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TES applications, such those in the maritime sector. The work introduces a novel methodology that combines
computational fluid dynamics (CFD) with reduced-order modelling (ROM) techniques to evaluate the thermo-
economic performance of PP-LHTES at the prototype scale (~102 kWh) and predict its potential at full scale
(~MWh). These are the key aspects of novelty of the research. The study focuses on the impact of key technical
factors, including the selection and thermophysical properties of the phase change material (PCM), its melting
temperature and latent heat of fusion, the operating temperature, and the flow rate of the heat transfer fluid.
Furthermore, the cost-effectiveness of PP-LHTES was examined by evaluating nine design parameters, such as the
number of pillow plates and the cost per unit of PCM. Findings indicate that PP-LHTES appear to have a
competitive advantage in volumetric energy storage density at the system level (~89 kWh/m®), making it more
compact than other LHTES solutions (~53 kWh/m?®) with a similar specific capital cost (~200 €/kWh). The PP-
LHTES module weighs 500 kg, occupies 0.25 m®, and provides an energy storage capacity of 17 to 22 kWh. The
scalability of the design is investigated and results emphasize the its versatility. The mass-averaged volumetric
energy storage density is comparable to existing LHTES systems (~50 kWh/t). This is due to the distinctive
design of pillow plate heat exchangers, which integrate heat transfer fluid channels and extended heat transfer
surfaces into a compact structure. This design increases energy density at the system level, reduces the overall
footprint, and enhances the feasibility of deploying TES devices in end-user applications.

the integration of new energy technologies. Strategies to enhance energy
efficiency encompass refining propulsion systems, increasing the uti-
lisation of renewable energy for electricity, and adopting waste heat
recovery (WHR) technologies [2,3]. For what concerns propulsion sys-
tems, the maritime sector remains dominated by ships propelled by
ergy generation and utilisation remains the uppermost critical challenge diesel engines with the levels of waste heat (WH) accounting for 50 % or
across all societal sectors. Within this context, the maritime sector needs more of primary energy provided by fuel [4]. Thus, efforts are focused

1. Introduction

The transition from non-renewable to zero-carbon and efficient en-

further energy efficiency enhancements, given the commitment of the on switching towards cleaner alternatives like LNG, methanol,
International Maritime Organisation (IMO) to achieving net zero hydrogen, and ammonia [3,5,6,7] as well as wind-assisted propulsion
greenhouse gas (GHG) emissions by 2050. The goal is set against pro- [8].
jections of an increase in emissions between 50 % and 250 % by 2050, if Nonetheless, waste heat recovery (WHR) remains a crucial strategy
unaddressed, due to increased maritime transportation [1]. This high- in augmenting on-board energy efficiency, with potential fuel con-
lights the critical need for both technological advancements and oper- sumption reductions estimated between 3 % and 15 % [9,10]. Although
ational optimisations. mature WHR technologies, such as waste heat boilers and turbocharging
Technological innovations play a central role in reducing GHG systems are fully deployed on ships [3,5], emerging WHR technologies

emissions from ships, through improvements in engine efficiency and
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Nomenclature

Roman symbols

A Area [m?]

Aum Mushy zone constant, [-]

B Melt fraction, [-]

Cp Constant pressure specific heat [J/kg/K]
De Pipe diameter [mm]

Dp Plate pipe diameter [mm]

Due Welding external diameter [mm]
Dui Welding internal diameter [mm]

E Specific energy [J/m3]

g Gravitational acceleration [m/s%]

H Specific total enthalpy [J/kg]

h Specific sensible enthalpy [J/kg]

h hour

K Thermal conductivity [W/m/K]

k Effective thermal conductivity [W/m/K]
L Specific latent heat [J/kg]

m Mass flow rate [kg/s]

np Plate number [-]

Ny Welding number [-]

p Pressure [Pa]

q Heat flux [W/m?]

Sen Energy source term [J/s/m3]

Smo Momentum sink [m/s]

T Temperature [K]

Ta Surface adjacent air temperature [K]
Ts Surface temperature [K]

Ts Source or sink temperature [K]

A Velocity vector [m/s]

Vp Pull velocity vector [m/s]

t Time [s]

Greek symbols

3 Liquid volume fraction [-]

€ Mathematical constant [-]

p Density [kg/m>]

Other symbols

At Time step [s]

AX Finite difference layer thickness [m]
Acronyms

Cap Capacity

CFD Computational fluid dynamics

CT Cycle Time

ED Energy density

HE Heat exchanger

HTF Heat transfer fluid

IMO International Maritime Organisation
KPI Key Performance Indicator

LHS Latin hypercube sampling

LHTES Latent heat thermal energy storage
LNG Liquefied natural gas

ORC Organic Rankine cycle

PCM Phase change material

PP Pillow plate

STHE Shell and tube heat exchanger

TES Thermal energy storage

TEU Standard twenty-foot container
URANS Unsteady Reynolds averaged Navier-Stokes
WHR Waste heat recovery

from terrestrial applications still present significant opportunities for
enhancement and integration into on-board applications. The over-
arching challenges lie in maximising WH recovery, particularly at the
low and intermediate levels of temperature, while concurrently miti-
gating the intermittency of waste heat availability [3,11]. In this regard,
advanced WHR solutions, including among others, organic Rankine
cycles (ORC) [12,13], isobaric expansion engines (IEE) [14], sorption
cooling systems [15] and thermal energy storage (TES) [16,17], not only
convert and valorise WH but also address the intermittency of on-board
demands, particularly on passenger vessels as cruise ships [13,18,19].

In this context, the exploration of thermal energy storage (TES)
systems for maritime applications remains substantially limited, with
only few studies addressing such technology in the maritime context
[18,19]. Scope for on-board TES emerges from the intermittent nature of
WH and thermal demand on ships driven by variable ship operational
profiles such as cruising, hoteling, and harbour manoeuvring
[13,18,19], which identify the necessity for dedicated research into
bespoke TES solutions. This paper addresses such needs by proposing
and assessing an innovative TES device, specifically tailored for reduced
footprint and integration with WHR systems operating at low or inter-
mediate levels of temperature.

The present research focuses on latent heat thermal energy storage
(LHTES) systems in the context of the utilisation of mid-to-low-
temperature waste heat sources on ships, which is currently unad-
dressed compared to high-temperature sources. These systems exploit
the phase transition of phase change materials (PCMs) between liquid
and solid to store thermal energy, offering substantial capabilities even
with minimal temperature differences [20,21,22]. Recent advancements
in LHTES technology aimed at minimising the physical footprint,
reducing costs, and optimising the duration of thermal charge and
discharge cycles through enhanced heat exchange designs and

mechanisms exchange [20,21,22]. These targets can be achieved
through the specific design of the geometry of the heat exchanger (HE)
and the choice of the most suited phase change material (PCM) for the
conditions of the heat transfer fluid (HTF). However, so far, only a very
limited number of studies focused on the development of on-board
LHTES systems. Exemplary cases include the work of Frazzica et al.
who developed and tested a hybrid TES device for on-board applications
exploiting the sensible and latent heat of PCM macro-capsules contained
in a vertical sensible tank, achieving an overall storage density of up to
35 % higher than conventional sensible TES devices [23]. Similarly,
Catapano et al. realised a small-scale prototype of the WHR system
embedding a Stirling engine an ORC device and a LHTES device and
tested it under conditions resembling the functioning of a ship during
winter and summer cruises, obtaining a recovery of thermal energy of
7.7 % of the total fuel energy [24]. Moreover, Godiff developed a CFD
model of an LHTES tank of a downscaled naval system investigating the
effects of the use of diverse PCMs on waste heat recovery [25]. In
addition, Zhang et al. applied a mathematical model of a WHR system
integrated with a latent thermal energy storage unit for a vessel appli-
cation achieving an increase of 7.9 % of the recovered heat compared to
traditional solutions [25].

Further numerical investigations were conducted by Ye et al. on
different typologies of phase change materials. Firstly, they identified
and clarified mechanisms behind convective false diffusion for enthalpy-
porosity modelling of the solid-liquid interface in pure solid-gallium
melting, analysed the asymmetrical solid-liquid interface, and pro-
posed fitting correlations regarding equilibrium state during phase
change [26]. Then, they proposed a correlation for calculating the mean
liquid layer thickness for the phase change of pure solid-gallium using
the enthalpy-porosity methodology and studied the irregular interface
shapes caused by the highly anisotropic properties of solid crystal
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gallium [27]. Finally, they developed a correlation for the dimensionless
mushy zone constant in terms of the Exploring mushy zone constant
Grashof number and Stefan number based on enthalpy-porosity
modelling [28].

Further, common to the existing studies on LHTES for naval appli-
cations, is the adoption of off-the-shelf designs, chiefly finned shell-and-
tube LHTES. A wide variety of literature references investigated these
systems by applying analytical [29,30,31], CFD [32,33,34] and experi-
mental [35,36,37] models. Alternative innovative designs instead
remain largely unexplored.

1.1. Novelty

Overall, from the literature studies discussed above, it emerges that
the development and understanding of alternative LHTES technological
solutions remain limited, particularly for applications in sectors such
difficult to decarbonise as the maritime sector. This work specifically
addresses this need by investigating an alternative topology of LHTES
systems based on the pillow plate heat exchanger (PP-HE) technology
and tailored for the storage of mid-temperature waste heat (up to ~
200 °C), both of which are the key novelties of the work. Indeed, their
current understanding remains confined to a limited number of studies
either focusing on empirically-based assessments [38,39] or simplified
parametric studies [40].

A study was conducted on a TES device for on-board applications
with thermal evaluation of the charge and discharge thermal cycles by
applying a CFD model. The effects on performance of the latent heat and
melting temperature of PCM (80-130 °C), the fluid dynamics of HTF,
and the temperature of source and sink (50-160 °C) were investigated
[41]. The present work aims at expanding and reinforcing the knowl-
edge of these aspects through the following novel contributions to the
existing body of literature.

— Comprehensive performance assessment underpinned by a novel
approach combining computational fluid dynamic (CFD) tailored for
PP-LHTES with reduced-order modelling (ROM) to extensively
ascertain the impact of PCM selection, operating temperature and
HTF flow rate on PP-LHTES thermo-fluid performance.

— Bottom-up understanding of the economic feasibility of PP-LHTES
through an economic analysis which complements the thermo-fluid
performance assessment by scrutinising the influence of the key
cost components such as PCM, PP-HE and HTF on the expected cost
of the whole PP-LHTES system.

— Understanding of the potential for PP-LHTES to scale up towards
future applications in a realistic environment at a scale of MWh for
the rated energy.

In doing so, this work represents a first-of-a-kind analysis of the
performance and potential of PP-LHTES devices. Ultimately, it contrib-
utes to exploring and advancing the development of LHTES technology
by strengthening the understanding of a novel concept with currently
untapped potential in attaining competitive thermo-economic perfor-
mance in the considered application context.

2. Pillow plate latent thermal energy storage

According to the literature, various waste heat streams are present
within on-board energy systems, predominantly associated with the
vessel’s propulsion system. There are intrinsic differences in both the
quantity and characteristics of these sources. The predominant form of
available waste heat arises from exhaust gases emitted by the main
engine, auxiliary engines, or boilers, all of which are typically fuelled by
fossil-fuel combustion.

The heat associated with the exhaust accounts for up to 28 % of the
fuel energy, and the temperature is reported within 200 °C to 360 °C.
Both high quantity and high temperature turn the exhaust gas into a
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great opportunity for WHR technologies. Another major WH source is
the scavenging air. The high quantity along with the temperature of the
exhaust gas led to high potential for waste heat recovery. In addition,
there is scavenging air which is used to remove post-combustion gases
from the engine, thereby requiring cooling and some heat would be
available for recovery. It accounts for up to 16 % of the fuel energy, and
temperature below 200 °C exiting the engine. The quantity and tem-
perature level still provide favourable conditions for WHR. Alternative
sources on board are the jacket water and lubricating oil, each roughly
accounting for 5 % of fuel energy, and temperatures are below 100 °C.
The characterisation summary of on-board WH sources and the overlap
is roughly demonstrated in Fig. 1 [42,43,44,45]. In addition to quantity
and temperature, the level of availability of WH sources also impacts the
overall WH. Upon continuous availability of WH, as the exhaust during
the vessel cruising at consistent speed, a relatively constant WH would
be available, thereby integrating WHR technologies can play a role for
uninterrupted energy conversion and turning WH into a useful form of
energy. Another part of the WH stems from the inconsistency of oper-
ational state of the on-board energy system, resulting in having a vari-
able and intermittent WH. Such parts of the WH are a great opportunity
for the deployment of Thermal energy storage, buffering the variable
WH for delivery in more stable condition, fulfilling the heat demand or
alternatives. The WH quality, quantity, and availability all associated
with the type of vessel and characteristics of the journey, however, the
design of LHTES solutions in the present study is aligned with a
reasonable range of WH temperatures and vessel characteristics.
Thermal energy storage devices based on phase change material
have two principal functions: they mitigate the fluctuations of demand
and supply of thermal energy, and they accumulate and release thermal
energy [46]. In particular, the configuration of these devices using pil-
low plates is illustrated in Fig. 2. It is a heat exchanger composed of a set
of plates stacked parallel to each other in the horizontal direction. The
plate bundle allows the circulation of the heat transfer fluid in the sys-
tem and is surrounded by a phase change material that acts as a heat
storage medium. Both the pillow plate bundle and the PCM are con-
tained in a tank. Two manifolds connect all the plates with direct joints
and the inlet or outlet pipes with the circuit of the heat transfer fluid.
The peculiar component of these devices is the pillow plate (PP),
which consists of two metallic plates with the same wall thickness that
are spot-welded together creating an internal pattern and that are sealed
with a welded seam along their contours. The plates are expanded by
inflation, in one or two directions, until the desired height for the
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Fig. 1. The temperature and amount of waste heat sources on board
ships [42,43,44,45].
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HTF loop for Exchanging Heat

Fig. 2. Proposed configuration of the PP-LHTES system.

passage of the HTF is obtained. The PP-HE is constituted by stacking
together the requested number of pillow plates. Internal welding can be
made to create septa that define the flow path of the fluid inside the
plates. In addition, the welding spots, and the eventual presence septa
made with internal welding, define the internal path of the fluid. This
enhances the flow turbulence and enlarges the area of interface between
the PCM and HTF and, thus enhances heat exchange. The layout of PP-
HE combines strength, solidity, simplicity and scalability [46]. The
fundamental thermo-fluid dynamics characteristics of pillow plates were
investigated [46,47,48] and their use in heat exchangers was considered
for traditional industrial applications [49,50,51].

The main geometric specifications and operating conditions of the
device analysed with CFD simulations are listed in Table 1. The specific
values of the length and height of the device were defined with tradi-
tional heat exchangers with submerged plates [52] and the results of
analyses previously conducted on comparable devices for on-board ap-
plications [53].

During operation, the heat transfer fluid enters the system by the
inlet pipe, passes through the pillow plates and exits from the outlet pipe
releasing or accumulating heat. In the charging phase, the HTF enters
the system with a temperature that is sufficiently higher than that of the
PCM to melt it. Thus, the former acts as the heat source and the latter as
the heat sink. Conversely, in the discharge phase, the temperature of the
heat transfer fluid is adequately lower than that of the storage material
to solidify it through opposite actions [53]. This principle of operation

Table 1

LHS Geometrical Parameters
Parameter Value
Inlet and outlet pipe diameter (D.) 55 mm
Plate pipe diameter (Dp) 60 mm
Pillow Plate dimensions (W x L) 900 mm x 700 mm
Welding external diameter (Dy.) 32.64 mm
Welding internal diameter (Dy;) 20.00 mm

Pillow Plate number (n;,) 10

Pillow plate gap (8) 10 mm

Pillow plate gap (hmin, hp) 12 mm, 15 mm
Plate thickness (tp) 1 mm

allows the reserve of thermal energy to solve the mismatch between its
supply and demand.

3. Methodology

3.1. Overview of methodology: Combined CFD and reduced order
modelling (ROM) for assessment of PP-LHTES

The methodology pursued in the present research combines CFD
models and reduced-order models (ROM) for assessing the effects of the
principal design parameters of PP-LHTES devices on their functioning in
mobile applications. In particular, a multi-stage modelling approach is
implemented, starting with the development of an individual modular
storage unit, and examining its performance through a CFD approach.
The PP-LHTES analysis is extended beyond the initial design, and a
surrogate model is developed by using a systemic performance investi-
gation across a range of scenarios, all assisted by CFD analyses. This
facilitates both CFD-level analysis and the scaling of storage solutions for
integration into actual vessels.

The rationale behind this methodology is to systematically develop
thermal energy storage systems for mobile applications under actual
conditions. By conducting the thermofluid dynamic analysis, the study
advances the understanding of the dynamic operation of the storage in
various operating conditions, aligning with the on-board energy system.
Moreover, conducting the sensitivity analysis provides insight into key
design parameters. Acknowledging that the critical parameters in stor-
age performance lead to identifying the boundaries of technical and
economic key performance indicators (KPIs), also supporting the
attainment of an optimised design for individual storage units. The
development of the reduced-order model evidences the practicality and
flexibility of the solution. Ultimately, the scaled-up stage demonstrates
the practicality and potential economic viability of the solution, offering
valuable insights for decision-makers considering this technology for on-
board applications.

The foundational blocks of this research are represented in Fig. 3.
The assumptions and inputs considered in the CFD analysis of the
modular design are supported by the literature, particularly the com-
mercial references regarding key PP-LHTES components as the storage
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Fig. 3. Flow diagram of the PP-LHTES design approach implemented.

material and heat exchanger structure. In the following step, technical,
economic, and installation KPIs are derived and extensively discussed as
a complement to the CFD analysis. The surrogate model is developed
upon systematic sampling with the CFD model, extending it to cover a
wide range of operating conditions. The surrogate model results in a
reduced-order model with detailed results, providing the opportunity for
validation and comparison with the literature. In the last step, the
adaptation of the solution for real-case maritime applications is dis-
cussed, and the critical challenges for on-board installation are
presented.

3.2. CFD model

3.2.1. Solidification and melting model

The solidification and melting model was applied to solve the ther-
modynamics of the processes of phase transition of the storage material
which exchanges energy with the heat transfer fluid. The model utilises
an enthalpy-porosity formulation for determining the phase of the liq-
uid-solid mushy zone of the material subject to phase change. In this
context, the model includes a mushy zone constant with value within the
range of 110° to 2010° suggested by the literature for LHTES modelling
[54]. Through this technique, the interface of phase change is not
explicitly defined. Instead, the mushy zone is modelled as a porous zone
with porosity equivalent to the liquid fraction, which is the ratio of the
cell volume in liquid phase to the entire cell volume. The porosity of a
cell ranges between 0 and 1: when the material is completely solid, the
porosity is null and its velocity is zero, while, when the material is
completely liquid, the porosity is unitary, and its velocity is computed.
The liquid fraction is calculated for every time step by applying the
enthalpy balance [55]. The momentum sink terms are also added to the
momentum equations to consider the pressure drop due to the existence
of the solid phase. Sink terms are even added to the turbulence equations
to take into consideration the decreased porosity of the solidus [56].

Unsteady Reynolds averaged Navier-Stokes (URANS) equations were
solved for an incompressible liquid. The liquid density, thermal con-
ductivity, and dynamic viscosity were defined relying on the static value

of the temperature.

The momentum equation includes a momentum sink S, arising
from the reduced porosity in the mushy zone. This effect is taken into
account through the source term of Eq. (1)[54,56].

o _-p?

o €]
RGN

——LAu(v-v,)

where ¢ is a constant equal to 0.001 to prevent division by zero, Ay, is the
mushy zone constant, v is the liquid velocity vector, v, is the pull ve-
locity due to the pulling of solidified material out of the domain, and f is
the liquid volume fraction defined by Eq. (2) based on the temperature
of the phase change material T [56].

0 T < Tso
T— Tsol
= —— T <T<Ty
ﬂ Tliq — Tsol sol lig (2)
1 T > Tliq

The mushy zone constant represents the extent of damping. As this
constant increases, the velocity of the material transitions more sharply
to zero as it solidifies. The pull velocity is incorporated to represent the
motion of solidified material as it is steadily removed from the region
during phase change [56].

The specific total enthalpy of the material H is defined as the sum of
the specific sensible enthalpy h and the specific latent heat AH. The
latent heat content is given by the product of the specific latent heat of
the material L and the liquid volume fraction. The latent heat content
varies from zero in the solid phase to L in the liquid phase. Consequently,
Egs. (3) and (4) are obtained [56].

H=h+AH 3

AH = L 4

The energy equation is given by Eq. (5) depending on the density p, the
effective thermal conductivity k, the temperature T, and the source term
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Sen [56].

%tH)JrV-(va) =V-(kVT+ Sen) 5)
The governing equations were discretised with a second-order scheme
for the pressure and second-order upwind schemes for the density,
momentum, and energy. The SIMPLE scheme was applied to relate ve-
locity and pressure corrections. The least-squares, cell-based method
was utilised to compute quantity gradients [56]. Flow turbulence was
modelled using the laminar model with a second-order scheme, as the
Reynolds number of the HTF indicates laminar behaviour [57]. The
Boussinesq approximation is utilised for estimating storage material
density [58,59].

The equations were implicitly solved through a pressure-based
method. Also the dependency of results on the time step was explored,
where the time to reach the melting temperature was examined at four
different time steps: 0.1, 0.05, 0.02, and 0.01 s. The analysis showed a
relative error of 1 % when comparing a case employing 0.02 to one using
0.01 s. Therefore, the value of 0.02 s was applied for transient simulation
which is also aligned with the literature [41].

3.2.2. Computational domain, material and boundary conditions

Three-dimensional CFD model was employed to analyse the thermo-
fluid dynamics of the flow crossing the thermal energy storage device.
The computational domain was generated with SolidWorks and ANSYS
SpaceClaim, its spatial discretisation was obtained with ANSYS Mesh-
ing, and ANSYS Fluent was applied for the numerical simulations.
Version 21.1 of the software was utilised.

The TES system is composed of pillow plates with identical geome-
try, that is symmetrical relative to the longitudinal plane as illustrated in
Fig. 4(a). The flow conditions of the heat transfer fluid passing through
them can be approximated as equivalent for each plate owing to the
manifolds acting as plenum pipes. Furthermore, the influence of the heat
losses through the tank walls on the process of heat exchange between
each PCM layer and the HTF inside every plate is limited due to the
thermal insulation outside the tank and the relevant number of plates
present. Consequently, the symmetry of the geometry and thermo-fluid
dynamics conditions enables performing analyses on a computational
domain comprising half of a pillow plate and the storage medium sur-
rounding it as visible in Fig. 4(b). Thus, the computational time and
resources required for the simulations are significantly diminished as it
is necessary to carry out an extended sensitivity analysis and investi-
gating a large number of configurations.

The computational domain is divided into three stationary zones: the
heat transfer fluid, the pillow plate metal sheet and the phase change
material. Adequate surfaces were generated at the interfaces between
the HTF and metal zones and between the metal and PCM zones to solve
the heat transfer process [41].

(a)
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The spatial discretisation of the computational domain was achieved
with either mapped or unmapped approaches. An unmapped mesh with
polyhedral elements was generated for the HTF and metal zones, while a
mapped mesh with hexahedral elements and an H-type topology was
created for the PCM zone. The mapped grid was refined near the inlet
and outlet surfaces and corresponding to the circular welding of the
pillow plate.

The mesh is composed of roughly 1 million elements, whose 25 % are
dedicated to the metal zone, 62 % are allocated to the PCM zone, and the
remaining 13 % are assigned to the HTF. The mesh quality allows
achieving solutions that fulfil the convergence criteria of the mass
conservation within 10" and the maximum order of the root mean
squares residuals of 10 for the continuity, momentum, energy and
turbulence equations [41].

A mesh sensitivity analysis was carried out to ensure the spatial in-
dependence of computational discretisation. The outcomes of the pri-
mary fluid dynamic quantities obtained with diverse grids with a total
node number ranging from 0.3 to 3.0 million were compared amongst
themselves. The level of refinement of the grid was varied by propor-
tional modifications of the element number of the three cell zones
regarding the selected mesh [41].

The thermophysical properties of the heat transfer fluid and phase
change materials used in the CFD analyses are listed in Table 2. The HTF
is Therminol 66 for all cases, while different PCMs were considered for
assessing the performance of various configurations of TES devices. The

Table 2
Thermophysical properties of HTF and PCMs utilised in the CFD simulations
[61,62].

Parameter Value
HTF (Therminol Cp [kJ/kgK] 373 K 1.84
66) - 473K 2.19
Density, p [kg/m3] 373 K 955
- 473 K 885
PCM C, [kJ/kgK] 1.5...23
Thermal conductivity [W/mK] 0.36 ... 0.51
Density [kg/m°’] 900 ... 1600
Latent heat (LH) PlusICE: H105, H115, 125, 100,120
[kJ/kg] H120
PlusICE: A82, A95, 240, 250
PlusICE: X80, 160, 170,
X90,120, 130 185,315
Rubitherm RT: 100, 120, 190
111
Timelting [°C] PlusICE: H105, H115, 105, 115,120
H120
PlusICE: A82, A95, 82,95
PlusICE: X80, 80, 90, 120,
X90,120, 130 130
Rubitherm RT: 100, 100, 111
111

(b)

Fig. 4. Rendering of (a) one pillow plate and (b) the computational mesh of the CFD analyses for the TES device.
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specific HTF was selected as it has a relatively high specific heat capacity
and it provides precise temperature control for various applications The
phase change material selection is of paramount importance in the
design of TES systems, and it directly affects all the performance pa-
rameters such as the energy storage capacity and the charge and
discharge behaviour of the unit. The set of PCMs investigated was
defined to analyse a set of solutions with a melting temperature around
the average between the minimum and maximum temperature values of
the HTF. Amongst the selected materials, different PCMs were analysed
to assess the effects of specific heat capacity, thermal conductivity,
density and latent heat on thermal energy storage. The compositions of
the storage materials are tailored by the supplier for different melting
temperatures. However, they are mostly mixtures of nitrate salts [60].

3.3. Sensitivity analysis and reduced-order model

The objective of sensitivity analysis for the present study is to (a)
quantify the impact of each parameter and (b) identify the parameters
that most significantly influence simulation outcomes. Therefore, spe-
cific consideration is given to the approach of analysis both in the design
of experiments as well as in the classification of improving the set of
experiments to enhance the practicality of results.

Based on the literature dealing with the sensitivity of time-
consuming models, the Latin Hypercube Sampling (LHS) is selected
for defining sensitivity analysis CFD cases and supporting the develop-
ment of the reduced-order model [63]. This method involves parti-
tioning the search space into equal intervals along each axis, forming a
hypercube to facilitate systematic variation of input parameters and
alteration of multiple inputs. In the present study, LHS is used to
generate 100 sets of random samples across four dimensions: HTF mass
flow, PCM melting temperature, source heat temperature, and latent
heat, as depicted in Fig. 5(a). LHS sampling effectively reduces the
number of samples needed to achieve a desired accuracy and enhances
the coverage of the parameter space with a predetermined number of
samples in a multidimensional environment. Table 3 outlines the
parameter ranges.

The case definition is therefore followed by one post-processing step.
Each randomly generated characteristic is compared with commercially
available PCMs to identify those PCMs that most closely match in terms
of latent heat and phase change temperature. Through such integration,
the search space comprises two discrete parameters of PCM property and
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Fig. 5. Initial LHS design of experiments (a), classified data matching commercial PCMs (b).
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Table 3

Range of parameters applied to LHS of PCMs.
Property Unit Range
HTF Mass flow rate kg/s 0.06... 0.8
Heat source temperature °C 80...200
Phase change temperature °C 82...133
Latent heat kJ/kg 180...240

two continuous parameters of operating conditions. The revised and
classified cases are illustrated in Fig. 5(b) where the commercial PCMs
are labelled in terms of their melting temperature and latent heat, where
the first three digits stand for the melting temperature in °C and the next
three for the latent heat in kJ/kg.

Following the generation of the revised set of inputs, each of them is
applied to the CFD model, and the corresponding CFD results are used to
discuss the (a) impact and assess the sensitivity of PP-LHTES to the input
parameters.

3.4. Economic model and KPIs

The economic assessment is based on the purchase cost (Cpoef)
calculated from the cost of components, given by Eq. (6), including heat
exchanger, storage medium, and HTF. The cost of scaled storage (Cpo) is
derived from Eq. (7) where the Chemical Engineering Plant Cost Index
(CEPCI) is applied to adjust the value in time.

Exploring the heat exchanger cost curves available in the literature,
the shell and tube heat exchanger (STHE) exhibits the highest similarity
to the configuration used in the heat exchanger in PP-LHTES. This
similarity is attributed to the PP-LHTES design, which includes a bundle
of plates submerged in a container, mirroring the function of tubes in an
STHE, while the container itself acts equivalently to the shell in an
STHE. Given this alignment in design principles, the cost curve for the
conventional STHE is identified as an appropriate benchmark for esti-
mating the financial aspects of the PP-LHTES heat exchanger. In the
present study, the STHE cost is determined as the high end of exchanger
cost, and the plate heat exchanger is determined as the low bound of the
cost range of the exchanger which is discussed within the sensitivity
analysis.

Cpo,ref = Cpopcm + Cpouie + Cpo urr (6)
200 .
: sy =
0’ ® - 082-240
u— e . >
.2‘ L ® '. ° g . -
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CEPC12023

7
CEPCl,f 2

Ca "
Cpo = Cporef X Pres X
Capref

This assumption is based on the container being constructed in
aluminum, equivalent to the shell in a STHE, and the plates are made of
stainless steel as listed in Table 4.

For scaling up TES, the TES capacity (Capqgg) can be assessed using
Eq. (8), developed based on the waste heat potential (WHRpomential) Of 6
to 11.4 % [68] and the efficiency of marine engines within 40 % to 50 %
[69]. To determine the intermittency in available waste heat, a ratio of
standard deviation (SD) to the average value from the literature [70] is
considered, which ranges from 1 to 20 % and can be used as an indicator
of the intermittent waste heat available on board that can be used for
charging energy storage [71]. The TES cycle time (CT), assumed to be
half a day, is also a necessary consideration for TES sizing and scaling.
This assumption aligns with the literature recommendation, i.e., the
minimum suggested charging time of 4 h for industrial LHTES [72], and
is shorter than the average journey duration of various vessels, such as 1
day for ferries or a week for cruise ships [73].

1- effME
effyug

SD
X [( > :| x CTrgs[h] (8)
average/ .4

Indeed for modular TES, the number of TES systems (Ntgs) is derived
from Eq. (9) by dividing the total storage capacity by that of the TES
modular unit.

Capygs [kWh] = Cap,,;; [kW] x x (WHRpotnential[%] % 100)

Nrgs = Caprgs [kWh]/ Caprgs, modutar [(KWh] 9

3.5. Model validation

Before discussing the results, it is essential to validate the numerical
model employed to develop the thermal performance of PP-LHTES. The
model is adapted to simulate two TES case studies from the literature.
The first is the study experimentally conducted by Longeon et al [74].
Indeed, the reference case study differs in configuration, but uses the
same class of PCM from the same supplier as included in the main
thermal analysis of the present study. In particular, RT35 supplied by
Rubitherm and water were integrated in the reference study as PCM and
HTF respectively. In order to maximise the value of validation, the same
numerical solver details are used: time step, mushy zone parameter, and
discretisation schemes. The result taken from the model is compared
against the experiments, which is represented in Fig. 6, showcasing the
temperature of PCM at three different distances from the surface of the
heat transfer HTF pipe during the TES charging. The average of the
temperature residuals, the absolute difference between model results
and experiments, found to be about 0.5 °C, confirms the accuracy of the
model in capturing the melting of the PCM during the charging process.
The validation confirms the model for further analysis of LHTES with
alternative configurations.

The second verification case study is associated with a high-
temperature TES system that uses a flat plate heat exchanger with
rectangular enclosures filled with PCM, which was a KNO3-NaNO3
mixture with a melting temperature of ~ 220 °C [75]. The thermal oil

Table 4
Assumptions of TES economic assessment.
Unit Minimum  Maximum  Average  Reference
TES component: PCM €/kg 1 10 5.5 [64,65]
TES component: €/m> 250 795 450 [66]

exchanger
TES component: HTF €/kg 0.4 5 2.6 [67]
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flows through the plates, exchanging heat with the storage materials.
Two thermocouples are positioned at different horizontal distances from
the plate. The reference study explored both charging and discharging
processes; however, discharging is used as the reference. The experi-
mental readings reported by Vogel et al. [75] are [20,75]used to eval-
uate the CFD model employed in the present study. Both the simulation
results and the reference data are presented in Fig. 7, and a reasonable
agreement is found for the phase change as well as the duration of dis-
charging. The deviation in temperature is also calculated, and over 7 h of
discharging, the temperature residual is found to be approximately
1.05 °C.

4. Results and discussion
4.1. Detailed results from CFD modelling

4.1.1. Charging-discharging cycle

The dynamics of charging and discharging the PP-LHTES device are
assessed by a CFD approach, providing insight into the process of energy
storage and energy release in this particular TES system. It also leads to
advancement in understanding the time needed to complete a full cycle
of charge and discharge. The case with a melting temperature of around
89 °C was selected to evaluate the charging process. The PCM, source,
and sink temperatures are represented in Fig. 8, along the charging and
discharging process. As shown in Fig. 8, the charge stage firstly involves
a temperature increase of the PCM from the ambient temperature of
about 20 °C to the melting temperature range, and heat storage is in the
form of sensible heat. Then, the energy is stored in the form of latent
heat at a constant temperature. Upon receiving further heat from the
heat source, the temperature of the PCM further increases beyond the
melting range to a temperature close to the source temperature of
100 °C. In the zone of latent heat, the temperature remains within the
bounded temperature interval of the solidification and melting tem-
perature in Eq. (2), which is associated with the mushy zone or 2-phase
condition of the storage medium. The graph represents two tempera-
tures including the mean (M) temperature of the PCM and the temper-
ature of a point near the HTF inlet within the PP-LHTES, denoted by NI
(near inlet). The rationale behind this differentiation is to determine the
difference in heat exchange during the charging and discharging process
across different parts of the storage medium. As shown in Fig. 8, while
both temperature observations have the same patterns during the
charging and discharging cycle, a difference is found when the storage
medium is in the mushy zone. This difference is associated with a) the
melting and solidification of local parts within the storage medium
taking less time in the vicinity of the HTF inlet, in which the temperature
difference between the HTF and the PCM is at its maximum level. This
results in a more effective heat exchange between the source (HTF) and
the sink (PCM), thereby resulting in a faster response in temperature
change and the potential phase change. As HTF flows through the PP, its
temperature drops, which leads to a reduction in the HTF temperature
difference thereby a delayed change in the average temperature of the
storage medium. b) Despite enhanced heat distribution by the PP, there
is still some non-uniformity of heat distribution, and this is pronounced
more in the local zones of the storage medium with the highest distance
from the heating element, like in the container corner. This fact imposes
a delayed change in the average storage medium temperature which
accounts for the entire storage medium.

Moreover, as shown in Fig. 8, reaching the fully charged state,
observed by the average liquid fraction, is achieved within 2 h. In an
ideal scenario, discharging with the same temperature difference as that
of charging takes place in almost the same duration. However, this may
not be practical in the actual integration of TES on board vessels. To
further clarify the difference and better align with actual boundary
conditions on board, independent investigations were conducted for
charging and discharging.
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4.1.2. PP-LHTES charging process

The effect of source condition on the charging process was explored
by considering different temperatures and integrating the same PCM as
Section 4.1.1, in the PP-LHTES. As shown in Fig. 9, a higher source
temperature results in a shorter charging time, due to a greater tem-
perature difference, which facilitates the heat exchange between HTF

and PCM. Using a source temperature of 170 °C results in a quicker
charging process, cutting the time by 50 % compared to the case with
melting temperature of 120 °C. It is worth noting that utilising alter-
native source temperatures does not alter the latent heat storage capa-
bility but increases the storage in the form of sensible heat. Although the
storage capacity of the PP-LHTES device is predominantly based on
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latent heat, increasing the source temperature boosts the contribution of
sensible heat. This heat storage capacity improvement is estimated at 50
% of the overall storage capacity, which is depicted in Fig. 9 for a single
pillow plate when the source temperature is increased from 100 °C to
170 °C. However, the source temperature condition is usually imposed
by the waste heat source condition on board, and TES design parame-
ters, including the type of PCM and the associated melting temperature,
should be selected properly to maximise the PP-LHTES integration and
performance.

Fig. 10 complements the previous investigation by focusing on the
role of the HTF’s mass flow rate. The examination is based on the same
operating conditions as Section 4.1.1, including the charging temper-
ature and the type of PCM. Utilising an HTF with a higher mass flow rate
contributes to maintaining a lower temperature drop in the HTF when it
passes through the pillow plates (PPs), facilitating a more uniform heat
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exchange between the heating elements (PPs) and the storage medium.
However, the results shown in Fig. 10 also evidence the negligible
impact of mass flow rate change on the PP-LHTES charging time. A
higher mass flow rate requires more power for the circulation of HTF
through the pillow plates; therefore, considering the trade-off between
the increased power needed for a higher mass flow rate and the slight
reduction in the TES charging time, along with observing no impact on
the storage capacity, an increase in the mass flow rate is not a beneficial
option.

The other critical parameter in PP-LHTES design is the type of stor-
age material. A wide range of PCMs, listed in Table 2, with different
thermophysical properties were evaluated to explore the charging pro-
cess under a fixed source temperature. Such investigation provides a
guideline for selecting the PCMs according to the energy storage re-
quirements on board vessels. The detailed results in charging time
particularly support tailoring the PP-LHTES design to be responsive in
time and properly scaled for capturing on-board WH. Different PCMs
commercially available in the market were evaluated [61], considering
organic PCMs (A-type), solid-solid (X-type), and inorganic ones (H-
type). As shown in Fig. 11, organic PCMs have a shorter charging time
than the other classes of storage medium. Further investigation by dis-
cussing the PCM thermophysical properties is provided in the sensitivity
analysis in Section 4.2.1.

4.1.3. PP-LHTES discharging process

Independent analysis is conducted for the PP-LHTES discharging
process. The temperature difference utilised for discharging evaluation
is differently adjusted compared to that of the charging process, aligning
more with the practical integration of TES charging. The energy released
from the TES is potentially used in fulfilling on-board heat demand or
supporting another WHR. According to the references, the temperature
for heat demand, like for hot water demand, is a minimum of 50 °C [49].
Moreover, the minimum temperature that ORC, as the most distin-
guished WHR technology, is reported at 50 °C for the recovery of low-
grade heat for maritime applications [24]. Therefore, a range of sink
temperatures starting from 50 °C are considered for PP-LHTES dis-
charging. Obviously, the associated temperature difference between the
temperature of the storage medium at the charged state and the sink is
less than that in the charging stage. As shown in Fig. 12, the TES full
discharging takes between 4 and 6 h, which is substantially longer than
the charging time because of the lower heat transfer rate during
discharge, echoed in the literature for LTHTES devices [76]. The PP-
LHTES charging to discharging time ratio is estimated within 1.3 to
2.5, which is in agreement with the literature for LHTES systems [77].

4.2. Sensitivity analysis results and reduced-order model

4.2.1. CFD-base parametric analysis of TES performance

The sensitivity analysis conducted as part of this study aimed to
quantify the impact of various parameters on the performance of PCM
systems. As shown in Fig. 13a, the influence of HTF mass flow on the
charging process of the system. The HTF mass flow was identified as
having a marginal impact. This observation is consistent with the find-
ings of Shen et al. [78] and Kabbara et al. [79], who reported that the
effect of HTF on the time required to reach a fully charged state is
negligible. Furthermore, the overall heat transfer efficiency is predom-
inantly influenced by the PCM properties rather than the HTF dynamics.
The two PCM characteristics show a relevant impact on the storage
charging time. According to the sensitivity analysis results, as shown in
Fig. 13b, embedding a PCM with a higher melting point results in a 20 %
longer charging time under identical operating conditions of the heat
sink. This finding is consistent with the research of Marri et al. reporting
an increase of up to 50 % in charging time when utilising a PCM under
the same operating conditions of the heat sink [80].

The impact of latent heat is demonstrated in Fig. 13c which is found
to be more significant, increasing charging time by 15 % for a PCM with
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double the latent heat value. This conclusion is drawn by comparing the
averages of two clusters specified in Fig. 13c. The rationale behind this
impact is the delay in heat exchange during the phase change that occurs
during the charging process. This observation aligns with the literature,
including the study by Narasimhan et al., which discovered that a 35 %
increase in the latent heat of the first PCM delays the melting process by

se change materials (Legend: NI — Near Inlet; M — Mean).

9 % [81]. The results presented in Fig. 13 show a lack of linear corre-
lation between the parameters. A statistical analysis with linear fitting is
also conducted to support this conclusion. The goodness of fit is deter-
mined by considering the residuals between the CFD model result (y)
and the predicted values by the linear regression (y). The Root mean
squared error (RMSE), defined as Eq. (10), for charging time shown in
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Fig. 13a—c are found as 0.133, 0.132, and 0.120, with R-squared all less
than 0.2, reflecting the lack of linear correlation between those
parameters.

RMSE = %Z;(yi -9 (10)
Fig. 14 complements the results shown in Fig. 13, representing the
classification commercial PCMs from multiple PCM suppliers used in the
sensitivity analysis [61,62]. Different PCMs from various suppliers may
have differences in chemical composition and physical properties;
however, an almost linear decrease is found for the charging time of the
of the PP-LHTES in the present study, with capacity within the range of
17 kWh to 22 kWh. Considering the confidence margin, a simple
regression can be used to extrapolate the charging time based on the
source temperature. The associated RMSE, found to be 0.115, is less than
all fitted equations for previous variables, which represent a better fit.
Thereby, it is demonstrated separately to explore the linearity. The
result provided in Fig. 14 can be utilised as a reference for PCM selection
from the commercial PCMs. It can also serve as a rule of thumb for
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charging time estimation for a known charging temperature. It is quite
common that the TES operating temperature and the charging-
discharging cycle are imposed by the source and sink conditions;
therefore a proper PCM selection in LHTES design is essential to match
the timing—i.e., looking at Fig. 14 for a PCM for integration into a PP-
LHTES with a mid-range charging time of 1.4 h and mid-range
charging temperature of 140 °C, there are multiple PCMs with
different melting temperature and latent heat values which can be used
interchangeably.

4.2.2. Economic assessment of the LHTES and on-board installations KPIs

Although the scale and size of the results from CFD presented in
Section 4.1 are determined as an educated guess, supported by evidence
in the literature for a single modular energy storage unit, there remain
some uncertainties associated with the design and cost assumptions.
Consequently, a detailed sensitivity analysis is conducted to assess the
energy storage capacity of a single unit and its purchase cost. A + 20 %
change is applied to six technical parameters as well as to the cost units
of PP-LHTES components. The impact of variation in each on both
storage capacity and purchase cost of TES is assessed, while the
remaining parameters are kept unchanged. The results, depicted in
Fig. 15, provide insights into both individual and combined effects of
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Fig. 15. Purchase cost of PP-LHTES unit.
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these variations, offering a comprehensive overview of the individual
PP-LHTES module. As illustrated, among technical items, the impact of
PP numbers is the most significant, followed by the unit cost of the PP
area ratio. Having a rough estimation of the cost of PP-LHTES at about
4500¢€ per module can be used as a reference for calculating the expenses
involved in scaling up the storage solution for vessels.

Installing new technology on board vessels requires careful consid-
eration regarding the spatial and weight constraints in the engine room
[82]. In this context, Fig. 16 complements Fig. 15 with further KPIs for
on-board installation, including weight, volume, and energy capacity,
along with the cost of a storage module comprising 10 pillow plates. The
weight and volume of PP-LHTES module are shown in Fig. 16. However,
to better address compactness, the weight and volume of PP-LHTES is
compared with the weight and size of standard on-board equipment. The
weight of Wartsila marine engines is considered as a baseline which is
reported from 9 to 200 t, occupying up to 380 m® [83]. In comparison,
an individual PP-LHTES module weighs 0.5 t and occupies a 0.25 m®,
which does not impose a critical challenge to fit PP-LHTES within the
engine room(see Fig. 17).

In order to evaluate the advantages of the proposed PP + LHTES, the
KPIs are validated against existing literature, mainly those that are
commercialised and available in the market. The average purchase cost
of a PP-LHTES module reaches 206 €/kWh, which is lower than LHTES
systems available in the market including LHTES system by Sunamp
with average specific storage cost of 241 €/kWh. Moreover, the volu-
metric energy density is much higher than the LHTES in the literature,
89 against 53 kWh/m3. Its specific energy density is also competitive,
falling within the range of 45 to 50 kWh/t, which is similar to the values
reported in the literature. All these three KPIs, evidence PP-LHTES as a
more compact and cost-effective storage solution.

4.2.3. PP-LHTES scale-up

Upon validating the KPIs and particularly the storage capacity with
the average found to be 22kWh (See Fig. 16), it becomes possible to
accurately assess the number of TES units that can be accommodated
within the energy systems of vessels of various sizes, as well as the
weight and volume of the scaled TES. This enables a practical discussion
on the feasibility of integrating TES, taking into account the spatial
constraints inherent in vessels. Marine engines produced by Wartsila are
considered as the representative component of vessel scale; therefore,
the total capacity of TES is estimated based on the available intermittent
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Fig. 17. Energy storage characteristics validation against literature (ED: energy
density) obtained based on literature data [84,85,86,87].

waste heat. The number of PP-LHTES is then calculated using the indi-
vidual module capacity. As shown in Fig. 18, the number of required
modules lies within 2 to 60, depending on the vessel scale, and the total
weight and volume reach 30 t and 16 m® for a vessel with a ME of 18
MW, respectively. Relatively, these estimates equate to only 15 % and 5
% of the mass and volume of marine engines, indicating a relatively
small addition in terms of overall weight and space occupied. This
estimation aligns with literature on WHR technology integration by
Pallis et al. that investigated modular ORC on board with a 3D model
within the vessel engine room [88]. Therefore, integrating a TES system
on board a vessel has a minimal spatial footprint, comparable to other
WHR technologies, and is manageable in vessel design for new vessels or
retrofitting an existing vessel. Moreover, the weight of the TES system
can be compared to the weight of a loaded standard twenty-foot
container (TEU) with a weight within 9 to 24 t [89,90]. Referring to
the literature, loading an extra TEU on board incurs about a 0.003 %
increase in fuel consumption of midrange vessels [91]. It is also reported
within 0.0002 % to 0.0003 % per extra tonne of DWT [92,93]. Upon
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Fig. 16. Sensitivity analysis of the main design parameters of TES systems obtained with CFD simulations.
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these rule-of-thumb calculations, thereby the additional fuel consump-
tion incurred by loading a mid-scale PP-LHTES on board is estimated as
negligible as 0.003 %. Considering a mid-range cargo vessel with a ca-
pacity of 2000 TEU with an average 12 MW ME capacity may require,
the weight of mid-range PP-LHTES accounts for 12 t equivalent to about
1 TEU equivalent to about 0.05 % of TEU capacity.

Moreover, the cost of scaled-up TES is compared to the capital cost of
vessels, estimated by dividing the commercial value of the fleet in a
vessel class [94] by the number of vessels [95], which is found to be 70
million euro for container cargo and 240 million euro for cruise ships. It
is found that the TES cost ranges from 0.2 % of the capital cost of the
vessel, which appears affordable for ship owners.

5. Conclusions

The present investigation thoroughly examined the technical and
economic performance of a modular LHTES device that uses pillow plate
heat exchangers incorporating phase change materials (PCMs) for a
novel application in waste heat recovery (WHR) on board vessels.
Through a comprehensive techno-economic analysis, the investigation
enhances the understanding of PP-LHTES performance. The technical
discussion is reinforced by a systematic analysis using CFD methods to
deepen insights into storage performance beyond existing literature.
Additionally, there is an in-depth exploration of the storage capacity of
PP-LHTES systems and the optimal selection of storage materials. The
study is further enriched by a detailed economic analysis, which ex-
amines scaled-up versions of the storage solution designed to accom-
modate various vessel sizes.

The key findings of the present research are listed in the following:

e The full cycle of PP-LHTES charging and discharging is found within
2-3 h, aligning with the intermittent nature of waste heat on board
vessels.

e The specific energy density of PP-LHTES is found in agreement with
that of LHTES in the literature; however, the volumetric energy
density of PP-LHTES is found to be up to 1.8 times that of the con-
ventional one, indicating the compactness favourable for on-board
integration.
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e It was revealed by detailed scaling-up investigation that the incurred
impact of integrating PP-LHTES in terms of additional weight, vol-
ume, and the associated fuel consumption compared with the base-
lines of the vessel itself are negligible, all estimated at less than 0.05
%. Also, the cost of PP-LHTES is found to be less than 0.2 % of the
vessel value.

e The sensitivity analysis on storage material characteristics and the
boundary conditions revealed that the type of charging temperature
and the PCM latent heat are the most impactful parameters. The mass
flow rate of the HTF has an impact on the duration of charge and
discharge even if it is lower regarding the other two parameters.
The economic analysis on the cost of the PP-LHTES module leads to
the identification of the number of PPs, the unit cost of PP, the unit
cost of PCMs, and the PCM thickness as the most impactful param-
eters on the overall purchase cost of storage.
The principal metrics for on-board installation including weight,
spatial footprint, and energy storage capacity are determined for the
PP-LHTES module. The results revealed the scalability feature of PP-
LHTES, having an average weight of 500 kg and a quarter of a cubic
meter volume, with an average storage capacity of 17 kWh to 22
kWh. The storage scale-up is conducted for a wide range of vessel
scales in the global fleet, demonstrating the adaptability of the TES
system to different vessel sizes. Scaled-up PP-LHTES are demon-
strated by comparing their spatial footprint and weight with the
main engine volume and weight. The results fully evidenced the
solution’s affordability for installation in engine rooms either for
new vessels or for retrofitting existing vessels.

o The cost and benefits of PP-LHTES are evaluated by comparing the
economic KPIs. It is found that PP-LHTES has the potential to be
among the favourable solutions. The specific cost of storage is found
at about 206 €/kWh, which is almost 10 % lower than the average
specific cost of storage of available LHTES in the market. The pur-
chase cost of PP-LHTES represents an affordable solution, costing
about 0.1 % of the capital cost of an average vessel.

This research explored the technical and economic viability of the
PP-LHTES system, highlighting the scale-up and sizing for involvement
in advancing maritime waste heat recovery technologies.
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