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Abstract

The increasing regulatory pressure on the maritime sector to decarbonize, driven in part
by market based mechanisms at the European level, is accelerating the development of
onboard carbon management and energy e®ciency solutions. In this context, this study
evaluates an integrated architecture that combines a CO, liquefaction system with organic
Rankine cycles. The system captures 66% of the total CO, emited by ship engines and is
capable of recovering up to 2600.8 kW of energy from onboard hot and cold sources. To
identify the most suitable working fuids, an extensive screening of 208 low GWP zeotropic
mixtures is conducted, assessing their thermophysical behavior and energy recovery per
formance. A detailed thermo economic assessment is undertaken, including the calcula
tion of CO, equivalent savings, GHG abatement cost, and payback periods. To account for
fuel price variability, probabilistic modelling based on Monte Carlo sampling is applied to
estimate the distribution of discounted payback outcomes. The results demonstrate that
Novec 649 based zeotropic mixtures combined with the proposed architecture reduce fuel
consumption and enhance onboard CO, management while remaining safe and economi
cally viable across a wide range of operating scenarios.

Keywords: maritime decarbonization; CO, liquefaction; waste heat recovery; cold energy;
organic rankine cycle; EU ETS; GHG abatement cost; discounted payback

1. Introduction

Climate change represents a critical challenge for all industries worldwide and is cen
tral to the commitments adopted by the parties to the Paris Agreement. Scientifc evidence
is unequivocal: the rise in global mean temperature from 1850-1900 to 20112020 is primar
ily driven by anthropogenic greenhouse gas (GHG) emissions [1]. In response, regulatory
frameworks are becoming increasingly stringent across industrial sectors. In this context,
maritime transport currently accounts for approximately 2.89% of global GHG emissions
and, in the absence of corrective measures, these emissions are projected to rise signif
cantly over the coming decades [2]. This lack of mitigation, combined with the accelerated
decarbonization of other industries, could raise the sector’s contribution to total global
emissions to as much as 17% [3].
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To address the growing urgency to reduce emissions, regulatory action in the mar
itime sector has been intensifed at both the international and regional levels. The Interna
tional Maritime Organization (IMO) has introduced a series of measures aimed at enhanc
ing energy performance, most notably the Carbon Intensity Indicator (CIl), which evalu
ates vessel efciency in grams of carbon dioxide (CO>) per unit of transport work [4,5]. Ad
ditionally, IMO is progressing toward market based mechanisms, including forthcoming
Life Cycle Assessment (LCA) guidelines and the IMO Net zero Framework, both of which
are expected to signifcantly infuence fuel selection and operational strategies across the
industry [6,7]. At the European level, regulatory pressure is even more stringent. The EU
Monitoring, Reporting and Verifcation (MRV) system mandates detailed reporting of ship
emissions and, following its amendment through Regulation (EU) 2023/957, now extends
this requirement to methane (CH,) and nitrous oxide (N,0O). Furthermore, the inclusion
of maritime transport in the EU Emissions Trading System (EU ETS) constitutes one of the
major economic drivers for decarbonization, directly linking ship emissions to greenhouse
gas pricing and thereby creating strong incentives for both operational improvements and
the adoption of cleaner technologies [8,9].

These pollution reduction imperatives require the maritime sector not only to transi
tion away from conventional fossil fuels but also to enhance energy e®ciency. In the short
term, improving a vessel’s efFciency directly lowers CO, emissions, while in the longer
term it provides signifcant economic benefts, as alternative low carbon fuels are expected
to remain substantially more expensive than their conventional counterparts [10]. To pro
mote the deployment of energy e¥ciency solutions, IMO issued the Guidance on Treatment
of Innovative Energy Efciency Technologies, facilitating their integration onboard ships [11].
Beyond solutions such as photovoltaics and wind assisted propulsion, waste heat recovery
has been identifed as a promising alternative to generate electrical power from otherwise
unused thermal energy.

Several thermodynamic cycles can be adapted to the operational conditions of each in
dividual vessel. For instance, Mondejar et al. [12] reported that onboard Organic Rankine
Cycle (ORC) systems recovering engine exhaust gas waste heat can reduce fuel consump
tion by approximately 10 to 15%, thereby simultaneously advancing decarbonization and
operational cost savings. Likewise, Diaz Secades et al. [13] proposed a waste energy re
covery system for an LNG carrier that recovers both waste heat and cold energy, lowering
annual fuel consumption and associated CO,, CH4, and N,O emissions, with atotal reduc
tion of over 7000 ton of CO, equivalent. This system achieved an abatement cost below the
prevailing EU ETS allowance price, making it more economically atractive than purchas
ing EU emission allowances.

By increasing the usable energy extracted from fuel, these energy recovery systems
can support existing onboard energy demands while also providing additional power for
carbon capture and storage (CCS) systems. These technologies are particularly valuable for
reducing airborne emissions and enabling the sale or reuse of CO, in applications such as
synthetic fuel production. However, they require signifcant energy for processes like liq
uefaction or solvent regeneration. Integrating waste energy recovery systems can supply
these additional needs, minimizing any increase in fuel consumption and allowing CCS to
capture the majority of CO, emissions [14].

In addition to conventional emissions from engines, boilers, and incinerators, the
use of organic fuids onboard ships is increasingly scrutinized due to their high global
warming potential (GWP) [15]. Many shipboard systems including refrigeration, air con
ditioning, and energy efciency technologies such as ORCs rely on these Fuids as heat
transfer media to adapt to diferent thermal energy grades. Historically, chlorofFuorocar
bons (CFCs), hydrochlorofuorocarbons (HCFCs), and hydrofuorocarbons (HFCs) have
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been widely employed in thermal systems. However, CFCs and HCFCs were progres
sively eliminated following the adoption of the Montreal Protocol, and HFCs are currently
subject to international phase down measures due to their elevated GWP [16]. This has
driven the search for low GWP alternatives, including CO,, ammonia (NH3z), and hydro
carbons [17,18]. While these alternatives can signifcantly reduce emissions, each carries
trade ofs in fammability and toxicity, making system design and onboard safety criti
cal. This reveals a research gap in the systematic evaluation of ultra low GWP zeotropic
mixtures capable of simultaneously meeting thermodynamic e¥ciency, onboard safety re
quirements, and environmental compliance.

1.1. Literature Review
1.1.1. Onboard Carbon Capture, Liquefaction, and Storage

Although many studies position alternative low carbon fuels as the primary long
term decarbonization pathway for shipping, waste energy recovery and carbon capture
are essential complementary strategies for achieving net zero emissions. Recent technical
and economic assessments consistently identify post combustion capture combined with
cryogenic CO» liquefaction as a promising solution for ship based carbon management,
particularly on LNG fueled vessels [19,20]. A key advantage of this approach lies in the
favorable thermodynamic match between the cooling duty required for CO, liquefaction
and the cold energy released during LNG regasifcation, which can be recovered and uti
lized to reduce the power demand of the capture system [21].

Although the feld is still emerging, several authors have already investigated post
combustion cryogenic carbon capture for marine applications [22]. Awoyomi et al. [23]
analyzed the liquefaction of CO, from a Wartsila 9L46DF marine engine by recovering
the cold energy available from LNG. Their work also included an economic assessment in
which the capture cost is selected as the main economic indicator. The sensitivity assess
ment indicated that, at a capture rate of 90%, the capture cost does not fall below 117 USD
per ton. These results are consistent with the fndings of Ros et al. [24], who evaluated a
combined process that integrates monoethanolamine solvent absorption with subsequent
COs, liguefaction by utilizing the cold energy released during the regasifcation of LNG
used as fuel. Their study reported a capture cost of 119 Euro per ton (equivalent to 139 USD
per ton). More recently, Li et al. [25] performed asimulation study for a 250,000 DWT bulk
carrier fueled by LNG. Their results indicated that the system could capture up to 253 tons
of CO, per voyage, further supporting the technological feasibility of cryogenic carbon
capture in marine propulsion.

Taken together, these studies place the technology slightly above the current GHG
pricing mechanism for maritime transport, the EU Emission Trading System. However,
given their proximity to present carbon market values, the technology could become eco
nomically viable in the mid term [20,26]. Collectively, previous research confrms the tech
nical feasibility of shipboard CO, capture and liquefaction. Nevertheless, most existing
assessments address either capture cost optimization or LNG cold energy utilization inde
pendently, without systematically evaluating integration with waste heat recovery archi
tectures, working Fuid selection strategies, and evolving maritime regulatory constraints
within a unifed framework.

1.1.2. Waste Energy Recovery Systems

Beyond the cold energy recovered during LNG regasifcation, waste heat recovery can
supply part of the additional energy required by onboard carbon capture or other auxiliary
systems. The organic Rankine cycle has been extensively investigated for the recovery of
waste thermal energy across diferent temperature levels and, when combined with an
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appropriate working fuid, is capable of exploiting low grade thermal sources that would
otherwise remain unused.

A key determinant of ORC efciency is the selection of a working fuid that closely
matches the temperature profle of the waste energy source [27]. In this context, zeotropic
mixtures ofer superior thermal matching compared with pure fuids due to their tem
perature glide during phase change, enabling non isothermal evaporation and condensa
tion. This behavior reduces exergy destruction in the heat exchangers, ultimately yielding
higher power output and overall efciency [28,29].

Numerous studies have demonstrated the thermodynamic advantages of binary mix
tures in waste energy recovery applications. Oyewunmi et al. [30] proposed a decane—
butane mixture that reduced the cost per kilowat by approximately 20 to 30%, a result
atributed to enhanced heat transfer and reduced component size. Wang et al. [31] used
other zeotropic formulations, including R245fa combined with R141b, and reported opti
mized thermal and exergy e¥Fciencies of 5.58 and 23.20%, respectively, at the correspond
ing optimal mixing ratios. Similar gains have been reported for R413A, which can deliver
up to 20% higher power output and 16% improvement in overall system e¥ciency [32].
Li et al. [33] evaluated eight CO, based binary mixtures for recovering LNG cold energy
utilizing an ORC and, through genetic algorithm optimization, demonstrated that such
mixtures markedly outperform pure CO,, with CO, R134a achieving the highest power
output of 13.50 kW. All in all, these studies confrm that zeotropic mixtures can substan
tially improve thermodynamic performance compared with pure fuids. However, most
investigations focus primarily on e¥ciency optimization within isolated ORC confgura
tions, often without addressing maritime specifc constraints such as onboard safety, ultra
low GWP requirements, spatial limitations, or integration with other systems like CCS.

Overall, the selection of zeotropic fuid mixtures that closely match the temperature
profle of the energy source is fundamental to maximizing e®ciency in maritime ORC ap
plications [34]. Nevertheless, most formulations rely on mixtures that either exhibit high
GWP or pose safety concerns on board ships, particularly if used in enclosed spaces [35].
Consequently, a clear research gap remains regarding the suitability of zeotropic mixtures
for waste energy recovery in shipboard systems. Comprehensive studies that simultane
ously evaluate thermodynamic performance, operational safety, and environmental im
pact are still lacking, leaving substantial uncertainty about their practical implementation
and optimization [36]. In addition, existing studies typically assess carbon capture sys
tems, waste heat recovery, or working fuid optimization in isolation. A fully integrated
framework combining onboard CO, liquefaction, cold and waste heat ORC subsystems,
ultra low GWP zeotropic mixture screening, and techno economic evaluation under mar
itime regulatory constraints is still missing in the literature. Moreover, few works incor
porate probabilistic economic assessment to account for fuel price volatility and carbon
pricing mechanisms. Addressing this gap is essential to determine whether integrated en
ergy recovery and carbon management systems can provide regulation resilient solutions
for long term maritime decarbonization.

The primary objective of this paper is to identify zeotropic mixtures that ofer the best
performance in terms of energy recovery while maintaining low environmental impact
and safe operability. A secondary objective is to assess the potential synergies between
COs, liguefaction and waste energy recovery systems. To do so, a CO; liquefaction system
integrated with waste energy recovery, incorporating both cold energy and waste heat
ORCs, is proposed and applied to a case study vessel. To clarify the sequence of processes
carried out to achieve these objectives, Figure 1 presents the methodological framework
adopted in this study.
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Research framework

Fluid mixture screening Thermodynamic modelling
« Ultra-low GWP zeotropic mixtures « Integrated CCS and ORC « Monte Carlo simulation
« Safety & environmental criteria * Energy and exergy analysis * Payback evaluation

System simulations

Figure 1. Methodological framework adopted in this study.

The remainder of this paper is organized as follows. Section 2 outlines the methodol
ogy used for the selection of working fuids and for the subsequent performance, environ
mental, and economic assessments. Section 3 presents and discusses the results obtained
under the scenarios examined. Finally, Section 4 summarizes the principal fndings and
conclusions of the study.

2. Materials and Methods
2.1. Case Study Vessel

The case study focuses on a high speed craft (HSC) ferry operating in the Mediter
ranean Sea, performing two round trips per day with a total daily distance of approxi
mately 240 nautical miles. The vessel transports passengers, cars, and small trucks between
the mainland and the Balearic Islands. To defne the operational profle and constraints of
the reference vessel in relation to air and seawater temperatures, the routes covered during
the past three years (2023-2025) are retrieved and presented in Figure 2.

—

(a) Overview of the operational area.

Figure 2. Cont.
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(b) Detailed view.

Figure 2. Routes covered by the case study vessel over the period 2023-2025 [37]. (a) Large scale
overview of the operational area in the Western Mediterranean. (b) Detailed view of the navigation
route between the mainland and the Balearic Islands.

Environmental conditions along the route are derived from monthly average air and
seawater temperature data available from the Spanish Meteorological Agency [38] and
summarized in Table 1.

Table 1. Monthly average seawater and air temperatures along the vessel’s route [38].

Month Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec
Seawater temp ( C) 145 140 145 160 188 220 250 265 250 225 195 165
Airtemp ( C) 118 118 138 159 190 232 259 263 236 202 155 128

The propulsion system comprises four Wartsila 16V31DF engines (Wartsila Corpo
ration, Helsinki, Finland) operating on LNG, two auxiliary SGE 24SL engines (Guascor
Energy, Zumaia, Gipuzkoa, Spain) also running on LNG, and two 139 kW auxiliary en
gines operating on diesel fuel. The use of the later is limited to periods when additional
power is required, as LNG is prioritized as the primary fuel. A summary of propulsion
engines specifcations is given in Table 2.

Table 2. Main and auxiliary engine specifcations of the case study vessel [39,40].

Parameter Value

Main Engines

Engine type Wartsila 16V31DF
NOXx emission standard IMO Tier Il (Diesel)/Tier Il (Gas)
Number of cylinders 16
R.P.M. 750
Power 9600 kW
LNG fuel consumption (85% load) 0.325 kg/s
Exhaust gas temperature after turbocharger
(85% load, gas mode) 603.15K
Exhaust gas mass Fow rate (85% load) 12.77 kg/s
Cooling water temperature (engine outlet) 369.15 K
Cooling water mass fow 41.67 kg/s
Auxiliary Engines
Engine type SGE 24SL
NOXx emission standard IMO Tier 1l (Gas)
Number of cylinders 8
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Table 2. Cont.
Parameter Value
R.P.M. 1500
Power 344 KW
LNG fuel consumption (80% load) 0.0156 kg/s

Exhaust gas temperature after turbocharger

(80% load) 693.15 K

Exhaust gas mass fow rate (80% load) 0.86 kg/s
Cooling water temperature (engine outlet) 369.15 K
Cooling water mass fow 13.34 kg/s

Table 2 presents the exhaust gas parameters, which serve as the source of CO», for the
CCS system, and the waste thermal energy used in the calculations of this study. While
the low temperature thermal potential from LNG fuel regasifcation is utilized in both the
cold energy ORC and the Heating, Ventilation, and Air Conditioning (HVAC) system, the
engine jacket water provides the source of heat for the waste heat ORC. For these calcu
lations, the vessel is assumed to operate at 85% load, which corresponds to its typical
operating condition.

Given that it is a passenger vessel, the HVAC system represents a signifcant compo
nent of the overall energy demand, as it ensures passenger comfort throughout the voyage.
The vessel has a total cooling requirement of 120 kW, distributed between the glazed pas
senger lounge and the accommodation areas, including the crew quarters and the upper
deck cabins for technical staf. To complement the ORC systems and evaluate the potential
benefts of replacing the current R407C with more environmentally friendly refrigerants,
the study also explores the use of zeotropic mixtures in the HVAC system, assessing their
impact on the Total Equivalent Warming Impact (TEWI) metric.

2.2. System Confguration

Figure 3 presents the confguration of the integrated energy recovery system, which
provides electrical power and cooling capacity onboard while supporting GHG mitigation.
Considering the variety of waste energy streams produced by the case study engine, in
cluding cold energy released during LNG vaporization and waste heat from sources such
as exhaust gases and engine jacket water, maximization of energy recovery performance
requires the coordinated operation of several interacting subsystems.

The system depicted in Figure 3 comprises a CO, capture and storage subsystem
based on cryogenic liquefaction, coupled with two organic Rankine cycles: one dedicated
to recovering the residual cold energy of LNG and the other to harnessing the waste heat
from the engines. Additionally, the remaining cold energy from LNG regasifcation is uti
lized to support the vessel’s HVAC system.

2.2.1. Mathematical Modeling, Assumptions, and Operational Constraints

Numerical simulation and performance assessment of the proposed waste energy re
covery system are implemented using Python 3.11.7, while fuid properties are retrieved
from the REFPROP 10.0 database [41]. The following assumptions are adopted in the
development of the mathematical model, in line with established practices reported in
the literature:

1. Air and seawater temperatures correspond to conditions at the ports visited by the
vessel, as reported in Table 1 [38].

2. Working fuids, zeotropic mixtures, in all subsystems are assumed to remain ther
mally and chemically stable under all operating conditions [42].

3. Thermal losses are considered negligible, and all valves in the system are treated
as adiabatic [43,44].
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4. The gas conditioning process is outside the scope of this work; thus, it is as
sumed that the CO, stream exits the Gas Conditioning System (GCS) at 15 bar and
303.15 K [45,46].

LNG,
CO2 liquefier ORC.

Cold energy

LCO,

Gas Conditioning
System

ORCeuss

ORC Cold
Evaporator

LNG —
CO, — SW.
Organic fluid  s—
Exhaust gas s
Jacket water
Sea water — m—
S
I |[O0O00O0000
< | [©0000000] = —
1
SRC, I [00000000
I [0O0000000
TS :
=
08 : 00000000
ORC WH ORC 52 — 1 00000000
out
Turbine Waste heat SRC, !
| |O0O000000
ORCVH 1 00000000
Pump \\

SRC, SRC, S-———————
Propulsion engines

(4 x Wartsila W16V31DF)

ORC WH
Condenser

SWour SwW,

Figure 3. Schematics of the proposed waste energy recovery system.

2.2.2. Exhaust Gas Aftertreatment and Carbon Capture and Storage System

First, the exhaust gases discharged from the engines are collected and directed to the
GCS, where carbon dioxide is purifed and separated from the main exhaust stream. After
cleaning, the gas is cooled to 303.15 K and then compressed to 15 bar to prepare it for the
liguefaction stage. The purifed CO, enters the liquefaction unitin gaseous form and leaves
in liquid form at 243.15 K. At this point, residual N, O,, and other non condensable species
remain in the gaseous phase and are separated from the condensing CO,. The mass fow
rate of CO, produced by combustion is determined using the stoichiometric ratio of 2.75 kg
of CO,, per kilogram of CHy, as stated per IMO [47]. Based on the fuel consumption of the
engines, this corresponds to 370.66 tons of CO, per day of operation. Given the size and
operational constraints of the HSC considered in this case study, the system is designed
to capture up to 66% of this amount, totaling a volume of 244.63 m? of liquid CO,. As the
calculation incorporates the worst expected operating day, a 250 m? storage tank flled to
98% provides sufcient capacity to accommodate all liquefed CO, generated withina24 h
cycle. Under the conditions set, the storage tank must be unloaded once per day.

The cooling energy required in the liquefer, Qéoz, and the corresponding destruction
of exergy resulting from this heat exchange are evaluated:

Qco, = Mco, CPco, Tico, Tco, D
lco, = Mco, Tamb DSco, 2
Tico PLco
DSco, = Cpco In 2 R In 2 (3)
2 2 Teo, Pco,
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lco, Lné =Ming Nine, Ning, Tamb SLNG,  SLNG, (4)

lcoypm = lco, *lco, LNG (5)

where R is the CO, constant and has a value of 0.1889 ki/kg K [41]. The enthalpies and
entropies of LNG stream are denoted as h; ng, and hyng,, and s_ng, and s_ng,, respec
tively. These properties are determined based on the known inlet temperature T, yg, and
pressure P_ng,. The outlet temperature, T, ng,, is calculated from Qéoz, while an outlet
pressure 0.1 bar lower than P ng, is adopted to account for the internal pressure drop
across the CO;, liquefer. This cooling process enables the recovery of the CO, generated
by the ship engines, which can then be directed to a dedicated storage tank. The liquefed
CO3, is subsequently routed to the onboard storage tank.

2.2.3. Cold Energy Organic Rankine Cycle

The second LNG heat exchanger operates as part of a dedicated low temperature
ORC aimed at exploiting the remaining low temperature thermal potential of the LNG
stream, whose temperature at this stage is approximately 263 K. Even after partial heat
exchange, the LNG retains su®ciently low thermal conditions to be utilized by selected
zeotropic working Ffuids capable of stable operation near 200 K without solidifcation
risk [41]. Through this arrangement, additional electrical power is generated from the
residual exergy available in the LNG stream after supplying cooling to the onboard CCS
unit. Cold energy exchanged during ORC condensation, as well as the corresponding ex
ergy destruction, is evaluated:

Qorcgg,,, = MinG (Nine;  Nine,) (6)
loRC 4 =mine hingy hing,  Tamb SLNG;  SLNG, (7)
cond| NG
IORCcold . = mORCcold hORCt:old hORCcold Tamb SORCcoId SORCcold (8)
condZeotroplc 1 4 1 4
lorC,,; = lorc,,, + loRcy, 9
COIdcondtotal COIdcondLNG C0'dcondzeutropic

The amount of recoverable LNG thermal energy is calculated from the natural gas
mass Fow rate and the enthalpy diference between the inlet and outlet of the correspond
ing heat exchanger, represented by h; ng, and hy ng,, respectively. Consistent with the
remaining heat exchangers in the system, a minimum temperature approach of 10 K is
enforced as the design pinch constraint. Exergy destruction within the ORC condenser is
evaluated by accounting for irreversibilities on both the natural gas side and the working
fuid side. For the natural gas stream, the specifc entropies at the inlet and outlet, s; ng,
and s_ng,, are employed. On the organic mixture side, the thermodynamic properties
at the condenser inlet and outlet are represented by the specifc enthalpies hORCcoIdl and
hORCcoId4’ and the specifc entropies SORCeg, and SORCeiq, correspondingly.

At the condenser outlet, the organic mixture is subsequently pressurized by a pump.
The pump power demand and associated irreversibilities in the low temperature ORC are
evaluated through the following expressions:

: . VORCgqy PoRcyg, PoRCyq,
_mORCcold

WORCeoidpump (10)

#ORCC0|dpump

F)ORCCOM2 = Reduced press  Pericondenbar 11)
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lorc = MORCyyq Tamb SORCyig,  SORCoig, (12)

coldpump

Power input to the pump is evaluated based on the mass fow of mixture, morc,,,»
specifc volume of the zeotropic fuid at the condenser outlet, uorc,,,,» and the pressure dif
ference between the pump inlet and outlet, PORCcoldl and PORccoldz’ respectively. PORCC(M2
is determined as a function of the critical condensation pressure (cricondenbar) of the
zeotropic mixture at the specifed composition. The associated exergy destruction is es
timated using the specifc entropy values of the fuid at the same locations, SORCeig, and
SORCeig, Once the organic mixture in the low temperature ORC subsystem has been pres
surized, seawater provides the thermal input to the evaporator of this cycle. The disposed
cold energy from the ORC cold stream, along with the corresponding exergy destruction,
is determined:

QORCiterzp = MORCeig CPORCeig  TORCyq,  TORC, (13)
ORCocuvap gogogic ~ MORCwla  MORCoiy  NORCiig,  Tamb SORCig,  SORCoi, (14)
0] 1
|ORCCOI|devapSW = QORéCOldevap _IM;I;‘:‘::WA (15)
p
|0R(:w,;jevaptotal = IORCCOIde;’apzeotropic *+ 1ORC picprapa (16)

Cold energy recovered by the low temperature ORC subsystem is transformed into
electrical power and the part not used and evacuated to the seawater is expressed as
QOR(:.coldevap' The specifc enthalpy and entropy of the cold ORC working Fuid at the evap
orator inlet and outlet are represented by hORccoldz and hORCcoId3’ and SORCyig, and SORCeolgy
respectively. Exergy destruction in the evaporator is determined using the logarithmic
mean temperature diference method, represented by TanORCcomevap . This is calculated with

the inlet and outlet temperatures of the zeotropic mixture and seawater. Total irreversibil
ities within the evaporator are calculated as the sum of those generated by both interacting
fuid streams.

In the concluding stage of the cold ORC, the working fuid, already pressurized
and preheated, is expanded by a turbine, enabling the conversion of LNG cold energy
into electrical power. The generated power and the corresponding exergy destruction
are evaluated:

WORCcoId = mORCcold hORCchd4 hORCcold3 #ORCchd #gen (17)

l0RCyg = MORCyq Tamb  SORCeyq,  SORCeo (18)
4 3

Specifc enthalpies of the working mixture at the inlet and outlet of the expander are
denoted as hORCColuls and hORCcoId4' respectively. Electrical power production is determined
by considering the isentropic efciency of the expander, #orc,,,, together with the e
ciency of the electric generator, #g.n. The assessment of exergy destruction is based on the
specifc entropy values of the zeotropic mixture at the same points, represented by sorc
and Sorc respectively.

coldg

coldy’

2.2.4. HVAC Cooling Services

As generally found in passenger ferry ships, the reference vessel is fted with aHVAC
system designed to maintain passenger comfort during voyages across diferent seasonal
conditions, particularly during summer operations. This section proposes the integration
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of a cold energy source and the replacement of the conventional working fuid, originally
R407C, with alternative ultra low GWP zeotropic organic mixtures. This modifcation aims
to minimize the likelihood of increased atmospheric pollution, especially in the event of re
frigerant leakage. To further enhance the HVAC performance and maximize the utilization
of waste cold energy, the proposed confguration incorporates cooling from LNG regasif
cation through a counterfow heat exchanger, where the refrigerant mixture circulates on
one side and LNG at a lower temperature on the other (see Figure 3).

Within this system, a compressor ensures continuous circulation of the working fuid
in a closed loop formed by an evaporator, a condenser, and an adiabatic expansion valve.
The performance of the HVAC system is calculated as follows:

QHVAC,y = MinG hine,  hine, (19

4 _ huvac,,  hhvac, 20

HVACcompressor — h h ( )
HVAC, NHvac,

WHVACompressor — MHVAC  hHvac,  NhHvac, (21)

Here, QHVACcond represents the heat rejected in the condenser, which functions as the
interface for extracting the cold energy provided by the LNG fuel line. The stream fow
rate of the organic working mixture is denoted by myyac, and the remaining terms cor
respond to the specifc enthalpies of the Fuid at the condenser and pump inlet and outlet
sections. A pressure drop of 0.1 bar is assumed at the evaporator outlet. By knowing the
efciency of the compressor, #{yvAc ompressor+ the €Tective enthalpy at the compressor outlet
can be determined. Enthalpies at the inlet and outlet of the compressor, hyac, and hyvac,,
together with the mass fow rate of the zeotropic mixture, are then used to calculate the
work supplied to the compressor.

In terms of irreversibilities, the main components of the HVAC system where exergy
destruction should be examined to enhance overall efciency are the LNG evaporator and
the compressor. By determining the amount of heat transferred in the heat exchanger
and the energy required by the compressor, the corresponding exergy destruction can
be calculated:

IHVAC i o = MLNG DN,  hine;  Tamb SinG,  SLNGs (22)
1
' ' T-amb
|HVAcCondzeotropic =Qnvacw 1 7 — (23
AVGHVAC g
lhvac = luvac, + 1 ' 24
HVACCO“dtotaI HVACC"ndLNG HVAccondzeotropic ( )
IHVACsompressor — MHVAC  Tamb  SHVAC,  SHVAC, (25)

2.2.5. Waste Heat Organic Rankine Cycle

Four stroke internal combustion engines achieve high conversion e®ciencies; how
ever, close to half of the chemical energy supplied by the fuel is ultimately released as
heat at various temperature levels instead of being converted into shaft work. For marine
diesel engines, waste heat is mainly rejected through the exhaust gases and the jacket cool
ing water, both of which present opportunities for partial recovery through Rankine cycles,
converting thermal energy into useful power. To simplify the system and reduce compo
nent count, this work introduces an ORC based waste heat recovery layout that combines
a jacket water preheating stage with an exhaust gas evaporator, as shown in Figure 3.
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The waste heat ORC begins at the condenser outlet, where the zeotropic mixture tem
perature is determined as a function of seawater temperature, with a specifed pinch point
of 20 K. At this stage, the fuid remains in the saturated liquid phase. It subsequently en
ters the cycle pump, where its pressure is increased. The required pumping power and
the corresponding exergy destruction are calculated:

VorCwy PorRcwn,  Porcwy,

Wore, = Morc (26)
WHpump WH
#ORCwHpump
PORCWH2 = Reduced press Pricondenbar 27
loRCwhpump = MORCwy Tamb  SORCwy,  SORCwi, (28)

In this context, the mass fow rate of working fuid mixture circulating inside the sub
system is denoted by mogc,,,,, and its specifc volume is represented by vorc,,,. The
pressures at the condenser outlet and at the pump discharge are indicated by PORCWH1 and
PORCWHZ’ with the later expressed as a function of the maximum condensation pressure
(Pericondenbar)- The eFciency of the pump is designated as #ORCWHpump’ while SORCwH, and
SORCwH, denote the mixture’s specifc entropy upstream and downstream of the pump.

Upon completion of the pumping stage, the zeotropic mixture fows through the evap
orator, where it absorbs thermal energy from the engine jacket water used for cooling in
ternal components. The recoverable thermal energy at this stage, as well as the exergy
destruction associated with this heat exchange, is determined:

QORéWHevap = mw Cow Tower  Tow,, (29)

The amount of heat recovered from the jacket water fow exiting the engines depends
on the inlet temperature of the auxiliary engine jacket cooling water, Ty, , which based
on onboard measurements is set at 369.15 K. The outlet temperature, Ty, ., is Txed at
328.15K, corresponding to the lowest temperature allowed by the engine manufacturer to
prevent issues related to cold combustion.

The recovered thermal energy from the jacket water is supplied to the organic
zeotropic mixture to increase its temperature prior to the evaporation stage. The irre
versibilities associated with this heat exchange are quantifed by summing the exergy de
struction occurring in both interacting fuid streams:

lORCwHozpy, = MW Poweee  haw, Tamb  SiWoue  Siwi, (30)
|0RCWHevapzeotropic =Morcyy Norcwn, horcww,  Tamb SORCww,  SORCww, (31)
| ' = lorcy, +1 ' 32

ORCWHevaptotal ORCWHevapJW ORCWHevapzeotropic ( )

where the enthalpies and entropies at the inlet and outlet of the preheater are denoted
as hyw,,» Nawgyer Saw,» @and sy, respectively. For the assessment of exergy destruction
associated with the organic mixture, the specifc enthalpies and entropies at the preheater
inlet and outlet, hORCWHZ’ hORCWHgv SORCyh, ! and SORCyyp,+ A€ employed.

After evaporation, the zeotropic Fuid is directed into the waste heat ORC turbine,
where it expands down to the condensation pressure under subcritical cycle conditions.
During the expansion process, shaft work is generated and later transformed into electric
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ity by means of an alternator. The resulting turbine power in the waste heat ORC, together
with the corresponding exergy losses, is then evaluated:

Worg, = mor h h # # 33
ORCWHturbine ORCWH ORCWH4 ORCWH55 ORCWHtUrbine gen ( )

lturbineorc,,,, — MORCwy Tamb SORCwyg,  SORCw, (34)

Power generated by the turbine directly depends on the specifc enthalpies at the inlet
and outlet, hORCWH4 and hORCWH55’ respectively. Turbogenerator mechanical and electrical
efFciencies are represented by #ORCWHturbine and #gen. The irreversibilities in this stage are
infuenced by the mass fow rate of the zeotropic mixture, the ambient temperature, and
the actual specifc entropy values at the inlet and outlet of the expansion process, SORCw,
and SORCyyH respectively.

After expansion, the total mass fow of zeotropic mixture utilized in the waste heat
ORC enters the condenser, where it is returned to asaturated liquid state. The heat rejected
to the seawater together with the associated irreversibilities are calculated:

QoRrCwhy,, = MORCwy  NORCwy,  NORCy, (35)

lorcy - = Morcyy MNorcwy,  Norcwy Tamb SORCwh.  SORCwi (36)
condzeotropic 5 1 5 1

loRCwt,, g, = Msw Nsweye Nswi,  Tamb Sswour  Sswi, (37)

lorcy = lorcyy + lorcyy (38)

cond

condiota) zeotropic condsw

To calculate the heat extracted by the seawater, QORC.WHcond , the specifc enthalpies of
the steam at the condenser inlet and outlet, hORCWH5 and hORCWHl’ are used. Exergy de
struction associated with heat transfer on the zeotropic mixture side is evaluated using the
specifc entropies at the inlet and outlet, SORCw and SORCwh, respectively. Exergy losses
on the seawater side are governed by its mass Fow rate, mgy, together with its thermody
namic properties at the condenser boundaries. These properties include the inlet enthalpy
and entropy, hsw,, and ssw,,, and hsy,,, and ssw,,,, respectively.

2.2.6. Seawater Cooling System

The proposed system requires cooling at several stages, all of which are provided
by seawater. To enhance the utilization of this thermal resource, seawater is frst drawn
from the surroundings and supplied to the cold ORC, where its temperature is reduced.
This step is advantageous because the cooled stream then enters the condenser of the
waste heat ORC, allowing the zeotropic mixture to condense at a lower temperature than
would be possible with ambient seawater. After completing this process, the seawater is
discharged overboard.

Constant parameters of the CO;, liquefaction and waste energy recovery system are
summarized in Table 3:

Table 3. Main operational parameters defned for the proposed system.

Parameter Value Units Reference
LNG fuel mass fow 132 kg/s Case study, all engines
Exhaust gas mass fow 51.94 kg/s Case study, all engines
Jacket water mass fow 180.02 kg/s Case study, all engines
Seawater mass fow 100 ka/s Design condition
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Table 3. Cont.
Parameter Value Units Reference

ORC cold pump eFciency 75 % [48]
ORC cold turbine eFciency 80 % [49]

HVAC compressor efFciency 80 % Case study, manufacturer data
Waste heat ORC pump eFciency 75 % [48]
Waste heat ORC turbine efFciency 80 % [50]
Electrical generators efciency 98 % [51]
Pressure drop in heat exchangers 0.1 bar [52]

Regarding the parameters that vary and are analyzed in the system’s sensitivity study,
Table 4 summarizes these variables:

Table 4. Parameters considered in the sensitivity analysis.

Parameter Min Max Units
Air temperature 283.15 303.15 K
Seawater temperature 288.15 303.15 K
ORC cold evaporation pressure 0.2 0.8 Reduced press
ORC cold superheat 0 30 K
Waste heat ORC evap. pressure 0.2 0.8 Reduced press
Waste heat ORC superheat 0 30 K

2.3. Organic Fluid Zeotropic Mixtures Selection Process

To maximize waste energy recovery through ORCs, the identifcation of an appropri
ate working Fuid plays adecisive role. Although pure fuids and azeotropic mixtures often
perform well, zeotropic mixtures typically ofer superior energy recovery potential due to
their improved thermal match with the heat sources [53]. In this study, 208 zeotropic mix
tures are analyzed (listed in Table Al) to identify those most suitable for recovering both
cold energy and low grade heat in marine applications. This aspect is particularly relevant
because the waste energy recovery system is located inside the engine room, an enclosed
space with limited ventilation, where low fammability and toxicity are essential. Further
more, ship motions such as hogging and sagging can increase the likelihood of leakage
compared to stationary land based systems. For these reasons, special consideration is
given to safety and environmental impact when selecting zeotropic mixtures for evalua
tion. The complete fuid selection procedure is illustrated in Figure 4.

The Frst screening criterion focuses on environmental impact. Fluids with any ozone
depletion potential (ODP > 0) are eliminated, as they are noncompliant with the Montreal
Protocol [54]. In accordance with the Kyoto Protocol and aligned with European Union reg
ulations, only zeotropic mixtures with an ultra low global warming potential (GWP  10)
are retained for further evaluation [55,56].

The second screening step addressed operator safety, following the guidelines of
ASHRAE Standard 34 [57]. Fluids exhibiting excessive Fammability or toxicity, which may
pose hazards to operators through inhalation, ingestion, or dermal contact, are excluded
(particularly categories above A2L and all in the B group).

Application of the environmental criteria led to the exclusion of 160 mixtures due to
their non compliance with these requirements. The subsequent application of the safety
criteria eliminated an additional 41 mixtures. After this two stage screening process, a
shortlist of 9 candidate zeotropic mixtures is retained for further evaluation.
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Figure 4. Flowchart of the zeotropic mixture selection process.

In the fnal selection stage, thermophysical properties of the shortlisted mixtures are
analyzed to ensure their suitability for low temperature heat and cold energy recovery.
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Condensation temperature glide (K)

The maximum pressure at which vapor-liquid equilibrium exists (cricondenbar) is evalu
ated for each mixture to prevent supercritical operation while enabling efective heat ab
sorption from the available thermal sources. Mixtures whose critical temperature at the
cricondenbar point are well aligned with the temperature level of the waste heat stream
supplying the ORC are identifed. This selection is further refned by assessing the temper
ature glide across mass fractions from O to 1 in increments of 0.1. Mixtures exhibiting an
excessive temperature glide are discarded. However, if a zeotropic mixture met all other
selection criteria and displayed a glide below 15 K in the evaporator and below 9 K in the
condenser, albeit only within certain composition ranges, it is retained, and the analysis is
limited to those suitable regions.

Figure 5 shows the temperature glide profles of the working fuids during the evap
oration and condensation stages for both the cold energy and waste heat recovery ORCs.
The glides corresponding to each stage are the same in both confgurations. This behavior
arises because pressures are constrained within the same range for each fuid. The fgure
further indicates that the temperature glide atains its highest values at certain interme
diate refrigerant mass fractions. When the mass fraction approaches either zero or one,
the mixture properties converge toward those of a pure fuid, leading to a reduction in
temperature glide.

The zeotropic mixtures that successfully passed all screening steps are implemented
in the thermodynamic model across their feasible mass fractions. The optimal mixture
ratio of each zeotropic fuid, corresponding to the highest energy recovery, is selected for
fnal energy, environmental, and economic assessment.

As a result of applying this methodology, Table 5 presents the zeotropic mixtures
selected for examination in this study.

Although carbon dioxide mixtures with R1233zd(E), R1234yf, R1234ze(E), and
R1234ze(Z) are initially considered suitable, the evaluation of the temperature glide in both
evaporator and condenser showed values between 40 and 90 K, which are excessively high
for eFective heat transfer processes. Consequently, the thermodynamic evaluation focuses
on Novec 649 based zeotropic mixtures, as summarized in Table 5.
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(a) R1233zd(E) evaporation glide.
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(b) R1233zd(E) condensation glide.
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Figure 5. Temperature glide of selected zeotropic mixtures. The markedly higher glide observed for
R1234yf and R1234ze(E) mixtures may lead to suboptimal heat transfer matching under the investi
gated operating conditions.
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Table 5. Selected zeotropic working fuid mixtures.

Base Fluid Secondary Fluid Optimal Mass Fraction Mixture GWP
R1233zd(E) 0.1-09 3.6
R1234yf 0.1-09 0.6
Novec 649 R1234z¢(E) 0.1-0.9 13
R1234ze(Z) 0.1-09 0.38

2.4, Environmental Assessment

The deployment of energy e®Fciency technologies in the maritime sector responds to
both environmental and economic imperatives. A primary objective of such systems is to
reduce air pollutant emissions, thereby ensuring compliance with IMO regulations. The
proposed system simultaneously provides cold energy and electrical power to the vessel,
enabling either an increase in onboard energy availability at constant fuel consumption or
a reduction in fuel use while maintaining the same level of service. This improvement in
energy efciency directly translates into lower pollutant emissions.

In this study, the environmental performance of the proposed system is evaluated by
estimating potential reductions in carbon dioxide (CO5), methane (CHj,), and nitrous oxide
(N20) emissions, in accordance with the European Monitoring, Reporting, and Verifcation
framework established under Regulation (EU) 2023/957, efective from 1January 2024 [8,9].
Emission factors for CO,, CH,4 and N>O are taken from the Fourth IMO Greenhouse Gas
Study and reports published by the International Council on Clean Transportation [2,58].
Once all emissions are determined, total CO, equivalent emissions are calculated using
GWP values provided by the Intergovernmental Panel on Climate Change [59].

These estimates of CO, equivalent emissions are particularly relevant for the subse
guent economic assessment, as they infuence GHG pricing mechanisms, operational costs,
and potential fnancial benefts.

Total Equivalent Warming Impact

In addition to the direct emission reductions obtained through the implementation
of the waste energy recovery system, further long term environmental advantages arise
from exploiting onboard cold energy and replacing the original working fuid with an
ultra low GWP alternative. This broader efect is quantifed using the Total Equivalent
Warming Impact metric, which incorporates both direct emissions, mainly related to po
tential refrigerant leakage during system operation, and indirect emissions linked to the
energy consumption required to satisfy refrigeration or HVAC cooling loads [60]. Within
the present analysis, TEWI is expressed in kilograms of CO, equivalent and is used as
a benchmarking indicator for evaluating the environmental performance of the selected
organic fuids relative to the original system confguration:

TEWI = GWP ﬁ nm +(GWPm( a))+(nEznua b) (39)

The initial term of the TEWI formulation accounts for possible refrigerant leakages. In

this expression, GWP denotes the global warming potential of the working fuid, L repre
sents the annual leakage rate (kg/year), n is the assumed remaining lifetime of the system
(taken as 20 years, refecting the operational age of the case study vessel), and m denotes
the total refrigerant charge required for system operation. The second term accounts for
recovery losses at the end of the equipment’s service life, where a is the recovery factor,
which corresponds to the proportion of refrigerant recovered and recycled before fnal dis
posal. The third term considers indirect emissions associated with electrical energy use
throughout system operation. In this case, E,,n 2 denotes the total annual electricity us
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age, and b is the CO, emission factor, expressing the amount of CO, emited per unit of
electricity generated (kg CO»/kWh). The values of L and a vary depending on the specifc
organic fuid and are provided in Table 6.

Table 6. Parameters for TEWI calculation [61,62].

Leakage Rate (kg/year) Recovery Factor
R407C (original fuid) 0.15 0.85
Novec 649 & R1233zd(E) 0.10 0.68
Novec 649 & R1234yf 0.10 0.70
Novec 649 & R1234ze(E) 0.10 0.65
Novec 649 & R1234z¢(Z) 0.10 0.71

2.5. Economic Assessment

The second major objective infuenced by the implementation of energy e¥ciency sys
tems is the economic performance of the vessel. This impact can be assessed from several
perspectives. Increasing the amount of useful energy extracted from the same quantity of
fuel reduces overall consumption, which becomes particularly relevant as the maritime sec
tor transitions toward alternative fuels whose prices are expected to be higher than those
of conventional marine fuels [63]. Beyond the direct savings associated with reduced fuel
use, energy efFciency technologies also support the industry’s compliance with emerging
market based mechanisms, such as the already in force European Union Emissions Trad
ing System, that assign a monetary cost to CO, equivalent emissions derived from CO»,
CHy, and N>0, as analyzed in the environmental assessment.

Regulatory instruments such as the EU ETS and the forthcoming IMO Net Zero
Framework establish fnancial incentives for emission reduction by generating revenues
from emiters that exceed predefned emission allowances. Within this regulatory con
text, the present study evaluates the Greenhouse Gas Abatement Cost (GHG AC) of the
proposed system. This indicator expresses the monetary cost required to abate one ton of
CO; equivalent emissions and provides abenchmark for judging the system’s competitive
ness against existing carbon pricing mechanisms. Lower GHG AC values indicate a more
economically atractive technology when compared with the cost of emission allowances,
such as EU ETS credits or IMO Remedial Units. The calculation of GHG AC is based on
the total system cost:

Ctotal = Cco, *+ Chvac + Corc,,y + Corcyy (40)
C=Cp Fam (41)

logCp = Ky + Kj log X + K3 (logX)? (42)
Fem = B1+ Bz Fv Fp (43)

log Fp = Cy + C; log P + C3(log P)? (44)
CPanas = Cprecf:ECPEcF> |(:e:2025 (45)

In these expressions, Cp represents the base equipment cost, BM is the bare mod
ule factor, Fy; is the material factor, Fp is the pressure factor, and P denotes the design
pressure [64]. The capacity parameter is designated as X. Additional cost correction fac
tors, Kp, Cp, and By, are provided in Table 7.
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To account for present market conditions, all base equipment costs Cp , are adjusted
using the Chemical Engineering Plant Cost Index (CEPCI). For this purpose, a CEPCI value
of 798.6 is adopted for 2025, while a value of 607.5 is used for the reference year, as the
original cost correlations are developed based on 2017 price levels [65].

Table 7. Parameters used for cost calculation [64].

Component Kz Ks C, Cy Cs B, Bo FmM  Fem
Centrifugal Pump 3.3892 0.0536 0.1538 0.3935 0.3957 0.01363 1.89 135 24
Compressor 2.2897 1.3604 0.1027 7
Consnec;‘fsgghe” 4.3247 0.303 0.1634 163 166 1
Evaporator (shell 4.3247 0.303 0.1634 0.1578 02992 01413 163 166 1
and tube)
Heat Exchanger 4.6656 01557 01547 096 121 25
(Fat plate)
Expansion Valve 3.8751 0.3328 0.1901 0.16742 0.13428 0.15058 4.5
Turbine 2.7051 1.4398 0.1776 35
The calculation of the GHG AC incorporates both the capital expenditure (CAPEX)
associated with the installation of the waste energy recovery system and the annual oper
ating expenditure (OPEX) over its operational lifetime, n, defned as 20 years for the case
study vessel. This also accounts for savings derived from reduced fuel consumption in the
production of electrical power and cooling. In this study, the average LNG fuel price is
assumed to be 720 Euro/ton over one year [66].
Economic benefts resulting from CO, equivalent emissions abatement are likewise
included, specifcally through reduced payments to the EU ETS. A weighting factor of 1 is
applied to account for the vessel’s operational time within EU waters. This represents a
specifc case, as the vessel operates entirely within the Mediterranean Sea, as illustrated
in Figure 2. The GHG AC metric also considers the economic efect of time on capital by
discounting CO» equivalent savings over the system’s lifetime:
h i
cHG  Ac = CAPEX + SEEXn Fuelsavings FUelprice  CO2inge CO2ey ers EVmeight N )

Cozsavings (1 + r)n

The total system cost, Ciot, calculated using the parameters in Table 7, represents the
CAPEX of the proposed system, while the OPEX is estimated as 6% of the CAPEX [67]. The
operational lifespan is assumed to be 20 years, corresponding to the remaining lifespan of
the vessel. Average price of EU Emission Allowances (EUAS) during the previous year is
82.89 Euro/EUA so this is utilized [68]. In the GHG AC equation, r denotes the discount
rate, which is set at 5% [69]. EU weighting factor is considered to be 100%, refecting that
the vessel operates exclusively in the western Mediterranean throughout the year.

To evaluate the economic feasibility of the proposed waste energy recovery system,
both payback period and discounted payback period are calculated. The payback period
represents the number of years required for the cumulative net annual savings generated
by the system to equal the initial investment:

CAPEX

Payback =
y Anet

(47)

where the capital expenditure is divided by the net annual savings, Anet, Obtained from
fuel savings and avoided emission costs after subtracting operational expenses.
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The discounted payback period is also calculated as it incorporates fnancial discount
ing to refect the impact of time on future cash fows. It identifes the frst year T in which
the cumulative discounted savings equal or exceed the initial investment:

Anet
=1 (A +1)

CAPEX (48)

These two metrics provide a consistent framework to assess investment recovery un
der both nominal and discounted economic conditions.

To account for the uncertainty associated with LNG fuel prices, a Monte Carlo sim
ulation is conducted to evaluate the variability of the discounted payback period for the
proposed recovery system. A total of 100,000 iterations are performed, with fuel prices
randomly sampled from a uniform distribution ranging from 400 to 1200 Euro per ton.
For each scenario, annual net cash fows are calculated as the sum of fuel cost savings and
avoided EU ETS payments, minus operating expenditures. The discounted payback pe
riod for each iteration is then computed by accumulating these cash fows over a 20 year
project horizon at a discount rate of 5% [70]. The simulation results are subsequently ag
gregated to obtain the median discounted payback across all iterations and to assess the
proportion of cases achieving full investment recovery within the project lifetime.

3. Results and Discussion

This section outlines the results related to carbon capture, zeotropic mixture selection
and the corresponding thermodynamic, environmental, and economic performance.

3.1. Model Validation
3.1.1. Carbon Capture

The carbon capture liquefaction unit operates by recovering cold energy released dur
ing the regasifcation of the LNG fuel supplied to the ship engines. Since this subsystem
functions exclusively as a cold energy source for the CO, liquefaction process, the recov
ered cold energy is quantifed using Equation 1. The calculation is based on a straightfor
ward energy balance supported by thermophysical properties obtained from REFPROP
10.0 [41]. Due to the absence of complex internal dynamics, control interactions, or tran
sient behavior, analytical evaluation is su®cient and no additional empirical validation is
required for this component.

3.1.2. Cold Energy Organic Rankine Cycle

To validate the proposed cold energy ORC, the study by Yadav et al. [71] is used as
areference. In this work, a LNG stream provided cold energy to a single stage ORC oper
ating with ethane, classifed as A3 by the ASHRAE Standard 34 and thus fammable. For
consistency, the same working fuid is employed in the present validation. The compari
son, shown in Figure 6, demonstrates a close agreement between the proposed model and
the reference data. The largest divergence occurs in the thermal efFciency, with a relative
error of 0.61%. This value is well below the uncertainty levels typically reported in steady
state ORC thermodynamic modeling studies, where deviations within 1-5% are generally
considered acceptable due to diferences in thermophysical property databases [67,72].
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Figure 6. Comparison of the proposed cold energy ORC model with Yadav et al. data [71].
(a) Validation of cold energy ORC (power output vs. superheat). (b) Validation of cold energy ORC
(thermal efFciency vs. superheat).
3.1.3. HVAC
To verify the reliability of the enhanced HVAC system model, avalidation study is car
ried out using manufacturer specifcations as the performance reference. In this improved
confguration, an LNG heat exchanger supplies additional cooling energy to the HVAC
system, thereby reducing the power demand of the compressors. The baseline operation
of the system, which utilizes R407C as the working Fuid, is reproduced in the simulation
environment. The validation focuses on three primary performance indicators: compres
sor power consumption, cooling capacity at the evaporator, and heat rejection at the con
denser. Table 8 provides a comparison between the manufacturer data and the simulated
results, together with the corresponding relative errors for each metric.
Table 8. Comparison of simulated HVAC system results with manufacturer specifcations.
Manufacturer Data Simulation Results Relative Error (%)
Compressor power input (kW) 110 112.6 2.36
Heat absorbed by evaporator (kW) 167 169.9 1.79
Heat rejected by condenser (kW) 120 121.4 1.18

Table 8 shows that the relative error for all evaluated performance indicators remains
below 3%, demonstrating strong agreement between the simulation results and the manu
facturer data. Deviations of this magnitude are generally considered acceptable in HVAC
system modeling and validation studies [73].

3.1.4. Waste Heat Organic Rankine Cycle

To the best of the authors’ knowledge, no waste heat recovery ORCs have previously
been investigated using Novec 649 based zeotropic mixtures. Therefore, to verify the accu
racy of the proposed waste heat ORC model, an additional simulation is carried out with
pure R1234ze(Z) as the working fuid. The simulation outcomes are compared with the
reference data reported by Ye et al. [74], as illustrated in Figure 7. The comparison shows
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excellent agreement, with the largest relative deviations in output power and thermal ef
fciency being 1.86 and 1.78%, respectively. These deviations remain well below the com
monly accepted threshold of 5%, which confrms the reliability of the developed system.
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Figure 7. Comparison between the waste heat ORC model results and reference data [74].
(a) Validation of waste heat ORC (power output vs. superheat). (b) Validation of waste heat ORC
(thermal efFciency vs. superheat).

3.2. Performance Assessment

Section 3.2 presents a parametric sensitivity analysis of the integrated system perfor
mance with respect to the most infuential operating parameters.

3.2.1. Carbon Capture and Storage System

The cold energy available from LNG during its regasifcation provides 363.1 kW of
thermal capacity, which is utilized to liquefy 66% of the CO, contained in the exhaust gas
stream. Within this process, the heat exchanger has 65.8 kW of irreversibilities. Although
the LNG stream contains sufcient cold energy to liquefy a larger fraction of CO,, the
amount recovered is ultimately limited by the capacity of the onboard storage tank, which
in turn is constrained by the space available on the HSC vessel. Such magnitudes are con
sistent with previously reported studies in maritime CCS applications [75], where storage
constraints are frequently identifed as a practical limiting factor.

3.2.2. Cold Energy Organic Rankine Cycle

To quantify the electrical power generated from the recovered cold energy in the cold
energy ORC, ambient boundary conditions are defned using representative average tem
peratures for the vessel operating region. Air and seawater temperatures are therefore set
to 293.15 K. When assessing the infuence of superheat, the reduced pressure is maintained
at a value of 0.5. Conversely, when examining the efect of reduced pressure, the super
heat is held constant at 15 K. In the analysis of seawater temperature sensitivity on cold
ORC performance, the system is evaluated with a superheat of 15 K and a reduced pres
sure of 0.5. Figure 8 presents the resulting variations in power output as these boundary
conditions are modifed.
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Figure 8. Cold energy ORC performance under varying operating conditions. All zeotropic mix
tures exhibit similar trends, with evaporation pressure exerting the strongest infuence on net power
output. (a) EFfect of superheat in cold ORC power. (b) Efect of evaporation pressure in cold ORC
power. (c) Efect of seawater temperature in cold ORC power.

From Figure 8, it is observed that increasing superheat improves the power output
of the cold energy ORC. Although the four zeotropic mixtures exhibit very similar behav
ior, with an average rise of approximately 0.13 kW per K of added superheat, the highest
power output is obtained with R1234yf, closely followed by R1234ze(E). When examin
ing the efect of the evaporation pressure, an increment in the reduced pressure results
in a decline in the recovered power. All mixtures experience a similar reduction rate of
about 0.23 kKW for each increase of 0.1 in reduced pressure. This reduction refects the
greater pump work required at higher pressures, which decreases the net available power.
Similar sensitivity to evaporation pressure has been reported in other LNG based cold en
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ergy recovery systems, where excessive pressure levels reduce net power due to increased
compression work [76].

The infuence of seawater temperature follows expected thermodynamic trends.
Warmer seawater enhances performance because it increases the temperature diference
between the cold energy source and sink in the ORC [70]. However, seawater tempera
ture cannot be controlled by onboard crewmembers. Therefore, the evaporation pressure
is identifed as the most critical parameter for optimizing the cold energy ORC.

3.2.3. HVAC Cooling Services

The retroft of the HVAC system, incorporating cold energy recovered from the heat
ing of the natural gas used as engine fuel, reduces the work required by the system com
pressor, ultimately improving the overall energy efFciency of the system. Table 9 presents
the compressor power consumption for each of the evaluated zeotropic mixtures.

Table 9. Power consumption of HVAC compressor, original fuid vs. zeotropic mixtures.

RAO7C Novec 649 Novec 649 Novec 649 Novec 649
(Original) & & & &
9 R1233zd(E) R1234yf R1234ze(E) R1234ze(2)
Compressor work 110 61.5 50.8 51.0 53.9

The savings achieved by incorporating the cold energy source are substantial and are
refected in the reduced work required by the compressor, which is reduced to 32.3% in
the worst case scenario, corresponding to the mixture of Novec 649 and R1233zd(E). In ad
dition to this clear beneft, replacing R407C, which has a GWP of 1700, with fuids having a
GWP below 4 signifcantly reduces the environmental impact in the event of a leakage [61].

3.2.4. Waste Heat Organic Rankine Cycle

For the evaluation of the waste heat ORC, a methodology similar to that applied in
the cold energy ORC case is initially considered. However, the thermophysical behavior
of the zeotropic mixtures introduces operational constraints that limit feasible cycle con
fgurations. In particular, when a high reduced pressure is selected, a considerable degree
of superheat is required to ensure that expansion occurs entirely within the vapor region.
These limitations vary among the investigated Novec 649 based mixtures. Figure 9 illus
trates the infuence of superheat on the power output of the four candidate mixtures at
the reduced pressure levels where expansion remains in the vapor phase. For this anal
ysis, air and seawater temperatures are held constant at 293.15 K, as their efect on tur
bine power output is marginal compared with the dominant infuence of superheat and
reduced pressure.

Apart from the limitations imposed by temperature glide, employing Novec 649
based zeotropic mixtures in alow grade waste heat ORC introduces additional operational
challenges. The mixtures listed in Table 5 are not e¥cient under all pressure levels, since
expansion may occur within the two phase region. This condition requires higher super
heat to ensure full vapor expansion, and in some cases the working fuid becomes unsuit
able for proper ORC operation. Such limitations are widely documented in ORC design
literature, where two phase expansion is avoided to prevent turbine blade erosion and ef
Tciency losses [77]. The need for additional superheat to guarantee dry expansion aims to
maintain vapor phase expansion and protect turbomachinery integrity [78]. Among the
fuids assessed, R1234yf demonstrates the greatest operational Fexibility, remaining fully
usable across the entire range of reduced pressures analyzed (0.2 to 0.8) and only requir
ing superheating when the reduced pressure exceeds 0.5 times the cricondenbar pressure.
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Under those conditions, the waste heat ORC equipped with R1234yf reaches 1949.4 kW of
power output.

Figure 9. Waste heat ORC performance for Novec 649 based zeotropic mixtures. The fgure illustrates
the infuence of reduced pressure and superheat on operational feasibility and net power output,
with R1234yf showing the widest operating range. (a) Efect of superheat and reduced press on
waste heat ORC [Novec 649 and R1233zd(E)]. (b) Efect of superheat and reduced press on waste
heat ORC [Novec 649 and R1234yf]. (c) Efect of superheat and reduced press on waste heat ORC
[Novec 649 and R1234ze(E)]. (d) EFfect of superheat and reduced press on waste heat ORC [Novec
649 and R1234ze(Z)].

R1234ze(E) also exhibits robust performance, although at a reduced pressure of 0.65 it
requires a superheat of 30 K to maintain the expansion in the vapor region, achieving
2120.9 KW. On the other hand, both R1233zd(E) and R1234ze(Z) are limited to operation
at 0.2 times the cricondenbar pressure. While this may appear restrictive, the mixture of

https://doi.org/10.3390/jmse14050420



