress factor fitting parameters for DoD, I, I, and
T,, respectively, and N¢; ,.; and Q.. . are the number of cycles
and the associated cycling degradation (expressed in J) under
reference conditions for the specific energy storage technology.

The estimated degradation stress factor parameters for each
technology reported in Section 4 have been calculated using dif-
ferent data sources and they can be considered as representative
parameters for each technology when neglecting other factors
that may affect the cell degradation performance beyond the
anode/cathode chemistry, as for example the shape (cylindrical,
pouch, or prismatic), the cell size, the internal number of layers,
and so on. Cycling performance data reported in [29-31] have
been considered to estimate all stress factor parameters for
LTO/NMC technology, while for LTO/LMO technology, data
reported in [32] have been used. For LFP technology, cycling
performance data reported in [33, 34| have been considered,
while for NMC-E and NMC-P technologies, the data reported
in [25, 34-37] have been considered. In the case of supercapac-
itors, their degradation is mainly determined by the amount of
time they are kept at a given voltage and temperature [38], so
degradation performance data reported in [38, 39] along with
methodology reported in [40], have been considered to estimate
the supercapacitor degradation stress factor parameters.

For a given power profile, the rain flow algorithm [26] has been
used to estimate the equivalent energy cycles and the associated
DoDs and C-rates, however the average ESS temperature can-
not be determined directly. The ESS temperature performance
depends on multiple factors, like the ESS cooling system and
module thermal performance. A simplified approach is consid-
ered here. First, the average ESS temperature is proportional to
the ESS losses. Then, by neglecting variations in the internal
resistance during the cycle, the ESS temperature rise against a
constant heatsink temperature (Ty5zpr) iS proportional to the

square of the current rates ratio. Considering the average ESS
temperature per cycle (T.) as the average temperature during
charge and discharge, it is then approximated by:

Tc = Tysrer + (Tcrer — Thsrer) *
2 2
P 1 P 1
(o) mem (mn) | @
Pp + Pc Ic 1rer Pp+Pc Ip rrey

where P, and Pj, are the equivalent/average cycle charging and
discharging power, respectively.

4 | Numerical Example for An Electric Harbour
Tug
4.1 | Mission Profile and General Specifications

Tugboats are relevant candidates for adopting HESS since their
mission profiles are characterized by low operational hours and
low utilization of the total power installed [41]. An electric
tugboat with a propulsion output of 3236 kW [42] is considered in
this section to illustrate the proposed HESS sizing methodology.

Figure 7 shows the standard mission profile for the tugboat, which
follows the main operating data model reported in [42, 1], as well
as a similar aggregated power profile as reported in [41]. The mis-
sion profile exhibits three main operation modes: transit, work-
ing, and charging. Transit mode is when the tugboat is leaving
or returning from the work-point. Working mode occurs during
the pulling of large ships in harbour. Charging mode refers to the
tugboat being connected to the charging station at harbour. A con-
stant charging rate of 1 MW is considered for simplicity. Figure 7a
shows the power time series per trip associated with the standard
tugboat mission composed of around 40 min of transit, 20 min
of working, and 30 min needed to charge. Figure 7b shows the
aggregated power demand associated with the discharge power in
Figure 7a. The tugboat demands less than 20% of nominal power
more than 70% of the time per mission [41]. Table 3 summarizes
the main ESS requirements and common design constants for the
considered numerical example. A total of 1680 mission/trips per
year (280 operating days with 6 standard missions/trips per day)
is considered, which is quite in line with the average of the typical
yearly operating time (2520 h) reported in [41, 43].

4.2 | Reference ESS Performance Parameters and
Monotype Solutions

The feasibility of adopting an HESS topology for this application
depends on the performance comparison to a reference ESS
solution based on a single ESS technology (an ESS monotype
solution). To establish the best reference ESS monotype solution,
the ESS technologies commonly used in marine applications have
been considered. Table 4 summarizes the main ESS technology
parameters needed for the ESS sizing methodology, taking as
reference the ESS technologies presented in Table 1 and com-
plementary ESS performance data reported from the literature
[44, 45]. The ESS reference performance parameters related to
volume and weight consider extra components (like BMS, cooling
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Electric harbour tug: standard mission profile. Nominal propulsion power 3,236 kW.

Harbour tug mission requirements

Minimum usable energy [kWh] 500 Typical yearly operating time [41, 43] [h] 1000-4000
Max. RMS charge power (120 s) [kW] 1000 Assumed mission/trips per year 1680
Max. RMS discharge power (120 s) [kW] 1800 Assumed operating time for this profile [h] 2520
Max. RMS discharge power (10 min) [kW] 1300 Peak charge power [kW] 1000
Max. RMS discharge power (1 h) [kW] 650 Peak discharge power [kW] 3000
ESS design constants

Minimum lifetime [years] 10 Reference heatsink temperature [°C] 20
Safety margin in peak current [%] 30 Reference ESS temperature at max. C-rates [°C] 45
Safety margin in continuous current [%] 15 Capacity fade to EOL [%] 20

pipelines, the cabinet/enclosure and so on), which decrease the
energy density compared to a single ESS module/cell.

The design of the capacity of HE ESS technologies is mainly
dictated by the need to avoid EOL before EDL and/or according
to the required C-rates, while for HP technologies the pre-
dominant criterion is to ensure enough remaining capacity at
EDL. Required installed capacity for HP-ESStechnologies is lower
compared to HE ESS technologies; however, they have higher
cost, volume, and weight per unit energy. Figure 8 shows the
monotype ESS sizing results and associated performance (cost,
volume, and weight) as a function of harbour tug missions/trips
per year for the considered ESS technologies. It can be noted that
the monotype ESS solution based on supercapacitors requires the
lowest installed capacity among the considered ESS technologies,
however the ESS cost, volume, and weight associated with the
required capacities for supercapacitors are the highest compared
with the other technologies.

Regarding the ESS cost, the G/LFP-P technology provides the best
alternative for any required number of trips per year; however,
higher volume and weight are required compared with G/NMC-
P solutions, which provide the solutions with the lowest volume
and weight among the compared technologies. Also, G/NMC-P
ESS should be sized according to the required peak C-rates; and
therefore, the sizing becomes independent of harbour tug usage
(number of missions per year), making this solution the best for
heavy-duty profiles.

When 1680 missions/trips per year are considered. It can be
noted that the cost of the G/NMC-P solution is around 28%
higher than the cost of the G/LFP-P solution, but the G/NMC-
P solution provides the lowest volume and weight, with a
reduction of 35% in volume and 40% in weight compared to the
G/LFP-P solution. Also, the estimated State Of Health (SOH)
at EDL for G/NMC-P solution is 87%, so a longer lifetime can
also be expected for this solution, which has been estimated
to be around 15 years to reach EOL. Given that harbour tugs
have strong volume and weight constraints, G/NMC-P tech-
nology seems to be the best alternative for monotype ESS
solutions.

4.3 | HESS Solutions

The proposed HESS sizing methodology has been applied to find
relevant HESS solutions for the electric tug profile, by combining
of ESS technologies listed in Table 4 and considering the general
specifications in Table 3.

Figure 9 shows the obtained HESS energy performance space
for six relevant combinations of ESS technologies. For each case,
the HESS performance space has been mapped by sweeping the
three free EMS parameters: the low-pass filter cut-off frequency
between zero and infinity, the maximum discharge power of
HE-ESS between 400 kW and 3000 kW, and evaluating the
three charging strategies discussed in Section 3.1. A total of
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TABLE 4 | Reference ESS technology parameters.
Technology G/NMC-E G/LFP-E  G/LFP-P G/NMC-P LTO/LMO LTO/NMC SuperCap.
Discharge current rate [C-rate] 1/2 2/3 4/6 3/5 7/13 20/36 124/380
(cont./peak)
Charge current rate [C-rate] 0.5/1 1/2 4/6 3/5 7/13 20/ 36 124/380
(cont./peak)
Ref. resistance factor (k,g) [s/Q] 3.1338 3.4595 2.7692 5.7996 6.1653 0.289 0.0362
Ref. voltage factor (k) 0.9403 0.969 0.969 0.9531 1 0.98 0.5507
Max. charge/discharge R, [mQ] 5.6/5.6 8.8/8.8 2.56/2.56 3.7/3.7 3/2,87 12/12 8.7/8.7
Max. charge/discharge R, [mQ] 2.8/5.6 4.4/4.4 1.28/1.28 1,85/1,85 1.5/1.43 6/6 4.3/4.3
System specific energy [Wh/kg] 125 73 50 76 40 24 4.5
System energy density [Wh/dm3] 115 95 65 88 45 32 3
Usable energy (SOC range) [%] 85 80 80 80 90 85 85
ESS Cost [EUR/KWh]* 400 350 550 800 1200 1500 5000
Calendar degradation [%/year] 1,00 1,11 0.95 0.91 0,80 0.80 0.71
Cycle Cycles to 80%SOH. 4000 4000 6000 10,000 25,000 60,000 1,000,000
Life* Reference DoD [%] 80 80 80 80 100 60 75
Ref. Charge/discharge 0.3/0.3 0.2/0,2 0.8/0.8 1.2/1,2 2/2 5/5 15/15
rates
Ref. temperature [°C] 25 25 25 30 25 45 35
DoD stress factor, 3 1,6844 2.1327 2.1327 2.2093 2.1314 1,7113 2.8644
Charge rate stress 1.6185 0.74386 0.74386 1.1162 —0.58012 —0.58012 -1
factor, a,
Discharge rate stress 0.9180 1.3382 0.74386 0.5584 —0.58012 —0.58012 -1
factor, ay,
Temperature stress 3664 3684 3684 8266 4650 6495 6976

factor, y [K]

*Assumed based on similar ESS performance and literature [44, 45].

15,600 power split alternatives have been evaluated for each
case reported in Figure 9. Each subplot in Figure 9 includes
all the obtained discrete solutions for the HESS (plotted with
circular marks), which are composed of the installed energy for
HE-ESS (x-axis) and the corresponding HP-ESS (y-axis) for all
the evaluated power split alternatives obtained after the ESS
sizing process described in Section 3.2. Also, an area representing
the possible/relevant HESS solution space is included, which is
constrained on its lower borders by the obtained Pareto optimality
sizing and in addition, for easy viewing purposes, its upper
borders have been constrained by the square sum of normalized
capacities (Eyp/Egssur) + (Enp/Egssup)” < 1). Each point of
the possible HESS solutions is plotted following a colour scale
relative to the cost of the monotype HE-ESS solution, which is
the one intercepting the x-axis. Five lines are also plotted for each
case: the grey-solid line represents the minimum energy at EDL
to fulfil the mission profile without going out of the maximum
SOC range; the dark-grey-dashed line represents HE-HP energy
combinations in proportion to the required energy of monotype
HE and HP solutions; and the other three lines represent HE
and HP energy combinations that produce the same cost, volume
and weight than HE-ESS monotype solution, respectively. So, if
there are HESS solutions below any of these lines, then these

solutions bring a reduction in cost, volume or weight compared
as the HE-ESS monotype solution.

The first relevant ESS combination to check follows the combina-
tion of the highest energy-dense ESS technology and the highest
power capability ESS technology listed in Table 4, i.e., G/NMC-
E combined with supercapacitors, which is plotted in Figure 9a.
It can be noted that all HESS solutions in this case will have
higher cost, volume, and weight compared with the G/NMC-
E monotype solution, so combining these two ESS technologies
is not convenient for the tug. This can be interpreted by the
fact that G/NMC-E batteries are sized to avoid EOL before EDL,
mainly driven by ESS degradation, and the reduction in HE-ESS
degradation obtained by introducing HP-ESS is not significant
compared to the extra energy introduced by the HP-ESS. Similar
results have been observed from the combination of G/LFP-E
batteries with supercapacitors, and, for combinations of G/NMC-
E or G/LFP-E batteries with LTO/NMC batteries, which have not
been plotted for brevity.

Figure 9b,c show the HESS energy for G/LFP-P batteries com-
bined with supercapacitors and LTO/NMC batteries, respectively.
It can be observed that, similarly to the previous case, the
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FIGURE 8 |
in the plots (ESS cost > 3260 k€, volume > 217 m® and weight > 145 tons).

combination with supercapacitors is not convenient for the tug.
For G/LFP-P and LTO/NMC batteries, it can be noted from
Figure 9 that there are HESS solutions with similar volume and
weight but higher cost than the G/LFP-P monotype solution,
making this combination not relevant for this application. The
reason behind these results is that also G/LFP-P batteries are
mainly sized to avoid EOL before EDL.

Finally, HESS results from the combination of G/NMC-P with
supercapacitors, LTO/NMC and LTO/LMO, batteries are shown
in Figure 9d-f, respectively. It can be noted that HESS solutions
based on G/NMC-P bring improvements in cost, volume, and
weight compared with the G/NMC-P monotype solution, for all
three considered HP-ESS combination alternatives. Contrary to
the previous cases, the G/NMC-P monotype solution is sized
according to the required peak C-rate, so using the HP-ESS
to reduce the required peak power for the G/NMC-P ESS also
directly reduces the required energy. Given that the tug profile
is characterized by short-term power peaks, the required energy
of HP-ESS to supply the peak power is small, allowing HP-ESS to
be used at high C-rates, taking full advantage of its high-power
capability properties.

Figure 10 shows the Pareto optimality curve for the HESS
solutions combining G/NMC-P with other ESS technologies with
higher power capability, and the associated minimum HESS
cost, volume, and weight normalized to the G/NMC-P monotype
solution values. It can be noted that the Pareto optimality curve
is characterized by two main slopes in all three cases. The first
slope is for G/NMC-P installed energy from 966 kWh to around
720-780 kWh, and it is mainly determined by the power capability
of the HP-ESS technology. For any additional HP-ESS energy, the
required C-rates of G/NMC-P ESS are lower and, therefore, the
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Comparison of monotype ESS sizing results and performance against harbour tug missions/trips per year. Supercapacitors not included

reduction of the required energy of the HE ESS is larger than the
additional energy of the HP ESS. For the combination with super-
capacitors, a reduction in G/NMC-P required energy of 74 kWh
per kWh of installed supercapacitor energy can be achieved,
while for LTO/NMC and LTO/LMO this is around 7 kWh and
2.25 kWh per kWh of HP energy, respectively. The reductions in
HESS cost, volume and weight follow the HE installed energy
reductions in this range, and the minimum values are reached for
HE installed capacities of 775 kWh, 759kWh, and 734 kWh for the
combination with supercapacitors, LTO/NMC, and LTO/LMO,
respectively.

Above a certain capacity of HP, the slope changes because the
C-rates of G/NMC-P are sufficiently low to the point that EDL
becomes the dominant sizing criterion. For the combination
with supercapacitors and for HE-ESS installed capacities below
775 kWh, both systems should be sized to ensure enough capacity
at EDL, and a reduction of around 1.5 kWh in G/NMC-P
required installed capacity per kWh of installed supercapacitor
capacity can be achieved in this range. For the combination with
LTO/NMC and LTO/LMO, two sizing criteria are alternatively
used to ensure enough capacity at EDL or avoid EOL before
EDL, so the trends are not as straight as for supercapaci-
tors (Figure 10). A reduction of installed capacity of around
1.26 kWh and 0.68 kWh per kWh installed HP-ESS energy can
be achieved for the combination with LTO/NMC and LTO/LMO,
respectively.

Table 5 summarizes the results discussed so far. The low-
est HESS cost and weight are achieved with supercapacitors,
with a reduction in cost and weight of about 18% and 15%,
respectively, compared with the G/NMC-P monotype solution.
The lowest HESS volume is achieved for the combination of
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TABLE 5 |
reference G/NMC-P monotype solution).

HESS solutions with best performance for G/NMC-P combined with HP-ESS. (values in parenthesis show reductions with respect to

HP-ESS technology

Supercapacitors

LTO/NMC LTO/LMO

Installed energy [kWh] G/NMC-P 775.45 (—19%) 758.96 (—21%) 733.60 (—24%)
HP-ESS 2.58 29.59 103.39
Capital Cost [k€] 633 (—18%) 651 (—16%) 711 (—8%)
Volume [m?] 9.69 (—12%) 9.57 (=13%) 10.64 (—3%)
Weight [Tons] 11.02 (=15%) 11.47 (—12%) 12.51 (—4%)
SOH at EDL [%] G/NMC-P 81.3 81.5 81.7
HP-ESS 84.4 80 80
Sizing criteria G/NMC-P To ensure enough capacity at EDL To ensure enough capacity at EDL
HP-ESS To avoid EOL before EDL
Low pass filter frequency [mHz] 64.12 33.60 14.98
Limit HE discharge power [kW] 2399.3 2355.0 2268.9

Charging Strategy Minimizing HP-ESS discharge energy Priority on HP-ESS charge
HESS = = =HE ——HP
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FIGURE 11 | HESS power profiles for the solutions listed in Table 5.

G/NMC-P with LTO/NMC, with a reduction in volume of
about 13% respect to the G/NMC-P monotype solution, while
the HESS with supercapacitors achieves a 12% reduction in
volume.

Figure 11 shows the power profiles associated with the HESS
solutions listed in Table 5. For supercapacitors, the energy
management strategy recharges the supercapacitor itself after
every intervention. This is because the maximum sizing criterion
is based on ensuring that the capacity is sufficient at EDL,
which means that the total energy discharged after every peak
is minimised if the supercapacitor is recharged immediately
after. HP LiBs are instead only charged at the end of the cycle
because, in this case, the maximum sizing criterion is based on
ensuring that EOL does not occur before EDL. Thus, avoiding
the additional stress (and associated degradation) of charging HP-
ESS with energy from HE-ESS during the main discharge phase
is preferable.

Time [minutes]

G/NMC-P & LTO/NMC °)

Time [minutes]

G/NMC-P & LTO/LMO

Finally, Figure 12 shows the impact of the EMS charging
strategy on the Energy-Pareto optimality and the minimum
achieved HESS cost for G/NMC-P combined with supercapac-
itors, LTO/NMC, or LTO/LMO technologies. It can be noted
that, depending on the G/NMC-P installed energy, a charging
strategy can become more beneficial than the others. For the
analysed harbour tug profile, minimizing the HP-ESS discharge
energy seems to be more beneficial to install a smaller energy
capacity of HP-ESS and using it with higher C-rates, especially
for the supercapacitors because they need to be sized to ensure
enough capacity at EDL, but HP-LiBs are mostly sized to avoid
EOL before EDL or following C-rate requirements in some cases.
However, when the degradation criteria become more relevant
than C-rate requirements for G/NMC-P, then the extra stress
associated with transfering energy from HE-ESS to HP-ESS when
trying to minimize the HP-ESS discharge energy will create more
degradation, and therefore a higher slope (almost of 90°) in the
energy Pareto for strategy 2 can be observed in all cases.
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Additionally, the method proposed in [15] has been used as a
reference to compare the effectiveness of the proposed approach.
The EMS used in [15] has been implemented and incorporated
within the proposed HESS design framework. Figure 13 shows
and compares the energy-Pareto optimality and minimum HESS
cost for the combination of G/NMC-P and LTO/NMC found by
the proposed methodology and the method reported in [15]. It can
be noted that HESS solutions with a better trade-off can be found
by the proposed EMSs compared with the one proposed in [15].

5 | Conclusions

A key challenge in design optimisation methods for fully electric
vessels with multiple types of energy storage is the need to analyse
a large number of cases each time the cost function used for
the optimisation is modified. This paper advances the current
state of the art by introducing a Pareto-based design optimisation
method, applied to hybrid energy storage for zero-emission
vessels. The proposed approach is more effective because it

decouples the analysis of solutions that fulfil operational con-
straints from the optimisation process. The energy Pareto front
contains all optimal configurations, independent of the cost
function, allowing the search for any optimal configuration to
be restricted to the Pareto front alone. This significantly reduces
the computational burden, especially for evaluating again the
optimal configuration when the cost function or its parameters
are modified compared to conventional optimisation techniques.
Moreover, the Pareto front provides a valuable graphical inter-
pretation of the optimisation process and the robustness of
the selected optimal configuration. The proposed optimisation
method has been applied to an electric tugboat to demonstrate
how the optimal solution with the minimum weight can be
identified for a specific capacity degradation of the energy storage.
This criterion is important for vessels because often batteries are
designed according to this criterion and are often overdesigned
to satisfy the requirements for minimum life. The example has
shown that using the proposed method it is possible to obtain
a design that respects the requirements and has lower volume
and cost than a design solely based on batteries. The method
is also applicable to other energy systems involving multiple
types of energy storage, such as rail and automotive applications,
where different cost functions must be tested before finalizing the
design. Future research will integrate more refined models for
the losses in the power converters, as they are variable with the
power of the energy storage and can have different impacts on the
batteries and short-term energy storage. Also, it will be explored
the possibility of turning the converter off when the high-power
energy storage is not in use to eliminate converter’s switching
losses during idling.
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