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Abstract: Despite being stored at 113 K and atmospheric pressure, LNG cold potential is not exploited to reduce
green ships’ energy needs. An innovative system based on three Organic Ranking Cycles integrated into the
regasification equipment is proposed to produce additional power and recover cooling energy from
condensers. A first-law analysis identified ethylene and ethane as suitable working fluids for the first and the
second ORC making available freshwater and ice. Propane, ammonia and propylene could be arbitrarily
employed in the third ORC for air-conditioning. An environmental analysis that combines exergy efficiency,
ecological indices and hazard aspects for marine environment and ship’s passengers, indicated propylene as
safer and more environmentally friendly. The exergy analysis confirms more than 20% of the LNG potential
can be recovered from every cycle to produce a net clean power of 76 kW, whereas 270 kW can be saved by
recovering condensers' cooling power to satisfy some ship needs. Assuming the sailing mode, a limitation of
162 kg in LNG consumptions was determined, avoiding the emission of 1584 kg of CO2 per day. Marine thermal
pollution is reduced by 3.5 times by recovering the working fluids' condensation heat for the LNG pre-heating.

Keywords: LNG; exergy potential; seawater freezing; ice production; air-conditioning; second law
analysis; novel environmental analysis

1. Introduction

The shipping industry is experiencing increasing pressure from international authorities to
improve environmental performance, particularly in terms of pollutants emissions, since dirty fuels
such as heavy oil and diesel are still largely employed due to economic reasons and easy refuelling
[1]. Alternative cleaner fuels must be considered to reduce dangerous emissions such as carbon
dioxide (CO2), sulphur oxides (SOx), nitrogen oxides (NOx) and particulate matter (PM). Recently, the
International Maritime Organization (IMO), representing the regulatory authority for the shipping
sector [2], has set a new standard for sulphur emissions named "Global Sulphur Cap" that imposes a
threshold emission value of 0.5% [3]. This target can be achieved by involving cleaner fuels suitable
for the current onboard technologies. In this field, LNG (Liquified Natural Gas), despite being
classified as a fossil fuel, complies with the IMO regulations, it is economically viable [4] and can be
employed in the current engines [5]. In the short term, the use of LNG as a ship’s propellant will
produce better environmental performance because [6]:

-emits up to 23% less COz than traditional marine fuel oil;

-reduces by 95% the emissions of NOx, SOx and PM;

-appropriate for existing marine engines with slight modifications;

-large availability worldwide.

Another aspect in favour of LNG concerns the safety of supplying: it can take advantage of the
wide geopolitical distribution, it is produced and transported efficiently and safely for over 50 years
and its storage systems are stable and reliable [7,8]. Therefore, LNG can be considered as a sort of
transition fuel to use as a solid starting point for a cleaner shipping sector, until other cost-effective
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and zero-carbon fuels, such as liquefied biogas (LBG) and liquefied synthetic methane (LSM), become
viable. To confirm this, a comparison between LNG and conventional diesel fuels carried out by a
multi-criteria analysis in [6], taking into account environmental, economic and safety aspects,
indicated the LNG processed at high pressure as the best choice. Consequently, LNG supplies the so-
called Green Ships (GSs), even more considered in a high-energy intensive field such as the cruise
sector, in which it is stored onboard at a 1 atmosphere and temperature of 113 K to reduce the
occupied volume by 600 times than the gaseous form, and successively transformed into Natural Gas
(NG) by the regasification process to be burnt in the marine engines. In GSs, the phase change is
usually triggered through the abundant and free hot source represented by seawater. Nevertheless,
the LNG exergy potential is discharged into the external environment without undertaking any
attempt at energy recovery.

To confirm this, traditional devices such as Intermediate Fluid Vaporizers (IFV, see Figure. 1)
drive the regasification process, operating with a transitional working fluid between the LNG and
the seawater thermal levels, without energy recovery systems. They consist of a vaporizer, a
condenser and a further heat exchanger (the Thermolator) to adjust the temperature of NG at the end
of the process. LNG supplies the condenser to promote the working fluid liquefaction, whereas the
released heat is employed for LNG regasification; on the other side, seawater produces the
vaporization of the working fluid releasing heat, therefore it is discharged into the sea at lower
temperatures producing marine thermal pollution [9]. This technique is largely employed because it
is simple, effective and cheap, nevertheless the LNG cold potential is lost.
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Figure 1. Operative scheme of a traditional IFV for the LNG regasification by seawater as a hot
thermal source.

The literature shows that LNG flow rates in the range of 3600-5325 kg/h could be available in
GSs, and, theoretically, a cooling power of 1 MW can be regained [10]. Therefore, the recovery of part
of this cooling power for the supply of some ship’s needs is highly attractive. For instance, a highly
energy-intensive sector such as the cruise segment could be involved, considering the required
onboard services such as sub-zero refrigeration (for food conservation), freshwater production and
air-conditioning. The recovery of part of LNG exergy potential can be endorsed by using Organic
Rankine Cycles (ORCs) in which the condensation of the working fluids allows for the releasing of
heat to the LNG that, in this way, vaporizes avoiding to discharge of seawater at low temperatures.
On the vaporizer side, instead, heat is absorbed from other fluids reducing temperatures and making
them suitable as cold energy carriers for other applications. Finally, a turbo-expander located
between the vaporizer and the condenser allows for the production of mechanical work to convert
into electric power avoiding fuel combustion.

The pertinent literature introduces different modalities to recover indirectly cryogenic energy
from LNG by using intermediate working fluids, anyway no solutions were found concerning
systems conceived specifically for the shipping sector and able to respond to different vessel’s needs.
Moreover, the impact of these working fluids on the external environment and onboard safety was
never deeply investigated.
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In order to cover this gap and regarding technical data of an existing cruise GS, this paper
introduces a novel system based on three ORCs in series to rationally exploit the available
temperature difference between hot (seawater) and cold (LNG) sources by recovering part of the
available cold exergy. The implementation of a such system has to ensure the complete regasification
process, simultaneously leading to the production of additional clean electric power and chilled
fluids for some ship’s energy needs. Consequently, cold energy can be recovered from the LNG
storage while GS environmental impact improves due to the limitation of fuel consumption,
pollutants emission and marine thermal pollution.

Specifically, this paper explores the suitable working fluid for every ORC, to choose as a function
of the available temperature interval, and the magnitude of the recovered cooling powers to reduce
the GS energy demands. First and second thermodynamic laws were used for assessing the
performances of the main ORC components, both in terms of technical and environmental
viewpoints. In particular, the first law allowed for identifying the working fluids determining the
attainable energy performances. The second law analysis, instead, was exploited to measure the
environmental impact by considering the produced irreversibilities through the exergy defect
concept. Successively, the aspects related to the environment and passenger safety were quantified
by combining the exergy defect with the GWP index (Global Warming Potential) and some risk
factors from chemical substances (the ORC working fluids) employed onboard. For this purpose, an
approach consisting of the interaction between two different software tools represented by REFPROP
[11], which is required to determine the working fluid's thermodynamic properties as a function of
the operating conditions, and EES (Engineering Equation Solver) [12] to determine the ORCs
performances, was conceived.

1.1. State of the Art

A lot of investigations concerning the exploitation of LNG cold exergy in the shipping sector are
available, but specifically to respond to a precise vessel need, some related to the sole production of
freshwater by freezing, other ones targeted at the sole air-conditioning of specific spaces onboard.
Therefore, investigations concerning a combined system able to respond to different ship’s energy
needs target of this study are still missing. Moreover, safety aspects related to the employment of
chemical substances onboard to use as ORCs' working fluids were never investigated in-depth. In
[9], a proper modification in the usual IFV configuration is proposed to exploit the LNG cold energy.
In particular, two-stage of cascaded Ranking cycles have been integrated into the IFV for the
production of additional power by the expansion of the working fluids in proper turbines, by
increasing simultaneously the temperature of the discharged seawater. This technique allows for
limiting the environmental impact, making available further power for propulsion.

Regarding the freeze desalinization, several tests conducted in experimental set-ups have
confirmed the feasibility of the solution, which is also energetically profitable in light of the water
solidification latent heat (335 J/g) that is more than six times lower than the water vaporization heat
(2260 J/g) [13]. Furthermore, the requested solidification latent heat is largely available in the LNG
regasification process, considering that during the phase change, a potential of 830 J/g of LNG is
available [14]. Usually, the LNG at 113 K can be preliminarily used to pre-cool seawater and
successively employed to promote ice crystal formation in suitable freezing towers. In [15], a novel
process employing LNG was conceived to reduce energy consumption in freeze desalinization by
using an intermediate fluid to produce freshwater by a flake ice maker. In particular, LNG liquefies
the intermediate fluid whose vaporization is exploited to form ice crystals, measuring a specific
energy consumption of 2.1-10+ kWh per kg of freshwater. In another study carried out in [16], a
hybrid procedure based on freeze desalinization promoted by LNG and membrane distillation was
explored, quantifying an energy consumption of 2.34 kWh per m?® of produced freshwater. In [17],
LNG was employed to produce freshwater avoiding freeze desalinization: LNG, in fact, is the cold
source in a solar power trans-critical CO2 power cycle that supplies a traditional RO (Reverse
Osmosis) process. The authors measured a daily exergy efficiency of almost 5% with over 2500 m? of
produced freshwater. Ascertaining the thermodynamic efficiency of the freezing desalinisation
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process, the main challenge is represented by an effective mechanical separation of the ice from the
brine [18]: usually, centrifugation can be efficiently adopted, but with high energy costs. Furthermore,
also the control of the ice crystals’ size is quite challenging, whereas in heat exchangers the ice growth
on the active surface leads to an unavoidable increment of the thermal resistance between crystals
and working fluid. Nevertheless, many authors have investigated in this direction to find effective
low-energy solutions: in [19], the employment of atomized refrigerants water-immiscible to inject in
seawater, so that the formation of ice crystals is promoted on the surface of the refrigerants’ bubbles,
was proposed. Successively, being the latter heavier than seawater, refrigerant is recovered at the
bottom of a frozen tower whereas ice slurries are collected at the top to be easily harvested. A
prototype was effectively made and the correct functioning was demonstrated, however a worsening
of the heat transfer processes with the ice fraction growth was observed. This solution was studied
also in terms of technical and economic feasibility in [14], by proving that a flow rate of 1 kg/s of LNG
in an optimized configuration is able to produce 1.64 kg/s of freshwater starting from 7.83 kg/s of
seawater, nevertheless an external power input of 1.66 kW is required. Alternatively, to the atomized
refrigerants, ice crystals can be separated from the brine by patented solutions such as HybridICETM
[20] or CryoDesalinization [21].

Many applications to promote freshwater production have been targeted specifically for the
marine sector: in [22] a novel generator for vessels assisted by cryogenic energy that, in the optimal
configuration, was able to produce over 1000 kg/h of freshwater from feed-in seawater exploiting the
vaporization of 3150 kg/h of LNG, was designed. In particular, the authors proposed the employment
of an evaporator at low pressure, through the use of a vacuum pump, in which a heat source
represented by the exhaust gas of the ship engine promotes the vaporization of seawater. The
produced vapour is then conveyed in a condenser that uses the LNG as the cold source required for
endorsing the vapour liquefaction, circularly the heat released from the vapour is exploited for the
LNG regasification for the engine supply. In [23], the possibility of using LNG in a power generation
cycle in which freeze desalinization allows for separating impurities during the ice crystal formation,
was explored. LNG preliminary evolves in a top power cycle for the single production of power,
successively its thermal level decreases from -60°C down to -10°C to be exploited in a bottom cycle
targeted for the seawater crystallization. A suitable ice/brine separator is then employed to separate
the ice crystals from the remaining liquid phase, whereas an ice washer is used to improve the
freshwater quality. Globally, the increase in the tube length leads to an augment in ice production
and quality. In [24], the freeze desalinization was achieved by using R410A as a secondary refrigerant
fluid: basically, its liquefaction is used to promote the LNG regasification, whereas the vaporization
of R410A in a crystallizer, represented by a flake ice maker similar to ice machine devices
commercially available, is exploited for the production of freshwater. A prototype of the system was
tested in an experimental set-up providing a capacity of 2 kg of freshwater per kg of LNG,
nevertheless the salt removal rate was quite low to 50% indicating that a single freeze desalinization
cycle was not enough for producing drinking water.

Regarding the investigations exploring how LNG can be used in air-conditioning systems, fewer
studies have been found for the shipping sector, whereas many others concerning the supply of
district cooling in LNG terminals are available. A specific application was conducted in [25]: the
authors studied the potentiality of the LNG cold energy to cool the cargo holds in an ultra-large
container ship by producing a cooled air ventilation stream starting from the regasification process.
Results highlighted that the recovery of the cold energy allowed for improving the marine power
system due to the more efficient propulsion determined by the power saving required from the air-
conditioning system, which allows for gaining power output at the vessel shaft. Nevertheless, when
the outside air temperature exceeds 40 °C, the cooled air ventilation stream could be not sufficient for
all the cargo holds. In [26], instead, a novel plant configuration supplied by a low-grade waste heat
(70-100°C) that uses LNG for the simultaneous production of power and of two different chilled flow
rates, was investigated: the first as a glycol-water mixture at -10°C for sub-zero refrigeration, the
second one as chilled water flow rate at 4.4 °C for air-conditioning. In particular, the low-grade heat
source is used to drive an absorption power-cooling cycle employing a mixture of ammonia-water as
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a working fluid, and the LNG is vaporized by exploiting the absorption heat of ammonia into a weak
ammonia-water solution. The proposed plant uses a proper section in which the evaporation of pure
ammonia produces the glycol-water mixture at -10°C, whereas the generated NG, after an expansion
in a turbine to reach the desired pressure level [13], is used in a heat exchanger to produce chilled
water flow rate at 4.4 °C. Following this operative scheme, the system is able to deliver 9.4 MW of
space cooling, 6.5 MW of sub-zero refrigeration and 2.2 MW of net power for a regasification capacity
of one million tons of LNG per year. In [27], the LNG exergy recovery was explored by proposing a
cascade system in which the separation of light hydrocarbon, the power generation by Organic
Rankine Cycles and the direct cooling of a data centre, was achieved. In [28] a novel plant
configuration able to provide direct and indirect district cooling was investigated. In particular, LNG
was studied as a cold source to improve the performances of an Organic Rankine Cycle and of a
Brayton Cycle, whose power outputs are successively used to drive traditional compression chiller
connected to the district. Regarding a regasification capacity of 1 Million tons per year, the energy
analysis showed that it is possible to deliver 12.4 MW and 22.1 MW of cold energy when 2.4 MW and
9.4 MW are the powers produced respectively in the Rankine and the Brayton cycles.

All these documents confirm that LNG can be efficiently used for water desalinization, sub-zero
refrigeration and air-conditioning. Therefore, the basic idea of this paper is the combination of some
of these techniques to design an innovative system whose potential was determined regarding data
of an existing cruise GS.

2. Materials and Methods

Cryogenic cycles for power generation represent the most frequent method of utilizing the
cooling capacity of LNG and their operation follows the scheme depicted in
Figure 2. The vaporized working fluid obtained by an available hot source (i.e. seawater) evolves in
a turbo-expander for producing mechanical power, and it is brought to the liquid phase in the
condenser by using the LNG cryogenic power. The first real example of ORC using cooling energy
from LNG was installed in Japan in 1979: the Osaka Gas company implemented a propane-fired ORC
cycle at one of its LNG terminals, recording a useful power output of 1.45 MW [29]. In this paper, a
similar idea is exploited to drive a series of ORCs: this series is conceived to rationally exploit the
available temperature difference (about 180 K) between the thermal sources because its distribution
into three cycles allows for limiting the process irreversibilities.

The first ORC makes available cooling power into the condenser for freshwater production by
freezing, the second ORC for additional ice production to use in sub-zero refrigeration and the third
ORC provides chilled water to use for air-conditioning purposes. The performances of the whole
system depend mainly on the efficiency of the heat recovery systems and the configuration of the
cycles themselves, to choose for maximizing the recovery of LNG cryogenic power. The selection of
the most appropriate working fluid is quite complex, because aspects related to the ORC
performances and how the LNG evaporation curve fits the nonlinear characteristic of the system,
must be properly considered. Other constraints concern the overpressure of the working fluid from
the turbo-expander outlet, to overcome the use of vacuum condensers that could promote the mixing
of gases. In light of this, the employment of synthetic working fluid is not suggested, because the
positive slope of the liquid-gas curve promotes the attainment of wet vapour at the end of the
expansion phase with low vapour quality and the formation of excessive liquid shares inside the
turbo-expanders. Furthermore, considering that this paper focuses also on achievable environmental
performances, it has to be noticed that the impact of synthetic fluids is significant in light of the high
values concerning GWP and ODP (Ozone Depletion Potential). Therefore, organic working fluids are
more appropriate and they can benefit from the negative slope of the liquid-gas curve that
counteracts the formation of wet vapour after the expansion phase, although a minimum vapour
quality of 0.88 can be tolerated [30]. Due to the limited thermal level of the hot source, instead, at the
beginning of the expansion phase the working fluid is always assumed to be in dry saturated vapour
conditions. The latter must be chosen also considering the LNG condenser temperatures that must
trigger the working fluid liquefaction.
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Figure 2. Example of ORC exploiting the LNG cold energy for the production of electric power.

The thermal evaluations can be carried out by considering the actual share of available LNG
flow rate that could be employed in the proposed system. By setting the LNG lower heating value
(LHV) to 44 MJ/kg and mechanical (nmec) and electric (nel) efficiencies to 0.96, the available LNG flow
rate can be determined by the following equation:

Pep = Myng " LHV * Nipec * Ner €y
The software REFPROP was employed to analyse the interaction between LNG and other
organic low-boiling fluids. Regarding the calculation of required working fluid flow rates, the energy
balance equation in the condenser (C) is used:

Thwf ) (hfn,c - hgut,C wf = MyngG * (hfn,c - hgut’C)LNG (2)

in which the specific enthalpy differences (h) between heat exchanger inlet (in) and outlet (out) are
provided by referring to real (R) cryogenic cycles, assuming isentropic efficiency of 85% both for the
pumps and the turbo-expanders and pressure drops of 1% in the heat exchangers. After the
determination of the working fluid flow rates, the other specific enthalpy differences allow for
determining the available power in the ORC turboexpander (TE):

P 5? = My (hﬁz,TE - h'gut,TE)wf 3)
the power absorbed by the ORC pump (P):
PMP;f = rh‘wf ! (hgut,P - h‘fn,P wf (4-)

and the net power (NET) as:

SNET _ pTE _ pP
wf _ow_ow (5)
allowing for the first law efficiency calculation starting from the thermal power at the vaporizer (V):
> NFT > N]lci'T
ORC _ W — w
r]Wf — AV T . . (hR hR (6)
wf  Mwr iny = NoutV),, ¢

Successively, by setting the maximum temperature difference of the seawater evolving in the
vaporizer (V) in 7 K to contrast marine thermal pollution, the energy balance equation is used again
to calculate the correspondent flow rate required for the production of freshwater and sub-zero
refrigeration, involving the latent (solidification) heat for the ice production:

My - (hfn,V - hgut,V)Wf = My,0 " CpHy0 ° (Tiﬁ - Tereez)Hzo + M0 Njce +

+ mHZO " Cpice " (Tflz*eez - Tfut)ice (7)
It is worth noting that, for the ice formation, the sensible heat required to pre-cool the water flow rate
from the initial value (TinR) down to the freezing temperature (Tte:R), as well as the sensible share
required to bring the ice down to the final temperature (Tou®), is considered. Moreover, specific heats
of 4187 J/kgK and 2051 J/kgK have been set for the water and the ice respectively, left constant in light
of the limited temperature differences. For the analysis of the real points in the cryogenic cycles, a
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pinch point (the minimum temperature difference between the hot and the cold streams) of 10 °C
between the fluids, was imposed.

From the environmental viewpoint, the ORCs effects are taken into account by an Environmental
Impact index (EI) calculated by combining the exergy defect, Global Warming Potential (GWP) and
the measure of some risk aspects concerning the working fluids on board [31]. The choice to use the
exergy defect concept to determine the environmental impact is due to the irreversibilities connected
with the ORC components, because the higher the irreversibilities in the system, the higher the
modification of the external environment [32]. The exergy defect is calculated starting from the
achievable maximum mechanical work derived from the general equation of exergy, which in steady-
state conditions can be written as:

. . T .
la = Myng * (&in — €our) + Qsw - <1 - FO) =1 )
s
It can be appreciated that seawater (Sw) is considered an ideal hot source releasing thermal

power (Qs) at a constant temperature (T;). Actually, this is a simplification considering that the
seawater flow rate is affected by a maximum temperature difference of 7 °C, however it is acceptable
considering the limited excursion and assuming the hot source at an average temperature between
the inlet and the outlet conditions. Consequently, the share of maximum mechanical work related to
seawater appearing in Eq. (8) is null being the reference temperature of the external environment
(supposed at To=291.15 K and po= 1.0325 bar) equal to the average seawater temperature. For the
calculation of the exergy defect, also the Gouy-Stodola equation must be involved to determine the
irreversibilities:

Qsw

o ©

I =Ty My * (Sin — Sour) —
Eq. (8) and Eq. (9) can be applied to the whole ORC or for every ORC component: in the latter case,
the maximum specific power producible starting from a precise thermodynamic state can be
determined by Eq. (10), (11), (12) and (13) respectively for pump (P), vaporizer (V), turbo-expander
(TE) and condenser (C):

Lﬁ/f = Eout - Ein +I1P and 1P = Ty - [(Sout - Sin)] (10)
[V =E; —Epye = To " | Soue = Sin) — Q.T% being L"fvfcx =0 andT,
=T (11)
L3 = Ein — Eoue = 1™ and 1" = Ty [(Sour = Sin)] (12)

i€ = Ty~ [(Sout - Sin) - (Sin,LNG - Sout,LNG)] =
(Ein,LNG - Eout,LNG) - (Eout - Ein) Lgl:';x =0 (13)

It is worth noting that, in the condenser, the LNG exergy is employed to promote the exergy
growth of the condensing working fluid. Being E;, the physical exergy in the inlet conditions, the
exergy efficiency ¥ for the it component is calculated as:

Y=1 h 1-6 (14)
= —_ " = —_ l
Z Ein
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in which the exergy defect §, indicating the exergy lost due to the irreversibilities, appears. Large
exergy defects determine greater modification of the external environment. The greatest exergy
defect value &: identifies the most critical ORC component. Eq. (14) can be extended to the whole cycle
by considering the total irreversibilities among each component. Indeed Eq. (8), applied to the whole
ORC and after the proper simplification, provides:

l\ﬁ‘ - l.\if = Ein,LNG - Eout,LNG — [ore (15)

and consequently:

iTE _ l'P I'Cyc
p=_ W W g : (16)
Ein,LNG - Eout,LNG Ein,LNG - Eout,LNG
with:
oye _ . . Qs e e
1%Y¢ =Ty | Sout.Lne — Sining) — T |~ r+r+re+1 (17)
S

In order to consider the risk level of dispersing working fluids in the external environment, a
combination of GWP and indicators provided by the GHS regulations (Globally Harmonized System)
for chemical products, was employed [33]. In particular, the following hazard aspects, relevant to
cruise ships, have been taken into account:

- flammability;

- toxicity for inhalation;

- skin irritation;

- risks for the aquatic ecosystem;

The labelling determining the indication of the risk level for each of the mentioned aspects is
indicated in Tab. 1. In particular, H indicates the hazard statement, the first numerical value (x) refers
to the risk typology (2=physical risk, 3=health risk, 4=environmental risk) whereas the last two values
(yy) indicate the level of the risk, but not in a progressive manner. Contrariwise, the higher the last
value, the lower the risk.

Table 1. Risk levels for some danger aspects related to the working fluids.

k" danger aspect Risk Level
Flammability From H220 to H226
Inhalation toxicity From H330 to H336
Skin irritation From H310 to H319
Aquatic impact From H400 to H413

Finally, to quantify the modification of the external environment due to the operation of a GS
equipped with the proposed system to recover part of the LNG exergy, the External Impact index
(EI) is calculated for the it working fluid in the correspondent ORCs as:

Ty
GWP, )](1 myzo>i

— 18
1+ GWP, (18)

Bl =1-5 |- fo) - (

in which a proper correction factor fc accounts for the risk levels listed in Tab. 1. It is worth noting
that fc and GWP: are weighted by the ratio between the required working fluid flow rate and the
produced chilled water flow rate involved in the it vaporizer, assuming it always lower than the
unity. The correction factor fc was determined among the k hazard aspects listed in Tab. 1 with the
formula:
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fei = 1:[ (;—g)k (19)

When no danger level is available for a particular working fluid, in the product notation a unitary
value is used. It can be appreciated that the higher the EI value, the lower the environmental impact.
All the formulas required to perform technical and environmental analysis were implemented in the
EES environment.

2.1. Calculation Hypothesis

In the proposed plant, ORC vaporizers are supplied by independent seawater flow rates (hot
sources), each dedicated to the production of ice and chilled water to employ for freshwater, sub-zero
refrigeration and air-conditioning. In particular, seawater is the hot fluid for the first and the second
ORC, whereas, for air-conditioning purposes, demineralized water is considered. As design
parameters, an outlet seawater temperature for freshwater production of 246.15 K was set, whereas
sub-zero refrigeration requires a seawater outlet temperature of 268.15 K (-5 °C) and demineralized
water at 278.15 K (+5°C) to promote air dehumidification in the AHU cooling coils.

Conversely, condensers are crossed by the same LNG flow rate (cold source), by setting the LNG
outlet temperature from the first heat exchanger equal to the LNG inlet temperature of the second
one, and so on, according to the scheme depicted in Figure 3. In this manner, the working fluids
condensation heat can be recovered to achieve LNG pre-heating. Anyway, the LNG outlet
temperature from the last condenser is still not suitable for engines, so a traditional IFV is required
to complete the regasification process. It can be appreciated that the exploitation of the condensation
heat of the working fluids for LNG pre-heating surely allows a limitation of the seawater flow rates
and the thermal pollution of the marine environment. Indeed, seawater flow rates reduce due to the
increase of the LNG inlet temperature in the IFV, allowing also for a reduction of the absorbed
pumping works.

DESALINATION ICE STORAGE AIR CONDITIONING

Tomear
conatonng sysem Demneratzed water

AIR CONDITIONING
OR OTHERS

Tomear
conatonng system water

Figure 3. Scheme of the cascade ORCs with an indication of the pressure levels: in the third stage,
pressure values depend on the employed working fluid.

Assuming the sailing mode, the electrical power required from an existing cruise GS [31] is about
50 MW, produced by dual-fuel hybrid engines. Consequently, an LNG flow rate of 1.25 kg/s (108 tons
of LNG per day) determined by Eq. (1) can be used as the cold flow rate crossing the condensers. The
LNG inlet pressure in the first condenser was set to 65 bar, a value greater than the critical point
(about 45 bar), to involve only sensible heat during the regasification process and to limit the
pumping work due to the compression in the liquid phase. LNG is treated as pure methane, being a
percentage fraction often closer to 98%, with an initial temperature of 113.25 K (-160 °C).

The first ORC cycle is designed to produce freshwater at the condenser by freezing
desalinization, therefore it is placed at the top to better exploit the cold potential of LNG since the
lowest temperatures are required. Indeed, as already mentioned, the outlet temperature of seawater



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2024 i:10. reprints202403.1391.v1

10

from the vaporizer was set to 246.15 K (-27 °C) to facilitate the separation between ice and brine. For
higher values of such temperature, ice is in equilibrium with the brine (only in the solid phase) with
the risk of obtaining hydrate salts inside the solid phase, conversely for lower values the ice is
constituted by pure water and the liquid phase solely by brine [34]. It is supposed that the outlet flow
rate from the vaporizer hot side is composed of a flowing mixture of ice and brine (ice in suspension
inside the brine), and suitable systems allow for ice separation and harvesting. In order to choose a
suitable working fluid, it is worth noting that the evaporation temperature, respecting the 10 °C
pinch-point, should be closer to 236.15 K (-37 °C). REFPROP showed that Ethylene (R1150) is
compatible with this temperature if its boiling pressure is over 15 bar and, to make it appropriate also
during the condensation phase, LNG must be subjected to a temperature variation of 50 K by reaching
163.15 K at the outlet. Indeed, in these conditions, R1150 condenses at 173.15 K (assuming the same
pinch-point) by setting the pressure level over 1.2 bar, avoiding the employment of a vacuum
condenser. Temperature and pressure levels of R1150 to set in the first ORC are summarized in Tab.
2.

For the second ORC, the LNG inlet temperature in the condenser is set equal to the outlet
temperature from the condenser of the previous cycle. Again, to avoid the employment of a vacuum
condenser, imposing an LNG flow rate exiting at 198.15 K (-75 °C, with a temperature difference of
35 K regarding the inlet value), the software REFPROP indicated in Ethane (R170) a suitable working
fluid. Indeed, R170 can condensate at 208.15 K (-65 °C, applying the pinch point temperature
difference of 10 K) when the pressure level is set to 3 bar. On the vaporizer side, the same pinch point
imposes for the working fluid a phase change at 258.15 K (-15 °C), considering that a seawater outlet
temperature of 268 K (-5 °C) is sufficient for producing ice suitable for sub-zero refrigeration, and
R170 can respect this constrain when the boiling pressure is set at 16 bar. Temperature and pressure
levels of R170 to set in the second ORC are summarized in Tab. 2.

In the third ORC condenser, LNG enters at 198.15 K (-75 °C) and this time REFPROP showed
different working fluids able to operate in the bottom cycle, in which the lower LNG temperatures
are sufficient to promote the ship air-conditioning. In particular, by imposing a temperature
difference of 35 K to achieve an LNG outlet temperature of 233.15 K (-40 °C), the working fluid
condensation temperature of 243.15 K (-30 °C) is achievable with pressure levels over 1 bar by
choosing arbitrary among Propane (R290), Ammonia (R717) and Propylene (R1270): the first liquefies
at 1.667 bar, the second at 1.194 bar and the last one at 2.123 bar. On the vaporizer side, being the
evaporation temperature equal to 268.15 K (-5°C, assuming the outlet seawater temperature of 278.15
K for air-conditioning applications), the pressure levels can be set to 4.061 bar, 3.548 bar and 5.032 bar
respectively for R290, R717 and R1270. The temperature and pressure levels of three employable
working fluids to set in the third ORC are summarized in Tab. 2.

Table 2. Inlet and outlet temperatures of the working fluids in the condensers and vaporizers.

Working Tin,C = Tou(,C pin,C PincC Tin,V = Tou(,V
pinv [bar]l  pinyv [barl
Fluids (K) [bar] [bar] (K)
ORC N°1 R1150 173.15 1.258 1.245 236.15 15.870 15.710
ORC N°2 R170 208.15 3.093 3.062 258.15 16.301 16.137
R290 1.667 1.650 4.061 4.020
ORC N°3 R1270 243.15 2.123 2.101 268.15 5.032 4.982
R717 1.194 1.182 3.548 3.512

The environmental analysis based on the calculation of EI will identify the best solution among
the different alternatives considering the aspects concerning the safety for external environment and
passengers. In Tab. 3, the main physical and ecological features of the identified working fluids are
listed.
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Finally, regarding the temperature differences required for the condensation of the selected
working fluids, Tab. 4 lists the inlet and outlet temperature imposed for the LNG during the
regasification process through the condensers and the IFV.

Table 3. Main properties of the considered working fluids for the proposed solution at the
atmospheric pressure.

Vaporization Critical
Working Critical Melting
Temperature pressure GWP obDr
Fluid Temperature [K] temperature [K]
K] [bar]

R1150 169.65 50.6 282.65 104.15 4 0
R170 184.75 49 305.88 101.15 6 0
R290 231.05 42.5 369.85 85.46 3 0

R1270 225.55 47 365 88.15 2 0
R717 240.15 114.8 140.75 195.45 0 0

Table 4. Inlet and outlet LNG temperatures in condensers and IFV during the regasification process.

Tin (K) Tout (K) pin [bar] Pout [bar]
ORCN°1 113.15 163.15 65.00 64.35
ORC N°2 163.15 198.15 64.35 63.70
ORC N°3 198.15 233.15 63.70 63.00
IFV 233.15 283.15 63.00 62.37

2.2. Thermodynamic and Environmental Properties of the Considered Working Fluids

The considered working fluids have been chosen in order to operate between the temperature
intervals employed in each ORC. Moreover, the considered fluids are environmentally friendly in
light of an ODP null for every substance, whereas the GWO ranges between 0 and 6.

2.2.1. Ethylene (R1150)

With the chemical formula C2H4, R1150 is the simplest of the alkenes and is a colourless gas that
is flammable at room temperature and pressure, characterized by a mildly sweet odour. It is generally
used in ultra-low temperature industrial refrigeration applications, and it was considered because it
is just used in the LNG liquefaction processes. It does not produce damage to the ozone layer and its
impact on the greenhouse effect is limited. It is used almost all over the world and is not restricted
by any restrictions for initial installation on a new refrigeration system and use during after-market
maintenance. Its use arises mainly to take over from R13 and R503 refrigerants in low-temperature
or ultra-low temperature systems. A disadvantage concerns the highly flammable, anyway
employment at low temperatures reduces drastically the risk. Furthermore, it is compatible with
conventional lubricants and, in the case of fluid leaks, it is hardly soluble in water.

2.2.2. Ethane (R170)

With the chemical formula C2H6, R170 offers a purity of 99.5 percent, a higher GWP, and is also
used in ultra-low temperature refrigeration. As ethylene, it is highly flammable at ambient
temperature and pressure, and is even explosive when mixed with air. It also turns out to be
colourless and odourless, anyway it does not impact the ozone layer.

2.2.3. Propane (R290)
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With the chemical formula C3HS8, R290 is a natural refrigerant gas, colourless and odourless at
ambient temperature and pressure, quite flammable but with low toxicity. It is widely used in
stationary commercial refrigeration devices, especially in refrigerated counters with integrated units
and small chillers. Its main characteristics concern the high refrigerating power, zero impact on the
ozone layer and minimal impact on the greenhouse effect. In addition, it is easily available on the
market without evident price fluctuations. Given its high flammability, current regulations impose
limitations regarding the size of refrigeration equipment using R290. However, its excellent
thermodynamic properties allow its employment in plug-in applications at low and medium
temperatures.

2.2.4. Ammonia (R717)

With the chemical formula NH3, R717 is a natural, colourless, extremely toxic refrigerant gas
with a pungent odour. It is worth noting that R717 represents one of the historical refrigerants used
in the refrigeration industry, especially employed in CO2 cascade systems (R744) or refrigerant plants
with the provision of chilled glycol-water flow rates. R717 is characterized by excellent heat transport
properties, as its latent heat of evaporation is significant. Its main characteristics are high cooling
capacity and zero impact on both the ozone layer and the greenhouse effect. As mentioned for
propane, R717 is characterized by wide availability at an almost constant price. The significant
disadvantage is the high toxicity, therefore great care must be undertaken in the handling and storage
phases. Because it is soluble in water, it can prevent ice formation in the refrigerant plant. However,
in extremely wet conditions, it can cause corrosion or technical problems due to sludge formation.

2.2.5. Propylene (R1270)

With the chemical formula C3H6, R1270 is a natural refrigerant gas that is colourless and nearly
odourless at ambient temperature and pressure but is highly flammable. It is mainly used in place of
refrigerants such as R22 and R502 in low-temperature refrigeration applications and it is compatible
with conventional lubricants. Its impact on the ozone hole is null, while it affects the greenhouse
effect slightly.

3. Results

According to the scheme depicted in Figure 3, the proposed system can differ only for the third
ORC for which R290, R717 and R1270 can be employed. It has to be noticed that the water temperature
in the evaporators represents an upper limit that, considering the imposed pinch-point temperatures
difference, does not allow the value to exceed 0 °C, being the third stage operating with a working
fluid that cannot go over the temperature of -5 °C. Practically, this limits the temperature difference
between the evaporation and condensation phases, which impacts the ORC’s thermal performance.

3.1. Ethylene-Fuelled ORC First Stage

For the first stage, which is common to all the possible solutions, the thermodynamic points of
the ethylene-fired ORC system of Figure 3 are listed in Tab. 5, whereas Figure 4 depicts the cycle of
thermodynamic transformations in the T-s diagram.

The R1150 flow rate was determined following Eq. (2):

" _ Theny (haine — hiing) _ 125-(196.840 — 14.525)
k1150 (hg, — ha) (315.0 + 95.91)

k
— 0.554 [—g]
S

In turn, turbo-expander and pumping works can be calculated by Eq. (3) and Eq. (4), so that the net
power provided by the first ORC is:

SNET _ pDTE > .
wf = ow - ow — Myy- (hfn,TE - hgut,TE)Wf — My - (hgut,P - h‘fn,P)Wf =
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= ity + (Apr — hyr — hyr + hy) = 0.554 - (417.7 — 315.0 + 92.85 — 95.81)
= 55.25 kW

Table 5. Thermodynamic points of the ethylene-fuelled ORC.

Specific Specific
Temperature  Pressure Density
Cycle’s point enthalpy entropy
K] [bar] [kg/m?]
[kJ/kgl [kJ/kgKI
Compression Start
173.15 1.245 562.2 -95.91 -0.012
(A)
Compression End
173.85 15.87 562.8 -92.85 -0.010
®)
Vaporization Start
236.15 15.87 454.6 68.39 0.770
()
Vaporization End
236.15 15.71 29.35 417.7 2.412
)
Expansion End (E’) 173.15 1.258 2.95 315.0 2.494

Temperature (K)
L LA L T A B

Entropy (kJ/kg-K)

Figure 4. ORC fuelled by R1150 in the T-s diagram with LNG and seawater as thermal sources
(reference conditions so= 3.5646 k]J/kg-K at po=0.01 bar and To=298.15 K).

The water flow rate available for freeze desalinization is obtainable from the ethylene
vaporization heat and determined by Eq. (7) supposing an initial water temperature (T) of 291.15 K
(18 °C) and the final ice temperature (T4,;) of 246.15 K (-27 °C):

My - (hpr — hgr) _
R R R R\
Cp,H,0 " (Tin - Tfreez) + Aice + Cp,ice " (Tfreez - Tout)

My,0 =

_ 0.554-(417.7 + 92.85)
4187+ (291.15 — 273.15) + 334 + 2.051- (273.15 — 246.15)

_ kg
=0.608 °J

corresponding to a quantity of demineralized water over 57 m? per day. Considering that a flow rate
of 160 liters per day is required for each person, supposing a number of passengers in the cruise GS
of 4500, the first ORC stage will be able to cover 7% of the freshwater demand without energy
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consumption. Being the heat absorbed by R1150 equals the heat released from the seawater (about
280 kW), the thermal efficiency of the first ORC provides:
i 55.25
1ORC = wf —
W1 i (hp — hg) — 0.554 - (417.7 + 92.85)
that turns out to be a very appreciable value compared with classical ORC systems working at higher
temperatures [35].

=19.5%

3.2. Ethane-Fuelled ORC Second Stage

For the second ORC stage, common to all the possible solutions, the thermodynamic points are
listed in Table 6 whereas the correspondent cycle is depicted in Figure 5.

Table 6. Thermodynamic points of the ethane-fuelled ORC.

Specific Specific
Pressure  Density
Cycle’s point  Temperature [K] enthalpy entropy
[bar] [kg/m?]
[k]/kg] [k]/kgK]
Compression Start (A”) 208.15 3.062 513.0 10.63 0.2322
Compression End (B”) 208.85 16.30 513.8 13.65 0.2343
Vaporization Start (C”) 258.15 16.30 432.7 150.70 0.8213
Vaporization End (D”) 258.15 16.137 29.95 501.30 2.379
Expansion End (E”) 208.15 3.093 6.319 429.00 2.421

Temperature (K)

AR’

Entropy (kJ/kg-K)

Figure 5. ORC fuelled by R170 in the T-s diagram with LNG and seawater as thermal sources
(reference conditions so= 3.3256 k]J/kgK at po=0.01 bar and To=298.15 K).

Again, preliminarily the ethane flow rate can be derived from Eq. (2):
. mene - (hanve — hounvg)  1.25-(388.61 — 196.84) kg
Mr170 = (hgr — hgry) T (429-1063) ?]
Successively, by Eq. (3), (4) and (5) the powers related to the turbo-expander, the ethane pump and
the net power provided by the ORC can be calculated, obtaining respectively 42 kW, 2 kW and 40
kW. Passing to the vaporizer, the producible water flow rate to involve in sub-zero refrigeration at -
5 °C is determined by Eq. (7) setting Tx, to 268.15 K:

= 0.573[

titys - (hpyr — hgr) B
Cp,Hy0 (Ti}‘r?l - Tf}f,eez) + Aice * Cpjice * (Tereez - Tfut)

My,o0 =
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) 0.573-(501.3 — 13.65)
~4.187-(291.15—273.15)+ 334+ 2.051 - (273.15— 268.15)

_ kg
=0.665-3

Regarding the first-principle efficiency of the ethane thermodynamic cycle, again an appreciable
value is determined:

YNET
T[ORC — wf _ 40.00
WS = Ty (hpyw — hgn) | 0.573 - (501.30 — 13.65)

= 14.3%
obviously lower than the prior case due to the limitation between hot and cold source temperatures.
The vaporizer makes available for seawater a greater cooling power of about 325 kW than the prior
case, in light of the larger R170 vaporization heat. Potentially, based on the previous data, the second
stage of cascade ORCs is able to make available almost 57000 kg of ice per day.

3.3. ORC Third Stage Considering Different Working Fluids

The procedure for calculating the thermodynamic points of the third ORC evolving with the
identified suitable working fluid is identical to that seen previously and results are listed in Table 7.
In Figure 6 the correspondent transformations of the third ORC in the correspondent T-s diagrams
are depicted for each fluid.

Table 7. Thermodynamic points of the third stage ORC with different working fluids.

Specific Specific
Temperature Pressure  Density
Cycle’s point enthalpy entropy
14 [bar] [kg/m?]
[kJ/kgl [kJ/kgKI
Compression Start
243.15 1.661 566.64 127.97 0.7230
(A! ’ !)
Compression End
243.25 4.061 566.81 128.46 0.7233
(B
Vaporization Start R290
268.15 4.061 535.02 187.59 0.9546
(CI ’ I)
Vaporization End
268.15 4.020 8.91 569.30 2.3781
(Dl Vl)
Expansion End (E"’) 243.15 1.678 3.91 536.24 2.4021
Compression Start
243.15 1.182 677.6 63.57 0.9129
(A")
Compression End
243.25 3.547 677.6 63.98 0.9231
(BI VI)
Vaporization Start R717
268.15 3.547 645.4 177.00 1.3154
(C/ ’ /)
Vaporization End
268.15 3.511 2.885 1456.00 6.2686

(D"
Expansion End (E”") 243.15 1.194 1.097 1350.00 6.4762
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Compression Start
243.15 2.095 587.7 129.4 0.7289
(A™)
Compression End
243.25 5.016 587.9 130.0 0.7293
(BIII)
Vaporization Start R1270
268.15 5.016 553.4 187.8 0.9556
(C/Il)
Vaporization End
268.15 4.965 10.64 572.9 2.392
(D)
Expansion End (E”") 243.15 2.116 4.781 539.6 2416

Through the data of Table 7, following Eq. (2), the required working fluid flow rates were
determined. Successively, mechanical powers of turbo-expanders, pumps and net power are attained
with Eq. (3), (4) and (5), whereas the thermodynamic efficiency and the producible chilled water flow
rate have been calculated referring to Eq. (6) and (7) (with no latent exchange), supposing that the
demineralized water is cooled from 291.15 K (18 °C) down to 278.15 K (5 °C). The results are listed in
Table 8 for each working fluid evolving in the bottom cycle: it can be appreciated that, since the same
temperature difference between the thermal sources, the first law efficiencies are quite similar; it is
worth noting that the R717 flow rate is lower in light of the exploitable highest condensation heat.
This feature could favour R717 in the third ORC because it also allows for the attainment of a net
power slightly greater than the other fluids, favoured by the lowest pump power, and for greater
production of chilled water flow rate (+2%). These results suggest R717 is thermodynamically more
effective than R290 and R1270.

So, the available chilled water flow rates allow for saving a cooling power of about 350 kW for
the AHU cooling coil, enough to passively cool an air flow rate over 10.5 kg/s from 34 °C to 26 °C and
simultaneously reducing the humidity ratio from 20 g¥/kgP4 (g of water vapour per kg of dry air) to
10.5 gV/kgPA.

—
=

Temperature (K)
| L T ‘ T T T | T T T T ‘ T T T

v v b v b by

Entropy (kJ/kg-K)

i)

Temperature (K)
T T T T ‘ T T T T ‘ T T T T [ T T T T

| |
mn w0

Entropy (kJ/kg-K)
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Figure 6. ORCs in the T-s diagram operating between demineralized water and LNG fuelled
respectively by R290 (I, reference conditions so=2.2678 kJ/kgK at po=0.01 bar and To=298.15 K), R717
(II, reference conditions so= 5.8719 kJ/kg-K at po=0.11 bar and To=298.15 K) and R1270 (III, reference
conditions so=2.3764 kJ/kg-K at pe=0.11 bar and To=298.15 K).

Table 8. Required flow rates, turbo-expander, pump and net powers producible by the ORC,
obtainable chilled water flow rates and ORC efficiencies with the three considered working fluids.

Working fluid o Pt Pus Pur’ "0 QL kW] s
[kg/s] (kW] (kW] (kW] [kg/s] [-]

R290 0.797 26.35 0.39 25.96 6.44 351.74 7.38%

R717 0.253 26.82 0.10 26.72 6.56 357.07 7.48%

R1270 0.793 26.41 0.48 2593 6.45 351.22 7.37%

3.4. Completion of the LNG Regasification Process by IFV

The last transformation is required to bring the regasified LNG from a temperature of 233.15 K
(-40 °C) at the ambient temperature, by using the free hot source represented by the seawater
assumed at 291.15 K (18 °C). Only sensible heat is involved inside the IFV, and by setting the usual
pinch point of 10 K, NG at 281.15 K (8 °C) can be obtained. The thermal balance equation allows for
calculating the required seawater flow rate imposing the maximum allowed temperature difference
of 7 K on the hot side [13]. So, being the average specific heat of natural gas in the considered
temperature interval of about 2173.5 J/kg-K [11], left constant in light of the achieved limitation of the
LNG temperature difference in the IFV, the required seawater flow rate is:

o Mg g (Tin — Toudding _ 1.25 - 2.1735 - 48
120 CpH,0 " (TlIri’l - Tfut)HZO 4.187 -7

kg m?

=445 — =~ 0.00445 —

S S

If the regasification process should be made by using exclusively seawater starting from an initial
LNG temperature of 113.15 K, a seawater flow rate greater than 3.5 times is required. So, the
exploitation of the condensation heat of the working fluids allows for saving a significant share of
pumping power. For the proposed system, if in the IFV a precautional head value of 100 m is set,
with a mechanical efficiency of 0.95, the required absorbed power is about 45 kW, demonstrating the
process is self-sustainable considering that this power can be covered only by the first ORC power
output.
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3.5. Thermal Performance of the Whole System

From the thermodynamic point of view, the overall system efficiency is determined for the three
possible system configurations:

YNET SNET SNET P
ToT _ ' R1150 + R170 + 3rd,stage ~ PIFV

Nsys = Ay WV N7 "V
QCZH4 + QCZH6 + Q3rd,stage + QIFV

in which only the working fluid of the third ORC can be varied. The thermal input involves not only
the condensation powers, but also the thermal power provided by the seawater in the IFV, whereas
the required seawater pumping power in the IFV reduces the total output provided by the ORCs.
Results highlight that the global efficiency is scarcely influenced by the working fluid evolving in the
last ORC, determining for each system configuration a value slightly variable around 7.30%.
Nevertheless, R717 should be preferred than R290 and R1270 for the following reasons:

- the global efficiency is a little bit greater reaching the maximum of 7.33%;

the R717 flow rates are 70% lower than the R290 and R1270 flow rates, so the third-stage
encumbrance can be limited;

(20)

R717 allows for producing a greater chilled flow rate for the air conditioning plant;
- GWP is favourable;

it is not flammable
Conversely, it has to be considered that R717 is highly toxic, can potentially be dangerous when
inhaled or by skin contact and produces large damage if dispersed into the sea. Alternatively, R1270
should be preferred over R290 in light of the slight increase in the producible net power and the

chilled flow rate. In Figure 7, the transformations subjected from LNG when interacting with the

working fluids, assuming R717 in the third stage and seawater in the IFV, are shown in the p-h
diagram.

0,000 300, 600, 300,

1000,

/y

100,

%',
1

(]

Pressure (bar)

Enthalpy (kJ/kg)

Figure 7. LNG regasification process achieved by ethylene (1-2), ethane (2-3), ammonia (3-4) and
seawater (4-5).

For the assumptions made, the properties of LNG that interact with the working fluids inside
the condensers and with the seawater in the IFV are summarized in Table 9:
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Table 9. LNG thermodynamic conditions in the condensers and in the IFV.

. Temperature Pressure Specific enthalpy Specific entropy
roint K] [bar] [kJ/kgl [kJ/kgK]
IN 111.51 1.0325 -0.557 -0.005
1 113.15 65 14.525 -0.005
2 163.15 64.35 196.840 1.3231
3 198.15 63.70 388.61 2.3736
4 233.15 63.00 648.92 3.6089
5 281.15 62.44 790.26 4.1655

4. Discussion: System Optimization and Environmental Impact

The second law analysis, carried out by determining the exergy efficiencies and involving the
irreversibilities connected with the transformations of the working fluids inside every ORC
component, is useful for the system optimization: the lower exergy defect, in fact, corresponds to a
limited modification of the external environment due to the irreversibilities reduction [36]. By
referring to the Grassman diagram of Figure 8, in which the inlet and outlet exergies of every system
crossed by the working fluid are indicated with the same symbology employed for the ORC
transformations, associating irreversibility I' for every component, the global system exergy efficiency
can be determined as:

lpg"xOT _ Z;:l(laEf,z _ l\ﬁ/f,z) - lfFV
Ey

(21)

in which z indicates the ORC number E; is the physical exergy of LNG in the inlet conditions (T=
113.15 K, p=1.0325 bar), assuming the reference environment at To=291.15 K and po= 1.0325 bar. In
Table 10 the results obtained from the exergy analysis have been determined for the first two cycles,
common at all the possible system configurations, highlighting irreversibilities, exergy efficiencies
and exergy defects:

Table 10. Results of the exergy analysis for the components in the first and the second ORC.

R1150 R170
Component I kW] ¥ [-] §[-] I kW] ¥I[-] 8 [-]
Pump 0.43 74.32% 0.17% 0.35 79.96% 0.25%
Vaporizer 81.70 0% 32.45% 44.27 0% 31.51%
Turbo-expander 16.70 77.0% 6.63% 10.21 80.1% 7.26%
Condenser 98.68 60.80% 39.20% 46.31% 67.03% 32.97%
CYCLE 197.51 21.55% 78.45% 101.13 28.02% 71.98%
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Figure 8. Grassman diagram related to the proposed system.

It can be appreciated that the second ORC supplied by R170 impacts the environment lesser than
the R1150 cycle in light of the lower share of irreversibilities produced. In particular, R170 benefits
from the lower temperature difference in the condenser between the fluids, which reduces the
correspondent irreversibilities. Indeed, it is expected that condenser and vaporizer have the greatest
value of exergy defect, in light of the unavoidable irreversibilities of the thermal exchange processes.
Nevertheless, these values have been determined assuming a pinch-point temperature of 10 °C,
therefore a better exergy efficiency could be achieved by assuming lower temperature differences
among cold and hot streams. But assuming a pinch-point temperature tending to a null value, the
intrinsic irreversibilities of the process remain, producing instead a drastic increase of the exchange
surface that could make the device not feasible. Anyway, repeating the same analysis with a lower
pinch point of 5 °C, the efficiency defect reduces only by 2%, therefore it can be concluded that the
margins for the system optimization are quite reduced when modifications on the design of the heat
exchangers are undertaken. Also, margins for the system optimization acting on pumps and turbo-
expanders are limited: both benefits of the limited entropy differences offered by the working fluids
that already produce appreciable exergy efficiencies. Finally, the exergy efficiencies of the vaporizer
are null since seawater has the same temperature as the reference environment (To), therefore the
thermal power released from the hot source is not considered as a useful effect being the thermal
source already in equilibrium with the external environment. Conversely, the exergy efficiency of
condensers is appreciable in light of the condensation heat recovered to promote the LNG pre-
heating. Globally, the first and the second ORC allow for recovering a significant share of the LNG
cold exergy: regarding the whole cycle, Table 10 highlights that R1150 indirectly recuperates about
21.5% of the cold potential, R170 even better reaching an exergy efficiency of about 28% benefitting
from the greater condensation heat at the condenser. The results reported in Table 11 refer to the
second law analysis for the third ORC as a function of the employed working fluid: again, it can be
appreciated that, at a cycle level, R717 allows for limiting the external impact in light of the lowest
exergy defect. It is interesting to note that, among the three working fluids, the condenser offers
almost the same performance, conversely the interaction between R717 and seawater in the vaporizer
is more performant due to the lowest flow rate evolving in the heat exchanger. Again, more of the
20% of LNG exergy content can be recovered in the bottom cycle, independently from the employed
working fluid.
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Table 11. Results of the exergy analysis for the components in the first and the second ORC.
R290 R717 R1270
Component I [kw] Y] 5[] Ifkw] W[ S[-1  I[kw] W[-] 6 [-]
Pump 0.06 83.37%  0.05% 0.01 85.80%  0.01% 0.09 80.60%  0.07%
Vaporizer 32.00 0% 26.17% 31.18 0% 25.49% 32.04 0% 26.2%
Turbo-
5.49 82.6% 4.49% 5.52 82.7% 4.51% 5.47 82.7% 4.47%
expander
Condenser 59.12 51.65% 48.35%  59.23  51.57% 4843%  59.10 51.67% 48.33%
CYCLE 96.98 20.94% 79.06% 9594  2155% 78.45%  96.69  20.93% 79.07%

The global exergy efficiencies of the system depicted in Figure 3, as a function of the working
fluid evolving in the third ORC and determined by Eq. (21), are reported in Table 12. It is worth
noting that the exergy efficiency is affected by an abrupt drop, due to the thermal exergy destroyed
in the IFV to complete the regasification process. Moreover, the mechanical work absorbed by the
IFV pump reduces the useful effect of the system. Anyway, the obtained positive values confirm that
the system is feasible because energetically self-sustainable.

Table 12. Global exergy efficiency and efficiency defect for the three different configurations of the

system.
wEor 5
Working fluids
[-] [-]
R1150/R170/R290 5.76% 94.24%
R1150/R170/R717 5.81% 94.19%
R1150/R170/R1270 5.75% 94.25%

In order to choose the more indicated working fluid in the bottom cycle, the environmental
analysis based on the impact factors determined following Eq. (18) was carried out. The obtained
results are listed in Table 14 by using the risk factors reported in Table 13:

Table 13. Risk factors (Hxyy) indicated by GHS for the considered aspects for every working fluid.

k
Working Fluid Flammability Inhalation toxicity Skin irritation Aquatic impact
R1150 H220 H336 n.a. n.a.
R170 H220 n.a. n.a. n.a
R290 H220 H332 H315 H400
R717 H221 H331 H314 H400
R1270 H220 H336 n.a. n.a.

Table 14. Values of the parameters employed for the calculation of the Environmental Impact factor.

N 8 < Tty ) fei GWP EI

System configuration 6] My0), [ . .
R1150/R170/R290 94.24% 0.124 0.436 13 0.465
R1150/R170/R717 94.19% 0.039 0.435 10 0.503

R1150/R170/R1270 94.25% 0.123 0.929 12 0.914
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This time R1270 is safer and more environmentally friendly because benefits of the highest
correction factor fc due to the inexistent danger level concerning skin irritation and aquatic impact.
When compared with R717, this aspect prevails on the worst GWP, flow rates ratio and exergy defect.
The comparison between R717 and R290 is slight in favour of the first, despite the two working fluids
offering a similar score concerning the considered hazard aspects. R717, in fact, benefits from the
lower exergy defect and GWP, with the latter effect further amplified by the best ratio between the
working fluid and the produced water-chilled flow rates.

Regarding the weaknesses of the proposed system, it has to be noticed that the required
equipment must be foreseen opportunely during the design phase, considering the required space in
the ship hold that makes the cascade of the three ORCs integrated with the IFV more invasive. This
produces also an unavoidable installation cost growth, anyway, the savings related to the limitation
of fuel consumption will allow for attaining favourable economic frames.

Indeed, assuming to employ R1270 in the third ORC for environmental reasons and safety
aboard, the system with the three ORCs in cascade can produce an additional clean net power of
about 76 kW: by applying Eq. (1), this share allows for saving an LNG flow rate of 162 kg of LNG per
day, assuming the sailing mode. Furthermore, supposing that the freshwater provided by the first
ORC is alternatively produced by reverse osmosis, which requires a specific electric consumption of
0.99 kWh/m? [37], an additional electric consumption of 56.5 kWh per day can be avoided. Regarding
the second and third ORC, cooling power respectively of 325 kW and 350 kW can be made available:
supposing to produce alternatively this power by a traditional industrial refrigerator with an average
seasonal performance index of 3.5 [38], additional electric power of 192 kW can be saved. Globally,
with these hypothesises, in every hour an electric consumption of about 270 kWh can be saved and,
considering gas cogenerators (widespread in cruise ships for energy supply) with an emission factor
of 0.244 kgCO:/kWh [39], almost 66 kg of CO: per hour are avoided.

5. Conclusions

It has been stated that LNG is perfectly suited as a clean fuel in shipping because it is compliant
with the recent regulations promulged by the International Maritime Organization (IMO) to reduce
pollutants emissions. LNG is stored at atmospheric pressure aboard Green Ships at the cryogenic
temperature of 113 K and then regasified through vaporizers supplied by the free seawater. However,
this procedure discharges the LNG cold exergy into the sea promoting thermal pollution and
increasing the ship’s environmental impact. In order to improve the ecological footprint, the recovery
of part of the LNG cold potential to cover other ship’s energy needs is highly recommended. The
most obvious application is the use of LNG and seawater respectively as cold and hot sources
supplying cryogenic power cycles (Organic Rankine Cycle) to produce clean power. Moreover, the
condensation heat of the ORC working fluids allows for preheating LNG, whereas the vaporization
heat can produce chilled water flow rates for other ship demands. Considering that LNG offers a
large temperature variation interval, different ORCs in cascade can be rationally planned, therefore
in this study three ORC configurations, virtually identical in implementation but not in the employed
working fluids and purposes, have been investigated. Through the REFPROP tool, this study has
highlighted that for the considered temperature intervals and setting adequate pressure levels,
Ethylene (R1150) can be used in the first ORC to produce freshwater by a freezing process, Ethane
(R170) in the second one for ice production in sub-zero refrigeration, whereas Propane (R290),
Ammonia (R717) and Propylene (R1270) in the third ORC for air-conditioning applications. Despite
a great amount of thermal exergy being discharged into the sea to complete the regasification process,
a second law analysis has confirmed the solution is feasible in light of global exergy efficiency values
of slightly over 5%. From the thermodynamic point of view, R717 is more recommended in the third
ORC than R290 and R1270, conversely a novel environmental analysis, that combines exergy defect,
GWP and some risk factors of the working fluids for passengers and marine environment, has shown
that propylene (R1270) is more environmentally friendly and safer aboard. Through the use of R1270
in the last ORC, the system is able to produce an additional net electric power of almost 76 kW,
assuring the completion of the LNG regasification process, and producing 57 m?® of freshwater and
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57000 kg of ice at -5°C per day by recovering cooling powers from the condensers of the first and the
second ORC. The last ORC allows for saving another 350 kW of cooling power for the air-
conditioning of indoor spaces aboard. In light of the saved LNG flow rate of 162 kg per day, emissions
are significantly reduced. 66 kg CO: for every hour of ship operation in the sailing mode is avoided,
whereas the marine thermal pollution is reduced by 3.5 times thanks to the condensation heat of the
working fluids employed for the LNG pre-heating.
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