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Abstract

Hot potable water preparation in ships requires lots of energy from the power plant; this is particularly true in modern cruise
ships with a high demand of potable water for people, restaurants, spa and pools. Usually the required amount of hot water is
instantly produced using a number of different energy sources available on board. However, the use of direct heaters on peak
demand conditions increases fuel consumption and greenhouse gas emissions. This is especially important in the case of ship in
port configuration, due to the reduced number of active engines and therefore the reduced amount of waste heat from the cooling
line usually employed for this task.

This paper investigates possible solutions to size a hot water thermal storage in order to compensate the mismatch between heat
generation during cruise and heat required during ship in port configuration. The performances of different solutions are
compared using dynamic thermal simulations of the ship’s hot water distribution system with different regimes and time
dependent heat requirements. Moreover it will be introduced the use of PCM materials with the aim to further improve system’s
performance.
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1. Introduction

Cruise Ship (CS) industry is nowadays facing a challenge due to the stricter energy limits and the requirement to
reduce greenhouse gas emissions. The International Maritime Organization (IMO) introduced the Energy Efficiency
Design Index, EEDI [1], aiming at promoting the use of less pollutant equipment and engines on ships. The
introduction of lower limits for pollutants drives the industry to explore new systems with increasing efficiencies.
Traditional measures considered the properties of the ship’s hull and to increase the efficiency of the propulsion,
however, some researches started looking for more efficient utilization of ship’s power plant. Rami et al. [2] assess
how novel systems affect the energy efficiency of a ship, among the tested ones there is the effect of introducing
micro steam turbines and ORCs powered by steam and hot water; other measures considers the use of heat pumps to
extract energy from the low temperature (LT) engine cooling line. Additional measures are described in [3] with
usage of water in cabins using novel types of showers. Use of renewable sources to reduce the energy footprint is
also of interest, for example in [4] the authors investigated the benefits obtainable by the installation of solar-thermal
collectors on board on a CS during a voyage in the Black Sea.

In order to decrease the energy consumption and to optimally exploiting the multiple energy sources present in
this type of environment, numerical models of the complex systems have been presented in literature. Marty et al. [5]
developed a ship modelling platform in order to simulate the time dependent energy flows and energy systems on
board of a CS; they also compared the results with field measurements during four cruises demonstrating reasonable
estimations of fuel’s consumption. An optimization method, based on genetic algorithms, has been proposed in [6]
to maximize the energy efficiency in this environment; five different strategies have been developed and compared
to actual cruise operation for a medium sized CS, showing significant improvements in fuel consumption if thermal
energy storage is considered.

Thermal energy storage is one of the measures proposed to increase energy efficiency on this type of ship [6,7].
Production of fresh and hot water is a key component for such ships, which have to provide hotel facilities to
passengers. In a classical layout hot steam produced by the engine exhaust cooling system provides the energy for
fresh water production and hot water heating, however in some situations, namely for the ship in port situation, the
energy available from the engines is reduced, and additional energy must be provided by dedicated boilers.

In the present paper, a sizing procedure is applied in order to study how the thermal storage for hot potable water
affects the heating power required to produce that same water.

2. Potable water heating on cruise ships

The main source of thermal energy onboard is the integrated engine cooling system. The recovered heat is usually
divided in steam line, High Temperature Cooling System (HTCS) and Low Temperature Cooling System (LTCS) [5,
6], usually no fuel consumption from additional boilers is required [6]. However, the use of auxiliary boilers can be
called in when the heat load is greater than the heat provided by the cooling line system. The amount of hot water
required must cover the needs for cabin utilities, such as showers and sinks, but it’s also used for services such as
laundries and kitchens. Ship in port is a typical situation in which the heat provided by the cooling systems is not
able to satisfy the power needed to heat the potable water at the required temperatures. Indeed, in this situation
usually only one engine is active, furthermore, the heat called in by hot water preparation shows strong changes with
peaks in correspondence of the morning, when the passengers leave the ship, and in the afternoon when they return
on board.

Nomenclature

cpemy PCM specific heat [J/(kg K)]
Cw water specific heat [J/(kg K)]
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Lpcy  PCM latent heat [kJ/kg]

Apcm PCM conductivity [W/(m K)]

myw  requested hot water flow [kg/s]

My  water flow at ¢; needed to obtain tyy, for the users [kg/s]
Mye.  recirculation water flow [kg/s]

Ty hot water flow from HX to tank [kg/s]

mqegs  water flow circulating in the tank [kg/s]

Ppraw mean heating power required by users during tank recharge [W]
Pyx heat exchanger heating power [W]

Prcy  PCM density [kg/m?]

Pw water density [kg/m?]

t, cold water temperature [°C]

tr temperature of water initially at t, and warmed up through mixing with water at t,.,. [°C]
tyw requested hot water temperature [°C]

touc PCM solidification temperature [°C]

trec temperature of water returning from recirculation’s loops [°C]

tres storage water temperature [°C]

T heat peak load time period [s]

Tph preheat time [s]

Vrgs thermal energy storage volume [m?]

2.1. Hot water distribution and storage system

Fig.1a) presents the classical system used to prepare hot water on a ship: water is heated using LTCL and the
Steam Line. Seeing the layout it is clear that the maximum heating power corresponds to the peak hot water demand
since water is instantly heated. Fig.1b) presents an alternative solution with a Thermal Energy Storage (TES)
system. Hot water is stored when heat from the engine’s cooling system is available and it’s delivered when needed,
as common with TES the heating power required is lower than the maximum one called in by the users.
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Fig. 1: Hot water preparation on a cruise ship with a) standard hot water preparation without TES and b) modified system with TES.
2.2. Cruise ship water draw

The first problem to face about TES, since it must provide the required hot water and must have the time to be
recharged by heating sources, is its sizing procedure. This problem is linked to the peak power required and to the
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amount of time it lasts to provide hot water to utilities. In this configuration a CS, as far as the use of hot water is
concerned, can be assimilated to a hotel, with peak demands characterized by high flows of hot water. In order to
assess the viability of a TES system, hot water profiles are required. Unfortunately, in literature standard profiles are
usually only available for domestic hot water [8], however some studies target hotels too [9]. The profiles presented
in literature show the peak values in the morning and in the afternoon; in order to size the TES for a CS an usability
profile which mimic hotel requirements has been developed, but with different timings. The reference case is a CS
with about 5000 persons on board considering both passengers and crew; the amount of daily hot water required for
this configuration, has been estimated in 540 m?. Fig. 2 presents the hot water utilization profile and it has been
created by superimposition of three normal curves obtained using estimated maximum draw profiles at three
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Fig. 2: Cruise ship water draw distribution.
3. TES sizing

In order to size the tank the method provided in [10] was first applied; the water volume is then computed on the
basis of the peak utilization time and the required mass flow. For the water draw presented in Fig.2 the peak draw
lasts two hours, but the recharge time is not well defined, since the water is withdrawn from the tank with
continuity. However, numerical simulation carried on using ESP-r showed that the TES is undersized and the system
is not able to provide water at the required temperature as it can be seen in Fig. 3 below, so a new sizing approach
has been developed.

3.1. Tank sizing with continuous draw

As it appears from the inspection of Fig. 3 the application of said method failed because the recharge period
between the two peak values at 12:00 and 18:00 is characterized by a continuous water draw. The sizing approach
must take into account along with the heating power to recharge the water tank also the energy withdrawn from it in
the same period.
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Fig. 3: Temperature distribution of TES system sized with Eqn. (1) and (2).
Following the approach used in [10] a new energy balance on the domain of Fig. 1b) has been developed.
Neglecting recirculation and taking into account the draw during recharge time yields:

Mrgs " Cw * trgs * T = Mrgs G~ te T + Pux - T + 0.9 - Vigs - pw - ey - (Erps — t¢) (1
Pyx  Tpn = 0.9 - Vrgs - py - e * (tres — te) + Paraw * Tpn 2
) . taw—t

Mrgs = Myy - o (3)

tres—tc

Inserting Eqn. (2) and (3) into Eqn. (1) and rearranging the terms, TES volume can be evaluated as:

1 1 . tyw—tc Tph Pdraw Thi Tph
‘Muw * Thy - : - : 4)

Vigs = —+—
09 pw tres—tc TphtTm 09 pwcw (tTEs—tc) Tpht+Thi

While the heating power required is obtained as:

Pyy = VTES‘PW'iI:/"l(tTES_fC) + Paraw Q)

The mean heating power required between 12:00 and 18:00 has been computed as P4, = 2994,54 kW; Table 1
reports the sizing of the TES using Eqn. (4) for two water storage temperatures, the first line reports the maximum
heating power required without thermal storage. As it can be seen the maximum heating power required decreases
by 39 % in the first case and by 21 % with a storage temperature of 85 °C. In the latter case however, the TES
volume is lower than the previous one.

Table 1. Solutions for heat transfer.

tres [°C] Vs [m°]  Pux [kW]  APux [%]

- - 7122.9 -
60 142.58 4304.9 39.56
85 60.59 5582.2 21.62

4. Numerical simulation

To model the performance of the TES two dynamic models have been developed; two established numerical codes
for plant thermal simulation have been used: TRNSYS v16 and ESP-r. The base system is the one used for the
sizing and represented in Fig. 1b) where the heating system charges the TES. The water is withdrawn from the TES
and mixed with the return line to provide water at temperature ¢z to the decks, part of the water is recirculated and
mixes with the fresh water before entering the tank.

4.1. TRNSYS simulation

Fig. 4 shows the time history of the two analyzed cases, with TES temperature of 60 °C and 85 °C (with the size
of TES and maximum heating power reported in Tab.1). As it can be seen, the solutions show that the system is
fully capable of providing water at the required temperature for the analyzed period. It can be identified only one
short period when water’s temperature falls slightly below the required value corresponding to the period of high
water requirement.
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4.2. ESP-r simulation

ESP-r is an open-source building simulation code with also plant system simulation capability. It has been
modified [11, 12] to deal with Thermal Storages with embedded Phase Change Materials (PCM). The same
simulations with TRNSYS have been replicated with ESP-r; Fig. 5 presents the time plot of the water temperature
for one-day simulation (Fig. 5a refers to the solution with thermal storage temperature of 60 °C while Fig. 5b with a
storage temperature of 85 °C). As it can be seen, both solutions perform well with results similar to the ones
obtained with the TRNSYS code. The temperature distribution inside the tank, or thermocline, for different times is
also of interest, since it highlights how the energy is stored. Fig. 6 presents the time history of the vertical
distribution of temperature, or thermocline, for t;gs = 60 °C and t;zs = 85 °C.
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Fig. 4: TRNSYS time distribution of temperature and mass flow for a) storage temperature t;zg = 60°C and b) t;zs = 85°C.
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Fig. 5: ESP-r time distribution of temperature and mass flow for a) storage temperature t;zg = 60°C and b) t55 = 85°C.
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Fig. 6: ESP-r isocline history comparison between #7z5 = 60 °C and f7z5=85 ° case.
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5. A solution for TES performance improvement: use of PCM materials
5.1. PCM materials

Phase Change Materials (PCM) is a viable option for enhancing thermal storage by exploiting the latent effect
during phase change. In order to highlight the performance of a latent enhanced TES the same simulation performed
with water heated at 60 °C have been reproduced. A validated modified version of ESP-r which considers the
possibility of embedding PCM filled vertical cylindrical bars in the TES has been used [11,12]. Phase change
phenomena is modelled using an enthalpic approach solving the problem using an axisymmetric two dimensional
grid. The selected PCM is a commercial hydrated salt with characteristics reported in Table 2, the most critical
parameter in selecting PCM material is the phase change temperature and in this case, the material has been selected
since it has a phase change temperature slightly lower than TES temperature.

Table 2. PCM S58S characteristics

terc [°Cl  ppem[kgm®]  Lpem [kVkgl  cpem (kg K)]  Apcy [W/(m K)]
58 1505 145 2550 0.69

5.2. Simulation and results

To evaluate how PCM materials affect TES’s performances the analysis with t;zs = 60 °C has been repeated
considering a PCM volume of 20 m?® leaving unchanged all other parameters. With this configuration the upper part
of the TES has been filled with 1192 cylindrical bars with the lower part positioned at 2.8 m from the bottom.

Results of this simulation and a comparison between PCM and no-PCM cases are reported below in Fig. 7. In
Fig. 7 a) is reported the comparison between the two solutions during a 24 hours period. In Fig. 7 b) attention is
focused on the evening peak draw. The effect of the PCM is clearly visible, since the temperature decreases less
respect the sensible only solution, confirming the capacity of the PCM to enhance thermal stratification.
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Fig. 7: ESP-r comparison of temperature between PCM and no-PCM case during a) 24 hours period and b) evening peak draw.

The PCM insertion allows a higher temperature in the top part of the tank when water demand is higher at 19:00
and 20:00, as presented in Fig. 8, which represents a comparison between the time history of thermoclines obtained
with and without PCM.
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Fig. 8: ESP-r isocline history comparison between TES with and without PCM.

6. Conclusions

Thermal storage in Ship applications and especially for Cruise ships appears to be a viable solution to increase
energy efficiency. The ship in port situation is always problematic in providing thermal energy to the hotel facilities.
This is especially true for hot water preparation since the main source of energy, the engine cooling system, is
working at reduced rates. The classical way to deal with the problem is to activate additional boilers with an increase
of fuel consumption and environmental issues. The solutions presented in the present paper show that, by using a
thermal storage system, the heating power required for hot water preparations can be reduced up to 39 % thus
decreasing the need of additional heating sources.

Acknowledgements

The funding received with the project “Leadership Tecnologica”, Ministero delle Infrastrutture e dei Trasporti
(MIT) with decree 8531 is grateful acknowledged.

References

[1] International Maritime Organization, Resolution MEPC 245(66) — 2014 guidelines on the method of calculation of the attained energy
efficiency design index (EEDI) for new ships (2014).

[2] Rami El Geneidy, Kevin Otto, Pekka Ahtila, Pentti Kujala, Kari Sillanpdé & Tero Méki-Jouppila. “Increasing energy efficiency in passenger
ships by novel energy conservation measures”. Journal of Marine Engineering & Technology 17(2) (2017): 85-98

[3] Matti Nurmi. “Improving the energy efficiency of a cruise ship stateroom”. Master thesis, Aalto University (2017)

[4] Cotorcea Alexander, Visa loni. “Analysis of the opportunity to implement solar-thermal systems on ships. Case study: The voyage of a cruise
ship in the Black Sea”. Journal of Engineering Sciences and Innovation 2(4) (2017), 49-58

[5] Pierre Marty, Philippe Corrignan, Antoine Gondet, Raphaél Chenouard and Jean-Frangois Hétet. “Modelling of energy flows and fuel
consumption on board ships: application to a large modern cruise vessel and comparison with sea monitoring data”. International Marine
Design Conference, 11-14 Jun, Glasgow (2012)

[6] M.A. Ancona, F. Baldi, M. Bianchi, L. Branchini, F. Melino, A. Peretto, J. Rosati. “Efficiency improvement on a cruise ship: Load allocation
optimization”. Energy Conversion and Management 164 (2018): 42-58

[7] Francesco Baldi, Cecilia Gabrielii, Francesco Melino, Michele Bianchi. “A Preliminary Study on the Application of Thermal Storage to
Merchant Ships”. Energy Procedia 75 (2015), 2169-2174

[8] E. Fuentes, L. Arce, J. Salom. “A review of domestic hot water consumption profiles for application in systems and buildings energy
performance analysis”. Renewable and Sustainable Energy Reviews, 81, 1 (2018), 1530-1547

[9] Saburo Murakawa, Yasuo Koshikawa, Hiroshi Takata, Atsushi Tanaka. “Calculation for the Cold and Hot water Demands in the Guest rooms
of City Hotel”. Part of CIB W062 33rd International Symposium on Water Supply and Drainage for Buildings, 2007

[10] R. Zecchin, M- De Carli, S. Graci. “Ottimizzazione di sistemi per la generazione di acqua calda sanitaria. Confronto tra la normativa e la
pratica progettuale”. 67° Congresso annuale ATI, Trieste 11-14 settembre, 2012

[11] Roberta Padovan, Marco Manzan. “Genetic optimization of a PCM enhanced storage tank for Solar Domestic Hot Water Systems”. Solar
Energy, 103 (2014), 563-573

[12] Andrea Frazzica, Marco Manzan, Alessio Sapienza, Angelo Freni, Giuseppe Toniato, Giovanni Restuccia. “Experimental testing of a hybrid
sensible-latent heat storage system for domestic hot water applications”. Applied Energy, 183 (2016), 1157-1167



