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Abstract 

Several solutions can lead to a reduction of the emissions from shipping, one of them 
being the use of cleaner fuels for propulsion. In this context, liquefied natural gas is an 
attractive candidate, because it could represent a bridge between heavy fuel oils and future 
biomass-based fuels. 

On the other hand, the carbon dioxide emissions of a ships can be reduced by up to 20 
% by implementing waste heat recovery units harvesting the heat released by the ship’s 
engine system and converting it into heating, cooling or electricity. 

The objective of this thesis is to analyze the synergies emerging when combining these 
two solutions on a single vessel, namely the use of liquefied natural gas as a fuel, and the 
implementation of waste heat recovery units. The focus lies on the investigation of the 
prospects for recovering the low temperature heat released by the liquefied natural gas fuel 
during its preheating phase, before injection to the engine; and on the development of 
methods to assess the potential for the onboard installation of waste heat recovery units 
based on the organic Rankine cycle technology. Lastly, this thesis describes a novel concept 
that is suitable to provide zero-emission power on board cruise ships during harbor stays. 

The findings of this thesis indicate that fuel savings in the range from 0.3 % to 2.4 % 
the main engine consumption can be attained by recovering the liquefied natural gas cold 
energy, and that the highest potential is obtained when installing an organic Rankine cycle. 

Considering the optimal design of organic Rankine cycle units for marine applications, 
the results indicate that the introduction of the Tier III legislation to constraint the nitrogen 
oxides emissions leads to increased prospects for waste heat recovery. In particular, waste 
heat recovery units installed on board ships featuring an exhaust recirculation system are 
estimated to result in energy productions up to 7.4 % the main engine energy production.  

A novel method to design organic Rankine cycles was developed. The use of the 
proposed method in a case study indicated that designing the organic Rankine cycle unit by 
accounting also for the impact of the additional backpressure supplied to the engine can 
result in an increase of the attainable fuel savings in the range from 0.52 g/kWh to 1.45 
g/kWh compared to the traditional design approaches. 

A simplified approach based on the use of regression models was also developed. The 
use of the proposed simplified approach is shown to have an average deviation of 4.5 % 
and 2.5 % in comparison with the thermodynamic models for the estimation of the unit 
annual energy production and levelized cost of electricity, respectively. 

With respect to the possibility to produce emission-free power during harbor stays, the 
proposed concept is proven to be technically feasible and to be more cost-effective than the 
installation of lithium batteries when considering life-times over 15 years. 

This work lays the foundation for future research works in the area, and supports 
industry by providing a method to optimally design of organic Rankine cycle units tailored 
for maritime applications. 



 

  

  



 

 

Resumé 

Der er flere foranstaltninger der kan føre til en reduktion af emissioner fra skibsfart. 
Én af dem er anvendelse af renere brændsler i skibenes fremdrivningssystem. I denne 
sammenhæng er LNG (Liquefied Natural Gas, naturgas på væskeform) en attraktiv 
kandidat, fordi den kunne udgøre en bro mellem tung brændselsolje og fremtidige 
biomassebaserede brændsler. 

På den anden side kan udsendelse af karbondioxid fra skibe reduceres med op til 20% 
ved indførelse af enheder til varmegenvinding af varme fra skibes motorsystem og 
omdanne det til opvarmning, køling eller elektricitet. 

Formålet med dette arbejde er at analysere de synergier der kan opstå når man 
kombinerer de to løsninger på det enkelte skib, d.v.s.  kombinerer anvendelse af LNG som 
brændsel med indførelse af varmegenvindingsenheder.  

Fokus er på undersøgelse af perspektiverne i udnyttelse den lavtemperaturvarme der 
afgives af LNG under forvarmning inden indsprøjtning i motoren; og på udvikling af 
metoder til at vurdere potentialet for installation af varmegenvindingsenheder baseret på 
Organic Rankine Cycle (ORC) teknologi. Endelig beskrives et nyt koncept der er egnet til 
at levere emissionsfri el på krydstogtskibe under ophold i havn. 

Resultaterne af nærværende arbejde peger på brændselsbesparelser i området fra 0.3% 
til 2.4%, når den lave temperatur i LNG udnyttes til køling, og at det bedste resultat opnås 
når der samtidig benyttes en ORC til fremstilling af El. 

Med hensyn til optimalt design af ORC-enheder til marine anvendelser viser 
resultaterne at indførelsen af Tier III lovgivning med henblik på at begrænse udsendelse af 
nitrogenoxider fører til øget rentabilitet af varmegenvinding. Specielt skønnes installation 
af varmegenvindingsenheder på skibe med røggasrecirkulation at medføre en øget ydelse 
af hovedmotoren på op til 7.4%. 

Der blev udviklet en ny metode til design af ORC-enheder. Anvendelsen af den nye 
metode viste i et case study at hvis der ved design af en ORC-enhed tages hensyn 
tilvirkningen af øget modtryk til motoren, kan der, i forhold til traditionelle designmetoder, 
opnås en forøgelse af brændselsbesparelser i området 0.52 g/kWh til 1.45 g/kWh. 

Der blev også udviklet en forenklet fremgangsmåde baseret på regressionsmodeller. 
Det blev vist at anvendelsen af den forenklede fremgangsmåde, når det drejer sig om 
enhedens estimerede årlige produktion og udjævnede elektricitetsomkostninger, har en 
gennemsnitlig afvigelse på hhv. 4.5% og 2.5%. 

Med hensyn til muligheden for at producere emissionsfri El under ophold i havn har 
det foreslåede koncept vist sig at være teknisk gennemførligt og, når der ses på levetider 
over 15 år, at være mere omkostningseffektivt end installation af lithiumbatterier. 

Dette arbejde vil kunne danne grundlag for fremtidig forskningsaktivitet indenfor 
området og ved at levere en metode til optimalt design af ORC-enheder der er skræddersyet 
til maritime anvendelser vil det kunne understøtte en industriel udvikling. 
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1 Introduction 

This section provides a background for the study and details the main 
objectives of the thesis. In addition, details regarding the previous 
work and the knowledge gaps addressed in this work are included. 

1.1 Background 
Shipping represents the most environmentally friendly solution for worldwide trade, 

accounting for the lowest CO2 emissions per metric ton of freight and per km of 
transportation [1]. However, shipping is estimated to be responsible for around 2.4 %, 15 
% and 13 % of the global anthropogenic emissions of carbon dioxide (CO2), nitrogen oxides 
(NOx), and sulphur oxides (SOx), respectively [2,3]. 

Emissions from shipping have both a global and a local impact, with the latter being 
most noticeable in harbor areas and port cities. According to Merk [4], a significant share 
of the pollutant emissions in harbor areas can be attributed to shipping. These emissions 
have a direct impact on the health of the population, as documented by Heller et al. [5] and 
Sharma [6], among others. 

The development of a greener shipping industry is fostered by the International 
Maritime Organization (IMO) [7] with the introduction of an updated legislation 
framework constraining the emissions of greenhouse gases (GHG), NOx and SOx. With 
respect to SOx emissions, the IMO defined the upper limits of the sulphur content for the 
fuels used on board ships sailing inside and outside Emission Control Areas (ECAs) [8]. 
When sailing inside ECAs the fuel sulphur content is limited to 0.10 % on mass basis, while 
the limit outside ECAs was 3.5 %. However, the latter has been reduced to 0.5 % in January 
2020. Similarly, a Tier program was established in order to regulate the NOx emissions [9]: 
Tier I (2000) and Tier II (2011) are global, while Tier III applies only to ships constructed 
after January 1st 2016 that operate inside NOx Emission Control Areas (NECAs). Lastly, 
with respect to the GHG emissions, the initial strategy adopted by the IMO set out the vision 
of reducing them by 50 % by 2050, compared to the emission levels of 2008 [10]. 

Although specific constraints were set for the emissions of NOx and SOx, it is not yet 
clear which solutions are the most suitable for fulfilling the updated legislation. 

1.2 Solutions to increase the energy efficiency of ships 
A way to decrease the emission of pollutants from a ship is to increase its energy 

efficiency. This can be attained through a number of operational measures. For example, 
the fuel consumption of vessels can be reduced by defining their optimal sailing route 
accounting for the weather conditions [11]. An improvement of the trim and draft settings, 
and a proper scheduling of hull and propeller polishing can lead to the same effect [12]. 
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Additionally, the ship power consumption is roughly proportional to the cube of its sailing 
speed and, therefore, fuel consumption can also be reduced by sailing at lower speeds [13].  

On the other hand, the ship energy efficiency can also be increased by improving the 
effectiveness of individual components, such as the engine [14], the propeller [15], and the 
hull [16]. Sails [17] and rotors [18] can be used as additional energy sources for propulsion, 
while fuel cells can be used for auxiliary power generation [19].  

Lastly, some of the most promising solutions focus on the utilization of the waste 
energy released by the main engine. This waste heat can be effectively recovered to 
generate mechanical power, heating or cooling [20] with estimated CO2 emission 
reductions up to 20 % [21]. 

1.3 Waste heat recovery on board vessels 
The thermal efficiency of marine engines is around 50 %, meaning that roughly half 

of the energy input from the fuel is released to the environment as heat, rather than being 
converted into mechanical power. Waste heat recovery (WHR) systems are capable of 
harvesting this heat and use it to enhance the energy efficiency of a ship.  

A common solution on board vessels is the installation of recovery boilers, which use 
the heat contained in the main engine exhaust gases to produce service steam for onboard 
use [22]. More advanced solutions for the utilization of a ship waste heat for heating 
purposes can be implemented when there is a large demand for heating (i.e. in cruise ships). 
In these cases, the attainable savings and the optimal heat recovery layout can be estimated 
by using the exergy analysis [23] and process integration [24] techniques, respectively.  

However, in many cases the main engine exhaust gases are still released to the 
environment at temperatures above 200 °C. This makes it possible to install WHR systems 
producing mechanical power usable either for propulsion or electricity generation. In this 
context, the traditional solution is the use of power turbines and steam Rankine cycles 
(SRC). According to the findings of Hou et al. [25], the stand-alone installation of a power 
turbine represents the most cost-effective solution, while the electricity production can be 
maximized by installing both a SRC and a power turbine.  

Another solution for the generation of mechanical power from the engine waste heat 
is the installation of organic Rankine cycle units (ORC) [26]. The ORC technology is based 
on the SRC technology but uses an organic compound as working fluid, leading to higher 
conversion efficiencies when harvesting heat from low and moderate temperature heat 
sources [27]. Previous studies from Larsen et al. [28] and Andreasen et al. [29] concluded 
that the use of ORC units for maritime applications can outperform the traditional SRC 
solution both in terms of attainable power production and off-design performance. 

1.4 LNG as a fuel for shipping 
A reduction of the environmental impact of shipping can also be achieved by using 

cleaner fuels. As detailed in the work from Brynolf et al. [30], the overall environmental 
impact of shipping could be significantly reduced by using liquefied natural gas (LNG) as 
fuel, while fuels produced from biomass (i.e. bio-methanol) would be required in order to 
substantially reduce also the GHG emissions.  
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The use of biofuels is currently constrained by issues regarding their availability. 
Therefore, the use of LNG can represent a suitable solution paving the way for the future 
introduction of even cleaner fuels. LNG has been used as fuel for LNG carriers for more 
than 40 years [31], and it is now gaining popularity also for other vessel types, mainly 
because of the proved reliability of dual fuel marine engines [32], and its advantages in 
terms of reduced environmental impact. According to a recent report from DNV GL [33], 
there are currently 247 LNG-fuelled ships and 110 LNG-ready ships, excluding LNG 
carriers. These numbers are expected to increase in the near future [33].  

Compared to the use of traditional heavy fuel oils (HFO), the use of LNG leads to 
substantial reductions in the NOx and SOx emissions [34]: the former can be reduced up to 
85 % thanks to the lean combustion process, while the latter are almost completely 
eliminated, because LNG does not contain sulphur. The reduction in CO2 emissions can be 
in the range from 5 % to 20 % [21], but is highly affected by the methane slip phenomenon, 
which is the possibility that a fraction of the methane fuel by-passes the combustion process 
and is directly expelled in the exhaust.  

1.4.1 WHR on board LNG-fuelled vessels 

The use of LNG as fuel for a ship has also a direct impact on the prospects for waste 
heat recovery, because of its chemical properties, which make it necessary to store it in 
cryogenic conditions, and because its sulphur-free composition.  

Being a mixture composed mostly by methane, LNG has a very low density at 
atmospheric pressure and therefore liquefaction is necessary to limit the fuel storage 
volume on board [31]. It follows that LNG is commonly stored on board in cryogenic 
conditions, at temperatures ranging from -165 °C to -138 °C, depending on its storage 
pressure. Fuel preheating before injection in the engine is necessary and the cryogenic heat 
that is released during this preheating process can be recovered for internal uses, thereby 
contributing to the reduction of the ship emissions. 

In addition to the prospects for utilizing this cryogenic waste heat source, LNG-fuelled 
vessels are also characterized by increased prospects for traditional waste heat recovery 
solutions. This is mostly due to two reasons. First, the need for service steam is highly 
reduced in LNG-fuelled vessels, because this is mostly used for HFO preheating [29]; as a 
consequence, higher waste heat can be harvested by the WHR unit. Second, the absence of 
sulphur in the fuel results in a relaxation of the WHR boiler design constraints, allowing 
for higher power productions. 

The sulphur contained in the fuel is in fact transferred to the exhaust gases and can 
condensate on the tube banks of the WHR boiler, thereby leading to corrosion issues. The 
risk of corrosion is generally limited by constraining the minimum temperature at which 
the organic fluid is supplied to the WHR boiler [35]. This risk becomes negligible when 
using LNG [26], and hence a higher degree of energy recovery is possible. 

1.5 The LNG waste heat recovery project 
The work described in this thesis was carried out as part of the project “Waste heat 

recovery on liquefied natural gas-fuelled vessels”, which aimed at deriving guidelines with 
respect to the optimal utilization of waste heat sources on board LNG-fuelled ships, and at 
identifying the optimal design, implementation and control of ORC units exploiting them 
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The work described in this thesis represents the numerical part of the project. Aside from 
the numerical work, a postdoctoral researcher was responsible for the construction of an 
experimental test rig featuring a car engine and a micro-scale ORC unit. The realization of 
the experimental test rig aimed at verifying the feasibility of the proposed concepts. The 
project was carried out in collaboration with MAN Energy Solutions, Fjord Line, Alfa 
Laval and Lloyd’s Register Marine; and was funded by the Danish Maritime fund, the 
Orients Fund, and the aforementioned project partners.  

1.6 Thesis Statement 
As outlined in the previous literature survey, the maritime industry is undergoing rapid 

changes and novel solutions are required to fulfill the new regulation, and to reduce the 
environmental impact from ships. In this context, the use of LNG as fuel and the installation 
of WHR units have been identified as promising solutions.  

This thesis aims at providing the scientific basis supporting the development of future 
waste heat recovery units tailored for LNG-fuelled ships by answering to the following 
research questions: 

1. What are the possible solutions for LNG cold energy recovery and how do they 
perform in terms of attainable fuel savings? (Chapter 3); 

2. How does the use of nitrogen oxides emission abatement technologies affect the 
prospects for ORC-based waste heat recovery? (Chapter 4); 

3. How should ORC-based waste heat recovery units be designed in order to 
minimize the fuel consumption of the overall machinery system? (Chapter 5); 

4. Is it possible to carry out simplified estimations of the techno-economic feasibility 
of ORC-based waste heat recovery units on board LNG-fuelled ships? (Chapter 6); 

5. Is it possible to use ORC-based waste heat recovery units to reduce the emission 
of pollutant from ships during harbor stays? (Chapter 7); 

In order to provide answers to these research questions, the work covered three main 
research areas:  

1. The quantification of the prospects for LNG cold energy recovery on board vessels;  
2. The optimal design of ORC units tailored for maritime applications; 
3. The identification of novel ways to utilize WHR units in combination with TES 

systems in order to reduce the emission of pollutants in harbor areas.  

With respect to the second research area, the work focuses on evaluating the prospects 
for WHR from the main engine exhaust gases, because this represents the waste heat source 
with the highest potential, both from the energy savings and economic points of views [26]. 
Nonetheless, in the initial stages of the project a screening of the available waste heat 
sources and their potential for WHR was carried out, as described in [CP1]. 

1.6.1 Approach 

The work is based on thermodynamic simulations and techno-economic evaluations 
based on validated numerical models suitable to describe the performance of the considered 
systems. Most of the proposed evaluations are carried out for specific case studies which 
consider the annual sailing profiles of the vessels. Therefore, design models suitable to 
estimate the performance of the system in its design point are developed and combined with 
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the use of off-design models capable of estimating the performance of these systems when 
operating under a variation of engine loads. 

The thermodynamic models of the system are based on the use of mass and energy 
balances, while well-established heat transfer and pressure drop correlations are used for 
the design and performance estimation of the heat transfer devices. The thermodynamic 
properties of the fluid were retrieved using Coolprop 4.2.5 [36].  

The economic evaluations are based on cost correlations available in literature and the 
performance of the considered system layouts are compared by means of the net present 
value (NPV), or levelized cost of electricity (LCOE). 

The numerical models were developed using Matlab [37]. The optimizations were 
carried out using the genetic algorithm, particle swarm and pattern search routines, 
available in the Matlab optimization toolbox. Assumptions and other specific aspects of the 
modelling were discussed and agreed upon with the thesis supervisors and in collaboration 
with the industrial partners. 

1.7 Previous work and novelty points 
The following subsections provide an overview on the previous works available in the 

considered research focus areas, and clarify the novelty points of this thesis. A more 
extended literature background is provided at the beginning of the chapters that specifically 
address the considered research questions. 

1.7.1 Potential uses of liquefied natural gas cold energy recovery ** 

There is a wide literature regarding the prospects for LNG cold energy recovery in 
LNG regasification terminals. Romero Gómez et al. [38] suggested that one of the most 
appealing solutions is the use of the low temperature heat released by the LNG as a heat 
sink for a power cycle. Other possible uses are described in the review from Khor et al. 
[39], and include air separation, hydrocarbon liquefaction, cryogenic comminution, 
production of liquid CO2/dry ice, freezing and refrigeration, seawater desalination, and gas 
turbine inlet air cooling. 

A very limited number of works investigated the use of LNG cold energy recovery on 
board vessels. A proof-of-concept installation in the ferry Viking Grace [40] featured the 
use of LNG cold energy recovery to decrease the energy consumption of the onboard 
heating, cooling and air conditioning (HVAC) system. To the best of the author’s 
knowledge, no data is however available regarding the fuel savings attainable by 
implementing the aforementioned concept. 

In the research field, a couple of works considered the installation on board vessels of 
power cycle recovering LNG cold energy. Sung et al. [41] proposed a dual loop system to 
recover waste heat from the main engine exhaust gases, jacket water cooling and LNG 
preheating. Tsougranis et al. [42] carried out technical and economic feasibility analyses 
for the installation of an ORC unit recovering both the heat contained in the exhaust gases 
of a marine engine, and the cold energy released during the LNG preheating process. Lastly, 
Pasini et al. [43] proposed the installation of a supercritical Rankine cycle for LNG cold 

                                                 
** This section is adapted from [JP4]. 
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energy recovery on board vessels, and estimated a maximum energy recovery of 2.2 % the 
main engine power. 

As it emerges from this literature survey, previous works were limited to one 
application case (the installation of ORC units recovering LNG cold energy), and did not 
provide a clear overview of the potential applications of LNG cold energy recovery on 
board vessels. In addition, no clear information is available regarding the fuel savings 
attainable by recovering LNG cold energy to decrease the consumption of the onboard 
HVAC system.  

This thesis investigates a new solution for LNG cold energy recovery on board vessels, 
namely its use to precool the main engine scavenge air, and provides knowledge to address 
the following research gaps: 

1. Identification of the potential uses  of LNG cold energy recovery on board vessels; 
2. Estimation of the fuel savings attainable by the considered solutions; 
3. Discussion of the impact of weather/sailing conditions on the attainable fuel 

savings. 

1.7.2 Optimal design of ORC units for waste heat recovery†† 

With respect to the optimal design of ORC units for maritime applications, several 
methods were proposed in literature [44,45]. Most of these approaches were however 
developed for HFO-fuelled vessels and did not keep into consideration the need to integrate 
WHR units as part of the whole machinery system. In addition, the need to fulfill the new 
emission regulation is resulting in increased complexity of the machinery systems on board 
vessels, and this has a direct impact on the prospects for WHR recovery. 

In particular, the installation of emission abatement technologies is generally required 
to fulfill the Tier III NOx regulation (exceptions are some lean burn spark ignited or some 
dual fuel engines [46]). The NOx abatement technologies that are currently offered for two-
stroke marine engines are based on the selective catalytic reduction (SCR), or exhaust gas 
recirculation (EGR) technologies [47]. Both technologies have a direct impact on the 
characteristics of the available waste heat. 

A limited amount of previous works investigated the prospects of installing WHR units 
on board vessels equipped with NOx emission abatement technologies. Theotokatos et al. 
[48] and Andreasen et al. [49] considered the installation of a SRC unit on board a vessels 
operated with a SCR and EGR unit, respectively. Larsen et al. [50] considered, the 
optimization of ORC units on board vessels equipped with an EGR unit. However, the 
study did not include the possibility to harvest the waste heat from the exhaust stream 
recirculated to the scavenge air receiver. 

No previous work assessed and compared the impact of different NOx abatement 
technologies on the prospects for ORC-based waste heat recovery units. The work 
described in Chapter 3 fills this knowledge gap, and at aims clarifying whether the 
introduction of the Tier III regulation leads to increased or decreased prospects for ORC-
based WHR units on board vessels. 

                                                 
†† This section is adapted from [JP1], [JP2], and [JP5]. 
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When investigating the prospects for installing WHR units on board vessels, it is 
important to consider the impact of such installation on the performance of the overall 
machinery system. In particular, the installation of the WHR boiler results in an increased 
backpressure level on the main engine, which leads to a reduction of its performance. The  
works from Tauzia et al. [51], Hield [52], Mittal et al. [53], and Sapra et al. [54] presented 
either numerical or experimental evaluations of the impact on the engine performance given 
by an increase of the backpressure level. 

Previous research focusing on the use of WHR units in truck applications provided 
estimations of the additional backpressure supplied to the engine due to the installation of 
a SCR unit (Katsanos et al. [55]), or an ORC unit (Di Battista et al. [55]). Both works 
however did not consider the impact of this additional backpressure neither on the engine 
performance, nor on the waste heat availability. 

Only one previous work is currently available for the maritime sector. Michos et al. 
[56] numerically investigated the performance of advanced turbocharging techniques 
against the backpressure caused by fitting an ORC unit in the exhaust line of a 1.5 MW 
high-speed diesel engine, used as a generator set in maritime applications. The authors of 
this study focused on the assessment of the engine performance as a function of the 
backpressure caused by the ORC unit. However, the additional backpressure supplied to 
the engine due to the installation of the ORC unit was assumed, rather than estimated based 
on the design of the WHR heat exchanger.  

Chapter 4 describes a method to optimally design ORC units as part of marine 
propulsion systems, which includes the estimation of the backpressure supplied to the 
engine by means of a WHR boiler design model. The use of a WHR boiler design model 
makes it possible to correctly estimate the performance improvement of the overall system 
which combines the main engine and the ORC unit, and shows that failing to include 
specific performance estimation for this component can lead to an overestimation of the 
attainable savings. 

With respect to the derivation of simplified approaches to estimate the potential of 
ORC units, most of the works available in literature aimed at predicting the ORC thermal 
efficiency at design point. Examples are the works from Liu et al. [57], Kuo et al. [58], 
Wang et al. [59], Larsen et al. [60], and Lecompte et al. [61]. When designing WHR units 
tailored for maritime applications two aspects should however be kept under consideration: 
i) the unit should be optimized to maximize its power output or economic attractiveness 
rather than its efficiency; and ii) design point estimation are not sufficient as the waste heat 
availability changes as a function of the engine load.  

Only one work in literature dealt with the simplified estimation of the performance of 
ORC units during part-load operation. Dickes et al. [62] proposed a set of equations to 
characterize the optimal off-design operation of an ORC unit featuring a scroll expander 
machine. The size of the experimental unit used to derive the equations (2 kWel), and the 
use of a volumetric expander makes however these correlations not suitable for maritime 
applications.  

From the literature it therefore emerges that: i) most of the simplified approaches aim 
at estimating the ORC thermal efficiency; ii) only one correlation is available to 
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characterize the ORC part-load performance, but is suitable to be used for small scale units 
featuring volumetric expanders; and iii) no simplified approach is available which 
combines thermodynamic and economic evaluations. 

Chapter 5 provides a new simplified approach specifically tailored for ORC units 
tailored for LNG-fuelled ships, which enables the estimation of the thermodynamic and 
economic performance of ORC units to be installed on board. The approach is based on the 
use of regression equations to estimate the unit’s maximum power output, part-load 
performance and specific cost. 

1.7.3 Emission-free power production on ships during harbor stays‡‡ 

The availability of waste heat and the need for power and/or heating are not always 
concurrent. For this reason, some studies investigated the possibility to integrate the use of 
thermal energy storage (TES) systems on board vessels. Baldi et al. [63] proposed the use 
of a TES system to minimize the energy consumption of auxiliary boilers on board 
merchant vessels, while Ancona et al. [64] described a method to minimize the ship fuel 
consumption by optimally allocating the load of its machinery system, and evaluated the 
prospects for including a TES to match energy availability and demand. The findings of the 
work indicated that the use of a TES system could eliminate the need of auxiliary boilers 
during harbor stays.  

Nonetheless, no solution was previously proposed for the utilization of the engine 
waste heat to eliminate the need of operating auxiliary generators during harbor stays. This 
possibility is presented in this thesis, by evaluating the technical and economic feasibilities 
of installing on board ferries a novel concept featuring the use of a TES system in 
combination with an ORC unit. In the proposed concept, the TES is charged during the 
voyage by using the waste heat available from the main engine, and is then utilized to drive 
an ORC unit during harbor stays. This allows for shutting down the auxiliary generators 
during harbor stays, resulting in a substantial reduction of the emissions in harbor areas. 

 

 

 

 

 

 

 

 

 

 

 

                                                 
‡‡ This section is adapted from [JP3]. 
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1.8 Thesis outline 
The thesis is structured according to the following chapters: 

Chapter 1 – Introduction: This chapter introduces the background of the work and outlines 
the objectives the thesis. 

Chapter 2 – Methods: This chapter describes the simulation tools used throughout the work, 
and provides information regarding the validation and verification of such tools. 

Chapter 3 – Potential uses of liquefied-natural-gas cold energy recovery on board ships: 
This chapter presents an evaluation of the potential uses for LNG cold energy 
recovery on board ships. The evaluation is based on the LNG supply system and is 
based on two specific case studies. 

Chapter 4 – Impact of NOx emission abatement technologies on the prospects for WHR: 
This chapter evaluates a case study of a LNG-fuelled feeder ship operating inside 
nitrogen emission control areas, and discusses the impact of NOx emission abatement 
technologies on the prospects for waste heat recovery.  

Chapter 5 – Design of ORC units accounting for backpressure effects on the engine: This 
chapter introduces a method to optimize ORC units by accounting for the impact of 
the additional backpressure on the engine performance. 

Chapter 6 – Regression models for the estimation of the prospects for WHR on board 
vessels: This chapter presents a simplified approach based on the use of regression 
models for the estimation of the attainable savings and economic revenues of ORC-
based waste heat recovery units on board LNG-fuelled vessels. 

Chapter 7 – A novel concept for emission-free power production on ships during harbor 
stays: This chapter describes a novel concept combining the use of an ORC unit and 
a thermal energy storage to supply zero-emission power on board ferries during 
harbor stays. 

Chapter 8 – Conclusions: This chapter summarizes the main findings, concludes the work 
and gives recommendations for further work. 

Appendix A – Publications: All publications to which the author contributed and that are 
mentioned in the thesis are attached in the appendix. 
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2 Methods§§ 

This chapter describes the numerical models that were used 
throughout this thesis. Indications regarding the verification and 
validation of such models are also included. The methods used to 
combine the described models for the purpose of answering to the 
various research question is described in the dedicated chapters. 

2.1 ORC design model 
Figure 2.1(a) shows a sketch of a simple non-recuperated ORC unit. The main 

components that constitute the cycle are a pump, a boiler, an expander and a condenser. 
The power cycle absorbs heat from a heat source and releases part of it to a coolant, while 
transforming the mechanical power produced by the turbine into electricity in an electric 
generator.  In some cases it is beneficial to use a recuperated ORC configuration (see Figure 
2.1(b)). In this case, a portion of the heat contained in the working fluid after the expansion 
process is used to preheat the working fluid at the outlet of the pump by means of an internal 
heat exchanger. This is possible only when the working fluid is still in the super-heated 
state at the outlet of the expander. 
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(a) (b) 

Figure 2.1: Sketch of an ORC unit: a) non-recuperated ORC; b) recuperated ORC 

The numerical model described in Andreasen et al. [65] was used as a basis for the 
evaluations of the ORC design performance. The model was updated and adjusted in order 

                                                 
§§ This chapter is adapted from [JP1], [JP2], [JP3], [JP4], and [JP5]. 
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to fulfill the requirements of the various investigations that were carried out throughout the 
studies. The updates in the cycle model regarded the inclusion of novel cycle configurations 
(see Chapters 3 and 4) and its integration in more complex optimization routines including 
the off-design evaluations of the cycle performance. 

The ORC design model enables the estimation of the thermodynamic properties of the 
working fluid in the various points of the cycle, the quantification of the heat fluxes in the 
various heat exchangers, of the power absorbed in the pump, and of the net power output 
produced by the turbine. The thermodynamic properties of the working fluid and heat 
sources were retrieved using Coolprop 4.2.5 [36]. The ORC net power output (  was 
computed as:  

  	 	η 	η 	 ,  (1) 

where 	 	, 	 ,  represent the power of the ORC turbine, pump, and seawater 

pump, while η 	and  η 	are the efficiencies of the gearbox and generator, respectively. 

The ORC design model was included in optimization routines where the ORC net 
power output was maximized by adjusting the cycle operating parameters (temperature, 
pressure and mass flow rate of the working fluid), while the conditions of the heat source 
and sink were generally kept constant. The performance of the expander and the pump 
where evaluated by means of constant isentropic efficiencies, and the feasibility of the heat 
exchangers (except where detailed heat exchanger models were included) was ensured by 
fixing a minimum allowed pinch point temperature (the minimum temperature difference 
between the two streams in the heat exchangers). 

In all cases, the maximum and minimum allowable cycle pressures were set to 3,000 
kPa and 4.5 kPa, respectively, following the suggestions by Rayegan et al. [66], Drescher 
and Brüggerman [67], and MAN Energy Solutions [68]. Moreover, in order to avoid 
problems during operation near the critical point, the ORC unit was limited to a subcritical 
cycle configuration with a maximum reduced pressure of 0.8.   

Additional information about the cycle fixed and optimized parameters is presented in 
the relevant chapters of this thesis. 

2.1.1 Working fluid selection 

The selection of a proper working fluid represents a key selection criteria in the design 
of an ORC unit. Given the wide range of available working fluids, a preselection procedure 
was carried out to identify suitable working fluid to investigate throughout the analysis. 
The preselected working fluids met the following criteria: i) commercially available 
[27,69,70]; ii) not affected by thermal stability issues up to 230 °C; iii)  null ozone depletion 
potential (ODP); iv) 100-year time horizon global warming potential (GWP) < 125; v) 
National Fire Protection Association (NFPA) toxicity index < 2. 

Table 2.1 shows the list of the preselected fluids. R1233zd(E) and R1234yf were 
investigated only for low temperature applications and therefore the fulfillment of criteria 
ii) was not considered. The flammability and toxicity indexes were assumed according to 
standard NFPA 704 [71]; critical and melting temperatures were retrieved from Coolprop 
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[36]. The NFPA values were retrieved from Ref. [72], while the thermal degradation 
temperatures were retrieved from Invernizzi et al. [73] and Pasetti et al. [74]. 

Table 2.1: List of preselected working fluids. 

Fluid Tcrit 

[K] 
Degradation 
temperature 
[K] 

Melting 
Temperature 
[K] 

GWP 
 

NFPA indexes: 
flammability 
and toxicity 

cyclopentane 511.72 513 - 548 179.26 < 25 3/1 
iso-pentane 460.35 500 - 588 113.26 4 ± 3 4/1 
n-butane 425.12 563 - 583 134.76 4 4/1 
n-pentane 469.7 573 - 588 143.15 4 ± 2 4/1 
Hexamethyldisiloxane 
(MM) 

518.75 573 n.a. 0 4/1 

R1233zd(E) 439.6 n.a. 166.15 1 0/2 

R1234yf 367.85 n.a. 123.15 4 4/1 
 

2.2 ORC off-design model 
The ORC off-design model enables the estimation of the performance of a specific 

ORC unit when the characteristics of the heat source/sink change. This happens for example 
when the ship engine varies its load, leading to a variation of the waste heat availability, 
both in terms of temperature and mass flow rate. 

The off-design model requires as inputs the characteristics of the available waste heat 
and the performance of the ORC components at design point, namely the design efficiency 
of the pump, expander and generator, and the UA values (the product of the overall heat 
transfer coefficient U, and the heat transfer area A) of the heat exchangers. The ORC power 
output in off-design conditions is estimated using performance curves for the various 
components, as well as a predefined control strategy. 

In the evaluations described in this thesis, the turbine isentropic efficiency at off-
design conditions was computed using a relationship derived from Schobeiri [75] (Equation 
2), and it was assumed that the relationship between the mass flow rate and the pressure 
was governed by the Stodola equation [76] (Equation 3). 

  η ,

η , ,
2

∆h , ,

∆h ,
	
∆h , ,

∆h ,
 (2) 

 
	  

(3) 

 

where Δh is the specific enthalpy drop, and the subscripts is, des, in, out refer to 
isentropic, design, inlet and outlet conditions, respectively. CT is the Stodola constant and 
ṁ, P and T represent the working fluid mass flow rate, pressure and temperature, 
respectively. 
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The off-design efficiency of the electrical generator was estimated with the method 
described in Haglind and Elmegaard [77], as indicated in Equation 4, while the pump 
performance curve was derived as described by Veres [78], and is shown in Equation 5. 

  	 .

	 , 	 1 	 , 1 	 	
 (4) 

 

, 	 	 	 	  (5) 

where L represents the generator load relative to its design power output, Fcu is the 
copper loss fraction (set to 0.235[77]), and V̇ the working fluid volumetric flow rate at the 
pump inlet. 

The performance of the boiler (subdivided into pre-heater, evaporator and super-
heater) and the condenser (subdivided into de-superheater and condenser) were estimated 
by scaling their UA values according to the flow rates: 

 
	  (6) 

The exponent n was set to 0.80 or 0.60 depending on whether the fluid which 
dominated the heat transfer process was flowing inside or outside the tube banks [79]. The 
design values for the UA values ( 	) and mass flow rates ( ) were computed for 
each optimized ORC design. The seawater mass flow rate was kept constant during off-
design operation (its design value was computed during the ORC design procedure), while 
the pump rotational speed was adjusted to keep a fixed superheating degree at the inlet of 
the turbine.  

2.3 Heat exchangers models 
Heat exchanger models were also included in the calculation procedures. The heat 

exchanger models required as input parameters the thermodynamic properties of the 
working fluids at the inlet and outlet sections (both of them where attained from the ORC 
design model) and provided as outputs the estimated surface area and volume requirements, 
as well as the pressure drops of the heat transfer fluids. 

For the heat transfer from the engine exhaust gases to either the ORC working fluid 
(Chapters 4 and 5), or to an intermediate heat transfer oil (Chapter 7) a once-through boiler 
(OTB) based on the finned and tube technology was used. This technology is commonly 
used in the maritime industry for WHR applications. The OTB model, originally described 
in the work from Pierobon et al. [79], was updated by including new heat transfer and 
pressure drop correlations for the exhaust side. 

Figure 2.2 shows a sketch of the boiler layout. Even if not displayed in the sketch, the 
heat transfer tubes were modelled as finned tubes. This allowed for an enhancement of the 
heat transfer coefficient of the gas side. The efficiency of the fins was computed by 
employing the empirical correlation proposed by Weierman [80], accounting for the non-
uniform distribution of the heat transfer coefficient along the fins. 



2 Methods 15 

 

 

 

The thermodynamic properties of the exhaust gases were assumed to be equal to those 
of air at 100 kPa at the average temperature in the heat exchanger, while those of the ORC 
working fluid and the thermal oil were retrieved from Coolprop [36] and the manufacturer, 
respectively [81]. 

 

Figure 2.2: Layout of the WHR boiler 

Heat transfer and pressure drop correlations used in the OTB model. Table 2.2 
provides an overview of the heat transfer and pressure drop correlations that were used in 
the OTB boiler. The single phase regions (pre-heater and super-heater) were computed by 
considering the average thermodynamic properties of the fluids across the heat transfer 
sections, while the evaporator section was solved by discretizing the heat transfer process 
into 20 volumes of equal enthalpy difference. The ESCOA correlations were used for the 
exhaust gases, because they were specifically developed for WHR applications [82]. 

Table 2.2: Heat transfer and pressure drop correlations used in the OTB model. 

 Correlation 
Gas side  
Heat transfer coefficient ESCOA [82] 
Pressure drop ESCOA [82] 
Fluid side  
Heat transfer coefficient (single phase) Gnielinski [83] 
Heat transfer coefficient (two-phase) Shah [84] 

Pressure drop (single phase) Kern [85] 
Pressure drop (two-phase) Friedel [86], Rouhani and Axelsson [87] 

 

When designing the OTB, a minimum velocity of 20 m/s in the reduced section and a 
maximum pressure drop level were imposed on the exhaust gases. The first constraint 
ensures the minimization of the risk of soot fires [35], while the second is included to 
minimize the impact of the additional backpressure on the performance of the main engine. 
The maximum allowed backpressure that leads to a negligible impact on the engine 
performance is retrieved from the manufacturers [35,88] and is specified in the following 
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chapters. The minimum distance between the tip of fins in adjacent rows was set to 6 mm 
[89]. The volume of the OTB boiler was estimated as: 

  	 	 	 Ntp 1 Ntr 1  (7) 

where lt, Pl and Pt represent the length of the heat exchanger tubes, and the longitudinal 
and the transversal pitch, respectively. The number of tube passes and the number of tube 
rows are denoted by Ntp and Ntr. 

A shell and tube heat exchanger with shell side condensation was selected for the ORC 
condenser. The estimations regarding this component were carried out by using the 
numerical model described in Pierobon et al. [79]. Table 2.3 lists the heat transfer and 
pressure drops correlations used in the estimations. 

Table 2.3: Heat transfer and pressure drop correlations used in condenser model. 

 Correlation 
Shell side  
Heat transfer coefficient (single phase) Coulson et al. [90]  
Heat transfer coefficient (two phase) Kern [85] 
Pressure drop (single phase) Coulson et al. [90]  
Pressure drop (two phase) Kern [85] 
Tubes side  
Heat transfer coefficient  Gnielinski [83] 
Pressure drop  Kern [85] 

 

The volume of the ORC condenser was estimated by assuming a cylindrical shape [91] 
for the heat exchanger: 

 
4
	  (8) 

Where ds represents the shell diameter of the heat exchanger and the subscript ST 
stands for shell and tube.  

2.4 TES models 
The investigation of the prospects for producing zero-emission power during harbor 

stays for ferries included the use of both an ORC unit and a TES. The evaluations 
investigated the use of either a stratified tank, or a two-tank configuration. The preliminary 
development of the TES models was carried out by Thomas Gilormini during his master 
thesis [92], which was co-supervised by the author of this thesis.  

2.4.1 Stratified tank  

The stratified tank was assumed to have a cylindrical shape and a volume Vtank. Its 
behavior was described by means of a 1D model where the tank height was discretized into 
N horizontal slices (layers) of equal height. Each slice was assumed to behave as a fully 
mixed tank. During the operation the thermal oil flows in between the various slices, either 
from the top to the bottom (charging phase), or from the bottom to the top (discharging 
phase).The energy balance for each individual slice is described by the following equation: 
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, 	 	 	 	 	 (9) 

where , , , and  represent the amount of thermal fluid mass contained in the 
slice, its specific heat capacity at constant pressure, and temperature, respectively. The 
symbols , , and 	represent the heat transfer rates exchanged due to forced 
convection of the storage fluid through the slice, conduction between subsequent slices, 
and heat losses to the environment, respectively. 

The heat from rates were computed as shown in Equations 10-12: 

 
	 	 , 	  (10) 

 
	 	 	 	 	 2	   (11) 

 
	 	 	   (12) 

where  is the mass flow rate through the slices, which was assumed not to vary 
among the slices [93]. Conduction was assumed to be taking place both through the fluid 
in the inner subsection of the tank and the ring of the tank walls. The symbol  represents 
the surface area through which heat is exchanged by conduction, while the effective thermal 
conductivity through which heat is exchanged by conduction ( 	 , was computed as the 
weighted average of storage fluid and wall thermal conductivities. Finally, , , 
and  represent the slice height, the number of slices used to discretize the storage tank, 
and the heat transfer coefficient between the tank and the environment, respectively. 

The  value for the tank, , was computed as the sum of the UA value of the 
top, the bottom and the sides of the tank. These were computed taking into account the 
thermal resistances of the storage tank wall (Rwall), the insulation layer (Rinsu), and the 
external air (Rconv). The impact of the thermal resistance between the thermal oil and the 
storage wall was assumed to be negligible.  

Due to the injection of the liquid, mixing effects are commonly taking place around 
the inlet area in the tank. The impact of this phenomenon on the performance of the tank 
was taken into account by assuming that the first K slices of the tank behaved as a single 
fully mixed tank. The number of slices K constituting the fully mixed inlet section of the 
tank was fixed through a mixing factor, rmixing. The same approach was previously utilized 
by Andersen et al. [94] and Furbo et al. [95] to investigate the impact of mixing during hot 
water draw-offs on the performance of small solar domestic hot water systems. Both studies 
reported the suitability of this simplification to represent the effect of mixing phenomena 
in stratified tanks. More advanced methods to treat this phenomenon were described in 
previous studies, including CFD simulations [96] and quasi-1D models [97]. The simplified 
approach was used throughout this study, because the objective was to evaluate the 
feasibility of the proposed concept and not to derive a detailed model of the storage tank. 

Following the approach presented in Klein et al. [98], the temperature profile through 
the slices was checked at every time step and, if a temperature inversion was found, the two 
layers were mixed to their average temperature. This procedure enables avoiding physically 
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inconsistent conditions when the tank is not subject to external circulation. The tank model 
was solved with a maximum time step Δt = Mslice/ṁslice, as a way to avoid numerical 
diffusion [99].  

The described modelling framework is generally used for water tanks. In these cases, 
the water density can be assumed to be constant [93]. Similarly, the assumption of constant 
fluid density was previously successfully used to describe the behavior of the thermal oil 
stratified tank presented in the work of Mawire [100]. However, considering the 
temperature ranges investigated in Chapter 7, the thermal oil density was found to vary up 
to 16 %.  

As a way to ensure safe operation of the tank during all working conditions, it was 
decided to design the tank taking into account the density of the thermal oil at its highest 
operating temperature. The density of the oil was considered to be constant at this value, to 
ensure the validity of the mass conservation equations. This assumption led to solutions 
where both the tank size and the mass flow rates between slices are overestimated. In 
practice, due to the variation of the density of thermal oil, a portion of the tank would remain 
empty and the tank pressure would be kept constant by installing an expansion vessel.  

The oil thermal conductivity and specific heat capacity, on the contrary, were 
considered to be temperature-dependent properties and were therefore individually 
calculated for each discretization slice. 

2.4.2 Two-tank system 

For the two-tank system, both tanks were modelled as fully mixed and were assumed 
to have the same dimensions and insulation levels. The energy balance of the fluid inside 
the thank reads as follows: 

  , 	 	 	 , 	 	 	  (13) 

Where M is the total mass of thermal oil inside the tank. The energy balance was solved 
by assuming that the density (ρf) and the specific heat capacity at constant pressure (cp,f) of 
the thermal oil were constant during a time step. The variation of the volume of the fluid in 
each time step was computed as the ratio of the fluid flow rate to its density: 

  , 	 	 	 , 	 	 	  (14) 

The temperature variation in each time step was computed according to the derivation 
shown in Equations 15 – 18. 

 
	 , 	

	
	 	 , 	 	 	 	 	 (15) 
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2.5 Economic Analysis 
Alternative approaches were considered for the economic evaluations carried out in 

this thesis. These approaches are described in the following subsections. When considering 
the ORC unit, both a simplified and a more comprehensive costing technique were 
considered. The simplified costing approach is based on the data available in Lemmens 
[101], while the more comprehensive analyses are based on the cost estimation technique 
presented by Turton et al. [102]. The NPV was selected as an indicator to compare the 
various alternatives. 

The novel concept featuring the use of an ORC unit in combination with a TES system 
was instead evaluated by assuming a fixed specific cost for the ORC unit and by estimating 
the cost of the other components in the system (TES and recovery heat exchanger) with  the 
cost correlations provided by Smith et al. [103]. In this case, the estimations aimed at 
computing the LCOE to supply the energy on board the vessels. In both cases, the economic 
figures were computed in US dollars and upgraded to $2015 by using the chemical 
engineering plant cost index (CEPCI). 

2.5.1 Economic evaluations of the ORC system 

A simplified approach to estimate the cost of installing an ORC unit on board a vessel 
was derived from the data available in Lemmens [101]. The data describes the overall 
specific cost for installing ORC units tailored for WHR applications, as a function of the 
ORC power output. Given the available data, a suitable regression curve was derived. 
Figure 2.3 depicts the ORC costs retrieved from Lemmens [101] and the proposed 
regression equation. The data, initially available in €2014 and was converted to $2015 using 
the CEPCI and a euro-to-dollar conversion factor of 1.1. The resulting equation is the 
following: 

 
_ $ 19,358	

.
 (19) 

For a more detailed estimation of the ORC costs, the method proposed by Turton et al. 
[102] was utilized. This approach is suitable for preliminary cost estimations and had been 
previously been utilized for maritime applications [104]. The cost of the ORC unit was 
computed as the sum of the module costs of the various components, plus the costs related 
to the auxiliary facilities, the contingencies and the contractor fees. For the scope of this 
thesis, costs related to the auxiliary facilities were not considered, while the costs connected 
to the contingencies and contractor fees were assumed to account for 18 % of the overall 
bare module cost. 
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Figure 2.3: ORC specific cost as a function of its size. The data was retrieved from 
Lemmens [101]. 

The bare module cost of a component, as defined by Turton et al. [102], includes both 
direct costs (equipment, materials and labor for installation) and indirect costs (freight, 
insurance, taxes, construction overhead, contractor engineering expenses) associated with 
the purchase and installation of the component. It can be computed as: 

  	 	  (20) 

where  represents the purchasing cost of the baseline condition component (made 
of the most common material, operating at ambient pressure) and  is a multiplicative 
factor called bare module cost factor. The latter represents a factor used to adjust the cost 
of the base condition component for all the previously mentioned costs, as well as for 
specific materials of construction ( ) and for the actual operating condition ( ). The 
pressure factor, , was calculated using the following equation: 

  	 	 1 	 	 1  (21) 

where D1, D2, D3 are empirical constants retrieved from Turton et al. [102], and P is 
the equipment operating pressure, expressed in bar. The purchase cost 	is estimated as 

  	 	 	 	  (22) 

where Ki represents a series of constants associated with the type of equipment being 
purchased and Y is the capacity of the specific component. Table 2.4 lists the various 
parameters that were used to estimate the cost of the different components [102]; the bare 
tubes outside area was here considered for the heat exchangers. 
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Table 2.4: Equipment cost parameters used for the ORC cost estimations. 

 OTB Condenser Turbine Pump 
Y Area [m2] Area [m2] Power [kW] Power [kW] 
K1 4.3247 4.3247 2.6259 3.3892 
K2  -0.303 -0.303 1.4398 0.0536 
K3 0.1634 0.1634 -0.1776 0.1538 
B1 1.63 1.63 0 1.89 
B2 1.66 1.66 3.5 1.35 
FM 1 1 1 1.55 
D1 0.03881 0.03881 0 -0.3935 
D2 -0.11272 -0.11272 0 0.3957 
D3 0.08183 0.08183 0 -0.00226 

 

The NPV resulting from the installation of the ORC unit on board a vessel was 
computed as follows: 

 
	

	
1

 (23) 

where  is the total installation cost, the discount rate (r) was set to 6 % and the 
lifetime of the system was assumed to be of 25 years [26]. The study considered that the 
power generation from the ORC was used to replace the on board auxiliary generators. The 
annual savings are thus calculated as the cost that would have been required to run the 
generators, whose LNG fuel consumption was assumed to be of 160 g/kWh [105]. 

2.5.2 Economic evaluations of the storage concept 

The economic performance of the proposed storage concept for zero-emission power 
generation during harbor stays was evaluated by comparing it to the use of lithium batteries.  
The comparison was carried out by computing the LCOE to supply the auxiliary power on 
board. The LCOE was calculated as [106] 

 

	
	∑

&
1

∑
1

 (24) 

where the calculation considers that the system is operated for a number of years equal 
to n. The symbols , & , 	and  represent the investment cost, operation and 
maintenance costs, fuel expenditures, and the electricity generation at the year y. The 
symbol  represents the initial investment cost. The electricity generation represents the 
annual energy requirement of the cruise for onboard use, while the fuel expenditures are 
equal to the price of the LNG required to run the auxiliary generators. 

For the ORC unit, three scenarios were considered for the total capital cost: 2,000 
$/kW, 3,000 $/kW and 4,000 $/kW. For comparison, Quoilin et al. [69] suggested a total 
specific investment of around 3,000 $/kW for WHR ORC units of this size. The purchasing 
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cost of the exhaust recovery heat exchanger 	and of the storage tank ( ) were 
estimated using the correlations indicated as follows, and presented in Smith et al. [103]: 

 
	11,500	

5

.

 (25) 

 
	156,000	

200

.

  (26) 

 where 	and  represent the volume of the tank, and the bare surface area 
of the heat exchanger tubes, respectively. A factor of three was used to account for indirect, 
engineering and working capital costs [103]. For the storage tank, it was assumed that the 
cost associated with the insulation materials was included in the total cost factor, because 
the insulation generally accounts for around 10 % of the cost of the storage tank [107]. 

The cost of the thermal oil was retrieved from the manufacturer and set to 8 $/kg, while 
for the batteries a total capital cost ranging from 600 $/kW to 900 $/kW was considered. 
This range was indicated by DNV GL as the forecasted of marine battery systems total cost 
for 2020 [108]. The annual O&M costs were set to 1.5 % the total investment costs. 

2.6 Validation and verification of the numerical models 
The ORC numerical model was previously validated in Andreasen et al. [65]. The 

validation procedure, based on previous studies in literature [109–112], showed that the 
model is suitable to predict the cycle first and second law efficiency with a maximum 
relative deviation of 3.3 %.  

The ORC off-design model was checked against the operational data acquired through 
the PilotORC project [113]. The operational data included variations in the ORC heat 
source and heat sink mass flow rates. The numerical model was previously proved to be 
suitable to predict the ORC power output, pressure levels, and mass flow rate with an 
accuracy within 5 % [113].  

The sizing procedure for the OTB boiler was verified with an example from Verein 
Deutscher Ingenieure [114]. The relative deviations in the estimated heat transfer 
coefficient, and heat transfer area were 0.66 % and 0.75 %, respectively. The estimation 
procedure for the gas side heat transfer coefficient was checked against the examples 
provided by Weierman [80], indicating a deviation of 4.6 %, due to roundings and unit 
conversion approximations. The gas side pressure drop calculations were compared with 
the computational fluid dynamic (CFD) results from Mon [89]. A comparison between the 
results of the numerical model and CFD results from Mon [89] for 13 tube bundle 
geometries and 51 working conditions is shown in Figure 2.. The results indicate that for 
most of the operating conditions the estimated pressure drops agreed with the CFD data 
with a relative deviation within 20 %. The CFD results by Mon [89,115] are considered to 
be reliable as they were validated by comparison with the predictions of experimental-based 
correlations.  
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Figure 2.4: Comparison between the result of the WHR numerical model and the CFD 
results from Mon [89]. 

The sizing procedure for the shell and tube heat exchangers was compared with the 
example available in Coulson et al. [90]. The calculated heat transfer coefficients, overall 
heat transfer area and pressure drops were predicted with relative deviations within 2.6 %, 
3.6 % and 3.7 %, respectively. The deviations are due to numerical approximations and 
differences related to fluid property estimations. 

The performance of the developed stratified tank model was validated against the 
experimental results presented by Oliveski et al. [116] and Zachar et al. [117]. Both 
experiments investigated the charging of a small cylindrical water tank initially at ambient 
temperature. The validation procedure was carried out by first calibrating the tank inlet 
mixing factor.  

Figure 2.5 depicts the validation results against the data from Oliveski et al. [116]. 
After tuning the tank inlet mixing factor to a value of 5 %, the numerical model is able to 
predict the temperature distribution of the water in the tank as a function of the tank height 
and after different times with an average relative deviation of 2.8 %. The maximum 
deviation is 18 % and occurs at t = 100 min. As can be appreciated in the plot, the deviation 
between the predicted temperature and the experimental values increases with time. This 
suggests an inaccurate estimation of the heat losses to the environment in the model. 
However, this could be justified by the fact that the properties of the insulation material 
used in the experiment were not described in the paper, and therefore they had to be 
estimated. 

Figure 2.6 depicts the comparison of the model predictions with the experimental 
results of Zachar et al. [117]. In this case, the optimal inlet mixing fraction was found to be 
3 %, and the relative deviation between predicted and experimental values for the water 
temperature in the tank is 3.2 %. The maximum deviation between simulated and 
experimental temperatures is 17 %. The tank investigated by Zachar et al. [117] was not 
insulated and, as indicated by the plot, the simulation model is able to match the final 
temperature at the various tank heights (except for T10, whose final temperature is 
underestimated by 8.4 %). The performance comparison of the results of the numerical 
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model and the experimental datasets from Oliveski et al. [116] and Zachar et al. [117] 
indicates that the numerical model, despite its simplicity, is suitable for characterizing the 
temperature distribution inside a thermocline storage, and therefore it was considered to be 
sufficiently accurate for the scope of this thesis. 

 

 

 

Figure 2.5: Temperature profile along the tank height for different times. Markers 
represent the experimental values from Oliveski et al. [116], while the simulation 
results are indicated as follows: solid line (10 min), dashed line (40 min); dotted line 
(70 min); and dash-dot line (100 min). 

 

Figure 2.6: Temperature evolution as a function of time captured by thermocouples (T1 
– T3 – T6 – T10) positioned at 0.8 m, 0.71 m, and 0.42 m from the bottom of the tank. 
Markers represent the experimental values from Zachar et al. [117], while the 
simulation results are indicated as follows: solid line (T1); dashed line (T3); dotted line 
(T6); and dash-dot line (T10). 
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3 Potential uses of liquefied-natural-gas cold 

energy recovery on board ships*** 

Liquefied natural gas is commonly stored on board vessels in 
cryogenic conditions. The low temperature heat that is released 
during its preheating process can be used to increase the energy 
efficiency of the vessel. In this chapter, three potential uses of this low 
temperature heat are investigated: a) use to the decrease the 
consumption of the on board heating, cooling and ventilation system, 
b) use as a cold sink for an organic Rankine cycle unit, and c) use to 
precool the engine scavenge air. Estimation regarding the attainable 
fuel savings are provided for two specific vessel types, and technical 
challenges connected to the proposed solutions are discussed.  

3.1 Background and motivation 
Solutions for recovery LNG cold energy have been widely investigated for LNG 

regasification terminals. In this context, one of the most appealing solutions is the use of 
the LNG low temperature heat as a cold sink for a power cycle [38]. Possible cycle 
architectures include Rankine cycles [118], Brayton cycles [119], combined cycles [120], 
and Kalina cycles [121]. 

As detailed in the review from Khor et al. [39], other uses of LNG cold energy recovery 
include air separation [122], hydrocarbon liquefaction [122], cryogenic comminution 
[123], production of liquid CO2/dry ice [124], freezing and refrigeration [125], seawater 
desalination [126], and gas turbine inlet air cooling [122]. 

LNG cold energy recovery on board vessels is a novel research topic with a few recent 
industrial proof-of-concept installations. For example, in the ferry Viking Grace [40], 
which operates in the trans-Baltic route between Turku and Stockholm, the LNG cold 
energy is recovered by a glycol water system, allowing for a reduction of the consumption 
of the on board HVAC system.  

Previous works in the scientific literature evaluated instead the prospect for using the 
waste heat for power generation. Sung et al. [41] proposed a dual loop system to recover 
waste heat from the main engine exhaust gases, jacket water cooling and LNG preheating. 
The investigations indicated that the proposed system could produce up to 5.17 % the power 
output of the main engine. Tsougranis et al. [42] carried out technical and economic 
feasibility analyses for the installation of an ORC unit recovering both the heat contained 

                                                 
*** This chapter is adapted from [JP4]. 
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in the exhaust gases of a marine engine, and the cold energy released during the LNG 
preheating process. The findings suggested attainable thermal efficiencies of 28.44 % and 
35.66 % for a single and double stage ORC configuration, respectively. Lastly, Pasini et al. 
[43] proposed the installation of a supercritical Rankine cycle for LNG cold energy 
recovery on board vessels, and estimated a maximum energy recovery of 2.2 % the main 
engine power. 

Another option for LNG cold energy recovery is its use for precooling the scavenge 
air of the ship’s main engine. To the best of the author’s knowledge, this possibility has not 
yet been evaluated in literature. Nonetheless, there is previous knowledge showing that the 
efficiency of an internal combustion engine can be increased by decreasing the temperature 
of the scavenge air. This is supported, for example, by the experimental results from Wang 
Pan et al. [127], Birtok-Băneasă et al. [128], and Cipollone et al. [129]. The first two studies 
captured a reduction of the engine specific fuel consumption with a decrease of engine 
intake air temperature, while the third one suggested that the use of a refrigerated unit to 
cool the engine air could lead to energy savings up to 6 %.  

As detailed by the above literature review, there is a range of possible applications for 
LNG cold energy recovery on board vessels. However, previous studies were limited to one 
application case and did not provide a clear overview of the various potential applications, 
nor of their attainable savings. In this sense, previous studies investigating the prospect for 
using LNG cold energy for power generation focused on the maximization of the ORC 
power output [41–43], but did not provide any evidence showing that the installation of a 
power system is the most energy efficient solution. In addition, to the best of the author’s 
knowledge, no data is available regarding the fuel savings attainable on board vessels 
recovering LNG cold energy for HVAC purposes, and no previous evaluations were carried 
out estimating the prospects of reducing a ship’s fuel consumption by precooling the engine 
intake air temperature by means of LNG cold energy recovery. 

This chapter aims at filling the discussed research gap by: i) providing a clear overview 
of the potential uses of LNG cold energy on board commercial vessels, ii) estimating the 
attainable fuel savings of each potential use, and iii) discussing the drawback of each 
proposed application. The findings represent the scientific foundation for future research 
studies in the field, and for future installations on board vessels. 

3.2 LNG cold energy recovery on board vessels 
In order to estimate the fuel savings that could be attained by recovering the LNG cold 
energy, it is necessary to compute the amount of heat that is released by the LNG preheating 
process. This depends on the vessel’s fuel consumption and on the LNG supply system. 
The estimations of the feasibility of the various solutions for LNG cold energy recovery is 
however subjected by two requirements: i) the efficiency of previously installed systems 
should not be negatively impacted by the LNG cold energy recovery components; and ii) 
the failure newly installed devices should not prevent the fuel supply to the engine 
(redundancy is always required). 

The following subsections provide an overview of the main components of typical 
propulsion systems installed on board LNG-fuelled vessels. The understanding of the LNG 
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supply system configurations represent a prerequisite for the estimation of the waste heat 
availability. 

3.2.1  LNG tank technologies 

LNG is commonly confined in cryogenic tanks, whose characteristics directly 
influence the LNG properties at the inlet of the supply system. LNG tanks can be integral 
or independent of the hull structure [130]. Membrane type tanks are the only allowed 
integral tank configuration for LNG. In this case, the membrane is supported, through 
insulation, by the adjacent hull structure. These tanks offer large LNG capacities, in the 
range from 100 to 20,000 m3, and have a maximum allowable working pressure of 70 kPa 
gauge. Membrane-type LNG tanks are utilized both by LNG carriers and large ocean-going 
LNG fuelled ships[131]. In this case, LNG is stored in the tank at around -165 °C. 

Independent, self-sustaining LNG tanks are subdivided into types A, B, and C, with 
the latter being the most commonly tank type installed on board sea-going vessels [132]. 
Type C tanks are pressure vessels, with an operating and maximum allowable working 
pressure of around 500 kPa and 2,000 kPa. These tanks allow for direct supply of the LNG 
to low pressure engines, without the need to further pump or compress the LNG. The 
capacity of these tanks is generally limited to 2,000 m3 [130] as costs increase when 
designing larger volume pressurized tanks. In this case, LNG is stored at around -138 °C 
(its saturation temperature at 500 kPa). 

3.2.2 LNG-fuelled marine engines 

There are two main type of engines that can be used on board LNG-fuelled ships: dual 
fuel engines and gas-only engines. Dual fuel engines can be operated according to both the 
Otto and the Diesel cycle. In the first case, LNG is injected at low pressure (400-500 kPa) 
and ignition is achieved by injecting a small amount of pilot fuel, which ignites following 
a Diesel cycle [132]. Engines operating according to this principle are capable of meeting 
the IMO Tier III regulation without the use of emission abatement technologies, but are 
affected by the methane slip phenomenon, meaning that a small amount of methane/LNG 
by-passes the combustion process and is directly expelled in the exhaust. This type of 
engines are commonly installed on board cruise vessels. 

LNG dual fuel Diesel engines require injection of LNG at high pressure (30 MPa) and 
the use of abatement technologies for meeting the Tier III emission levels [133]. 
Nonetheless, they are characterized by higher efficiencies and by the elimination of the 
methane slip phenomenon.  

Lastly, engines running on pure gas are operated according to the Otto cycle, and 
ignition is achieved with a spark. Also in this case, LNG injection takes place at low 
pressure.  

3.2.3 LNG supply systems 

Different fuel supply systems for LNG-fuelled ships are available. In any case, the 
supply system needs to evaporate the LNG and to pressurize it to the required engine 
injection pressure. Depending on the selected configuration, LNG can be first evaporated 
and then pressurized, or first pressurized and then evaporated. Evaporation of LNG is 
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generally carried out through a glycol-water intermediate loop system, connected with the 
engine cooling system [130].  

Figure 3.1 shows typical supply systems used in connection with type-C and 
membrane tanks. When a type-C tank is installed, a pressure built-in unit (PBU) is 
commonly utilized to evaporate the LNG and to return it to the tank, which is kept 
pressurized. When operating with a low pressure engine, the pressure inside the tank pushes 
the LNG, in liquid form, out of the tank. Before injection, the LNG is then evaporated in a 
dedicated LNG vaporizer.  

In non-pressurized LNG tanks (i.e. membrane tanks), LNG can be either pressurized 
with a compressor (after the LNG vaporizer), or with an LNG pump located inside the tank 
[130]. The use of a pump enables the minimization of the energy consumption of the 
pressurization process, but technically is a more complex solution. When using high 
pressure two-stroke engines, pressurization is possible by using either a multi-stage 
compressor or a cryogenic pump [133]. However, the use of compressors is a viable 
solution only for LNG carriers or a few particular cases, while the use of high pressure 
pumps is the most preferred configuration for commercial ships [132]. In this case, as 
shown in Figure 3.1 b), the LNG is extracted from the tank with a built-in pump, further 
pressurized by the high pressure pump and then converted into vapor in the transcritical 
LNG vaporizer. 

Vaporizer

PBU

Type-C tank

To engine

 

LP pump

HP pump

Vaporizer

Membrane tank

To engine

 

(a) (b) 

Figure 3.1: Typical LNG supply system on board vessels using: a) type-C, and b) 
membrane tanks. 

3.2.4 Boil-off gas treatment  

A critical aspect to be considered in LNG-fuelled vessels is the treatment of the boil-
off gas (BOG). BOG is the product of the evaporation of the most volatile hydrocarbons 
constituting the LNG, and occurs inside the tank. As a consequence of the phase change, 
the increase in the specific volume of the BOG fraction leads to an increase of the tank 
pressure itself. BOG evaporation rates are between 0.1 % and 0.25 % the tank LNG content, 
depending on the tank technology and sailing conditions [132]. BOG can be released to the 
atmosphere, flared, used as fuel, or re-liquefied. Releasing the BOG to the environment is 
however not recommended as it contributes to global warming. A joint study carried out by 
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Hanjin, GTT and DNV GL [134] on a 16,300 twenty-foot equivalent unit (TEU) LNG-
fuelled containership capable of bunkering up to 11,000 m3 of LNG, suggested that the 
BOG could be successfully handled by using it to power the auxiliary engines and boilers 
on board the vessel. Therefore, for the purpose of this thesis, it was assumed that the ship 
main engine was fully supplied by LNG in liquid form. 

3.3 Methods 
The prospects for LNG cold energy recovery on board vessels was investigated for 

three specified use cases: i) use for HVAC applications, ii) use as a cold sink for an ORC 
unit, and iii) use for engine scavenge air precooling. 

The evaluations are carried out based on two specific vessels: a ferry and a long 
distance containership. Details about the two vessels and the methods applied to carry out 
the estimations are provided in the following subsections. 

3.3.1 Considered vessels 

Table 3.1 lists the main parameters of the considered vessels. The containership data 
is based on the vessel MV SAJIR, a 15,000 TEU containerships that serves a route from 
Asia to northern Europe via the Suez Canal. This containership was recently contracted to 
be converted to LNG operation [135]. Its average sailing load (average engine load for a 
containership in 2012) and engine data at 30 % load were retrieved from the third IMO 
GHG study [2,26], and from the MAN CEAS tool [136], respectively.  

For the ferry, a typical sailing profile was provided by Fjord Line [137], while the 
engine data was retrieved from the manufacturer’s product guide. The values for the fuel 
and exhaust gas flow rates refer to the whole propulsion system (2 engines) operated at its 
average sailing load.  

Table 3.1: Operating characteristics for the reference vessels. 

Parameter Containership Ferry 

Engine type 
MAN 9S90ME-C10.5-GI part-load 
tuning 

2xWärtsilä 
7L46DF 

Engine rated power [kW] 54,900 8,015 
Average engine load [%] 30 85 
LNG flow [kg/h] 2,242 2,700 
Exhaust gas temperature [°C] 210 365.4 
Exhaust gas flow rate [kg/s] 52.5 22.8 

Jacket water temperature after engine 
[°C] 

85 
91 

Jacket water temperature before 
engine [°C] 

71 
74 

LNG supply system High pressure Low pressure 
LNG temperature -165 °C -138 °C 
LNG pressure [kPa] 100 500 

 

For both vessels, it was assumed that the hotel power was supplied by using on board 
generators by LNG, with a specific fuel consumption (K) of 0.16 kg/kWh [105]. LNG was 



30    

 

  

assumed to behave as pure methane, and its properties were retrieved from Coolprop 4.2.5 
[36]. The fuel savings attainable by implementing the three considered technologies in the 
two vessels were estimated as follows:  

1. The use of LNG cold energy for HVAC applications leads to a decrease of the 
energy consumption on board, which was estimated by calculating the saving in the 
auxiliary generators fuel consumption; 

2. The use of LNG cold energy as a cold sink for an ORC unit leads to the production 
of power to be used on board. As a result the consumption of the auxiliary 
generators can be reduced. The reduction of the auxiliary consumptions was 
estimated as in point I; 

3. The use of LNG cold energy to precool the scavenge air before injection in the 
engine leads to an increase of the main engine performance. The attainable fuel 
savings were estimated from the engine performance maps, as detailed in the 
following subsections. 

3.3.2 LNG cold energy recovery for HVAC applications 

HVAC systems on board vessels are designed to maintain a stable indoor temperature 
of 22 °C to 25 °C, with a relative humidity (RH) from 45 % to 55 % [138]. The most 
common HVAC systems on board cruise ships are based on the use of a centralized air-
handling unit (AHU) that supplies fresh air for heating and cooling to the various 
compartments of the ship [138]. The AHU cools and humidifies the air by using chilled 
water at an average temperature of 7 °C. This water is produced in chillers using seawater 
as cooling media, and generally operate as a two-stage system with flash tank [139].  

Current implementations of LNG cold energy recovery for HVAC applications supply 
cold energy from the LNG to the AHU by means of an intermediate water-glycol system. 
This results in a reduction the load of the HVAC compressors, thereby leading to a decrease 
of the auxiliary generators consumption. Figure 3.2 shows a simplified sketch of how the 
cold energy utilization is implemented on board the vessel M/S Viking grace, as described 
by Wärtsilä [40]. The same implementation scheme and temperature levels were considered 
in this work. 

LNG

HVAC 
system

Water-glycol 
circuit

0 °C-5 °C

 

Figure 3.2: Integration of the use of LNG cold energy recovery for marine HVAC 
applications, adapted from Wärtsilä [40]. 

Neglecting the heat losses to the environment, the heat power transferred from the 
LNG stream to the HVAC system ( ) can be computed as 



3 Potential uses of liquefied-natural-gas cold energy recovery on board 
ships 

31 

 

 

 

  	 	 	  (27) 

The temperature of the LNG at the outlet of the recovery heat exchanger was fixed to 
– 5 °C, to ensure a minimum pinch point temperature of 5 °C in the heat exchanger. Pressure 
drops both in the heat exchanger and glycol-water loop were assumed to be negligible. 

The attainable fuel savings were estimated by computing the electrical savings 
( ) due to the decreased need or HVAC cooling. The electrical savings were there 
connected with the resulting fuel savings by taking into account the LNG consumption of 
the auxiliary generators. 

 
	  (28) 

  	 	 / 	 ∙ 	   (29) 

where  represents the coefficient of performance of the ship’s HVAC system. 
This is mostly dependent on the technology of the installed chiller and on the seawater 
temperature. Giles [140] reported that most of the newly installed marine chillers for HVAC 
have a COP above 5, while older machines have COP of around 5. This recommendations 
are aligned with the findings by Pigani et al. [139], who estimated COPs of 5.26, 6.34 and 
7.46 for marine chillers operating with a seawater temperature of 32 °C, 25 °C, and 18 °C, 
respectively.  

3.3.3 LNG cold energy recovery as ORC sink 

The prospects for LNG cold energy recovery by means of an ORC unit were analyzed 
by using the ORC design model described in Section 2.1. For the low pressure injection 
case, the possibility to include an LNG expansion process was considered. In this 
configuration, the LNG is first pressurized, then evaporated in the ORC condenser, and 
finally expanded in the LNG expander. This architecture, shown in Figure 3.3, was 
previously investigated in LNG regasification facilities, as documented in the work of 
Gómez et al. [38]. 

The power output of the overall system was computed as 

  	 , 	 	 , 	 	η 	η , 	 ,  (30) 

The relative share of power produced by the ORC unit, which is 100 % for the high 
pressure supply system case, was calculated as follows: 

 
% 	

, 	η 	η , 	

, 	 	 , 	 η 	η , 	 ,
 (31) 

The selection of the ORC working fluid and waste heat source have a significant 
impact on the attainable power output and, therefore, various alternatives were considered. 

The working fluids listed in Table 2.1 were considered for this study. With respect to 
the heat sources, the main engine exhaust gases, jacket water cooling, seawater and an 
intermediate glycol-water system to be used for HVAC purposes were considered. 
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The possibility to use the main engine scavenge air or the lubricant oil as heat source 
was not considered in this study, because these heat sources are characterized by significant 
variations both in temperature and available waste heat along the engine loads, making 
them a less attractive source for waste heat recovery [26]. 

LNG tank

TurbinePump

Condenser

WHR boiler

LNG Pump
LNG 

turbine

To engine  

Figure 3.3: Sketch of the ORC system. The LNG expander is used only when a low 
pressure supply system is considered for the LNG. 

Optimization routines aiming at estimating the maximum attainable power output of 
the ORC system were carried out for the various heat sources, working fluids and reference 
vessels. The optimization procedure was based on a combination of particle swarm (10,000 
individuals and 100 iterations), and pattern search (500 iterations) routines, both available 
in the Matlab optimization toolbox [37]. 

Table 3.2 and Table 3.3 show the list of fixed and optimized parameters in the ORC 
optimization procedure. In order to avoid the risk of thermal decomposition and of freezing, 
the working fluid was imposed to operate 10 °C below its thermal degradation temperature, 
and 10 °C above its freezing temperature at the operating pressure.  

The seawater and glycol-water system were assumed to be cooled from 15 °C to 10 
°C, and from 0 °C to – 5 °C, respectively. For the jacket water, seawater and glycol-water 
cases, the model was setup to cool down the heat source to its minimum temperature. 
Conversely, for the exhaust gases case, the source flow rate was obtained from the engine 
data and no constraint was imposed on the heat source outlet temperature. 

The isentropic efficiencies of the ORC turbine and gas expander were assumed to be 
equal to 0.85. n the studies from Tsougranis et al. [42] and Dorosz et al. [141]. In addition, 
the considered value of 0.85 The work from Meroni et al. [142] previously suggested that 
such isentropic efficiency can be achieved by most organic fluids when considering the use 
of a multi-stage axial turbine connected to a gearbox.  

The fuel savings attainable by implementing an ORC unit using the LNG cold energy 
as cold sink were estimated by computing the reduced fuel consumption of the auxiliary 
generators. 



3 Potential uses of liquefied-natural-gas cold energy recovery on board 
ships 

33 

 

 

 

 
	 	 	 ∙ 	  (32) 

For the glycol-water case, the attainable savings were instead given by adding the 
reduced auxiliary consumptions due to the ORC power production, to the reduced 
consumptions of the HVAC chillers. 

 
	 	 	 ∙ 	  (33) 

where  corresponds to the energy that the ORC unit absorbs from the glycol-
water circuit. A COP of 5 was here considered, as it was assumed that the ORC unit would 
be installed only in newly-built vessels. 

Table 3.2: List of fixed parameters in the ORC design optimization procedure. 

Fixed parameter Value 
Maximum evaporation pressure [kPa] 3,000 
Minimum condensation pressure [kPa] 4.5 

Minimum boiler pinch point temperature [°C] 5*/20** 
Minimum condenser pinch point temperature [°C] 5 
Pump isentropic efficiency [%] 0.70 
Expander isentropic efficiency [%] 0.85 
Gearbox efficiency [%] 0.98 
Generator efficiency [%] 0.98 
LNG pump isentropic efficiency [%] 0.70 
LNG expander isentropic efficiency [%] 0.85 

*glycol water, sea water, and jacket water cases  

** exhaust gases case 

 

Table 3.3: List of optimized variables in the ORC design optimization procedure. 

Optimization variable Lower bound Upper bound 
ORC   
Turbine inlet pressure [kPa] 5 0.8 Pcrit 
ORC superheating [°C] 5 150 
Condensation temperature [°C] -100 20 
Working fluid mass flow rate [kg/s] 0.01 20 
Low pressure LNG supply system 
LNG pressure increase [kPa]  0 7,000 

 

3.3.4 LNG cold energy recovery for engine air precooling 

The engine scavenge air is generally cooled before injection to the engine. The use of 
the LNG cold energy allows to further cool the scavenge air and thus to increase the engine 
efficiency. Figure 3.4 shows a sketch of the air supply system to a marine engine featuring 
an additional scavenge air cooler where the scavenge air is cooled through the LNG cold 
energy. 
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Figure 3.4: Scavenge air supply system featuring an additional air cooler where the 
scavenge air is cooled by LNG cold energy recovery. 

The assessment of the prospects for using LNG cold energy recovery to precool the 
main engine scavenge air is carried in two steps: i) the engine performance as a function of 
the scavenge air temperature variation is determined, and ii) the scavenge air temperature 
decrease attainable by using LNG cold energy recovery is quantified. 

For the first step, a data analysis on the performance of the engine MAN 9S90ME-
C10.5-GI with part-load tuning was carried out. The engine data was retrieved from the 
MAN CEAS calculation tool [136], and described the engine performance considering 
external air temperatures of 10 °C, 25 °C and 45 °C, and engine loads between 30 % and 
100 %. The maximum and minimum scavenge air temperatures in the receiver were or 11 
°C and 48 °C, respectively. 

The collected 288 data points showed that, when fixing the external air conditions and 
the engine load, there is a nearly linear correlation between engine specific gas consumption 
(SGC) and scavenge air temperature. Setting as reference point for the calculations the 
maximum scavenge air temperature of each engine load for a given external air 
temperature, allowed establishing a linear correlation between the reduction of the engine 
SGC, and the reduction of the scavenge air temperature, as expressed in Equation 29: 

  	0.083535	∆ 	 0.00245 (34) 

Where the subscripts red and sa stands for reduction and scavenge air, respectively. 
The proposed equation describes the behavior of the data with R2 = 0.996. Figure 3.5 shows 
the linear correlation between scavenge air temperature reduction and SGC reduction, 
which is described by Equation 34. The correlation was proven to effectively describe the 
engine performance when fixing the external air temperature and engine loading conditions. 
The scattering of the data in the plot is due to the low resolution in the scavenge air 
temperature (no decimal terms are available from the MAN CEAS calculation tool). It 
should be noted that all the 288 data points are displayed in the figure, but most of them 
overlap. 
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Figure 3.5: Relationship between scavenge air temperature and SGC reduction. The 
blue circles represent the data points attained from the CEAS calculation tool, while 
the dashed line represents the linear approximation used in this thesis. 

The scavenge air temperature reduction resulting from the use of LNG cold energy 
recovery was estimated using a numerical model derived from the one described in 
Mazzoni et al. [143]. The numerical model of the heat exchanger featured a detailed 
physical model for the humid air, enabling the estimation of the amount of heat that could 
be transferred from the LNG to the scavenge air, and the prediction of the occurrence of 
water condensation during the process. Water condensation occurs when humid air reaches 
its dew point due to cooling. Below this temperature, the model considers both sensible and 
latent heat transfers. The heat exchanger model, which was initially solved by using the ε-
NTU approach [144], was updated to impose a minimum temperature difference of 20 °C 
between the two streams. 

In order to have an indication of the attainable fuel savings in different sailing 
conditions, the prospects for further cooling the engine scavenge air by means of the LNG 
cold energy were investigated both in ISO conditions (ambient temperature of 25 °C and 
relative humidity of 30 %), and tropical conditions (ambient temperature of 45 °C and 
relative humidity of 60 %). Information about the engine LNG flow rate and the scavenge 
air characteristics in the two operating conditions were retrieved from the MAN CEAS 
calculation tool [136] and are reported in Table 3.4 and Table 3.5.  

The air relative humidity (RH) was provided for the ambient conditions (indicated 
with 1 in sketch of Figure 3.4) and hence it was necessary to recalculate it for the 
conditions in which the air enters the LNG heat exchanger (indicated with 2 in the sketch 
of Figure 3.4). This was done by applying commonly known mass and energy balance 
equations for humid air [145].  

In summary, the fuel savings which can be attained by implementing the LNG 
scavenge air cooling on board the containership were estimated by using a three step 
procedure: i) the air conditions at the inlet of the scavenge air #2 were estimated; ii) 
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∆ 	was estimated using the heat exchanger model; and iii) 	was estimated using 
equation 29. The estimations were in this case limited to the containership as no data was 
available regarding the sensitivity of the ferry’s engine on the scavenge air temperature. 

Table 3.4: MAN 9S90ME-C10.5-GI part-load tuning: LNG flow rate and scavenge air 
characteristics in ISO conditions. The data was retrieved from the MAN CEAS 
calculation tool. WC stands for water condensation. 

Engine load ṁLNG [kg/s] ṁsa [kg/s] Psa [kPa] Tsa [°C] WC [ton/day] 
100 2.1609 117.8 4.25 37 0.2 
90 1.8941 106.4 3.71 35 0 
80 1.6446 102.1 3.48 33 0 
70 1.4219 91.5 3.12 31 0 
60 1.2151 81.1 2.71 30 0 
50 1.0187 69.7 2.31 28 0 
40 0.8235 56.9 1.94 26 0 
30 0.6227 51.9 1.62 32 0 
100 2.1609 117.8 4.25 37 0.2 
90 1.8941 106.4 371 35 0 

 

Table 3.5: MAN 9S90ME-C10.5-GI part-load tuning: LNG flow rate and scavenge air 
characteristics in tropical conditions. The data was retrieved from the MAN CEAS 
calculation tool. WC stands for water condensation. 

Engine load ṁLNG [kg/s] ṁsa [kg/s] Psa [kPa] Tsa [°C] WC [ton/day] 

100 2.1853 108.9 404 48 203.3 
90 1.9146 98.4 353 46 179.6 
80 1.6616 94.4 331 44 175 
70 1.4369 84.6 297 42 152.6 
60 1.2279 75 258 41 127.6 
50 1.0301 64.5 219 39 100.5 
40 0.8327 52.7 184 37 72.3 
30 0.6295 48 154 43 53.4 
100 2.1853 108.9 404 48 203.3 
90 1.9146 98.4 353 46 179.6 

3.4 Results 
Figure 3.6 shows the estimated energy and fuel savings on board the two reference 

vessels when using the LNG cold energy recovery to reduce the consumption of the ships 
HVAC system. The results, plotted as a function of the COP of the HVAC chillers indicate 
that the highest savings can be attained when the COP of the chillers is the lowest, i.e. when 
the ship is operated in warm seas, or is not equipped with the latest technology for the 
chillers. 

When comparing the results for the two reference vessels, it appears that the highest 
savings can be attained when installing the system on board the ferry. This is because a 
higher amount of cold energy can be extracted when the LNG is supplied to the engine at 
low pressure. In this case, in fact, the HVAC system is cooled down using not only the 
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sensible, but also the latent heat of vaporization of the LNG. In particular, the specific 
cooling effect that can be extracted from the LNG is equal to 743.4 kJ/kg and 482.1 kJ/kg, 
when considering a low and high pressure supply system, respectively.  

When assuming a COP of 5 for the ship HVAC chillers, the estimated fuel savings are 
of 13.56 kg/h and 9.56 kg/h for the ferry and the containership, respectively. These savings 
correspond to 0.50 % and 0.43 % the LNG consumption for the ships’ main engines, 
respectively. When considering a COP of 3, the savings increase to 0.84 % and 0.71 % the 
ships main engines LNG consumptions, respectively. 

 

 

Figure 3.6: Energy and fuel savings attainable by using the LNG cold energy to 
provide cooling to the ship HVAC system for the two reference vessels. The estimations 
are provided as a function of the COP of the HVAC chillers. 

Figure 3.7 shows the power outputs attainable by implementing an ORC unit on board 
the containership (high pressure LNG supply system) as a function of the selected working 
fluid and considered heat source. The results indicate that the highest the temperature of 
the selected heat source, the highest is the attainable power output. For the exhaust gases 
case, the temperature drop of the exhaust gases in the waste heat recovery boiler is in the 
range from 9.6 °C to 10.0 °C, depending on the selected working fluid. This indicates that 
further heat recovery could be possible (i.e. by means of a steam Rankine cycle or an ORC 
unit using seawater as cold sink).  

The working fluid condensation temperatures are in the range –61.6 °C to – 0.7 °C, 
depending on the selected working fluid and heat source. The maximum power outputs are 
obtained when selecting butane, butane, iso-pentane and n-pentane as working fluid, for 
the glycol-water, seawater, jacket water, and exhaust gases case, respectively. The 
estimated power outputs were of 29.5 kW, 36.6 kW, 69.4 kW and 121.9 kW, for the four 
cases, respectively. In addition, the glycol-water configuration delivers a cooling effect 
between 204 kW and 272 kW to the HVAC system. The estimated savings, expressed in 
relative terms to the containership main engine LNG consumption are of 0.50 %, 0.26 %, 
0.50 % and 0.87 %, for the four cases, respectively. Note that the highest relative savings 
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attainable with the glycol-water case are to be attributed to the fact that in this case both 
power and cooling are supplied by the system. 

 

Figure 3.7: Attainable power output by installing an ORC unit on board the 
containership (high pressure LNG supply system). 

Figure 3.8 shows the attainable power output by installing the system comprising an 
ORC and an LNG expansion device on board the ferry as a function of the selected working 
fluid and considered heat source. Also in this case, a higher temperature of the heat source 
results in a higher power production. For the exhaust gases case, the temperature drop of 
the heat source in the waste heat recovery boiler ranges between 30.1 °C to 35.6 °C, 
depending on the selected working fluid. The high differences in the optimized power 
output for the exhaust gases case are due to the limitations set by the working fluids 
degradation temperatures.  The highest power output are attained using either n-pentane or 
n-butane, because these fluids are the ones with the highest degradation temperatures (see 
Table 2.1). The high power productions are however attained by accepting high degrees of 
superheating for the working fluids. The optimized superheating degrees range from 59 °C 
and 143 °C. The working fluid condensation temperatures are in the range – 62 °C to 30 
°C, depending on the selected working fluid and heat source. 

The maximum power outputs are obtained when selecting as working fluid butane, 
butane, iso-pentane and n-pentane, for the glycol-water, sea-water, jacket water, and 
exhaust gases case, respectively. The estimated power outputs were of 108.0 kW, 121.7 
kW, 194.4 kW and 400.8 kW, for the four cases, respectively. In addition, in the glycol-
water configuration a cooling effect between 372 kW and 385 kW is delivered to the HVAC 
system. The estimated savings, expressed in relative terms to the containership main engine 
LNG consumption are of 1.09 %, 0.72 %, 1.15 % and 2.37 % for the four cases, 
respectively.  

The optimized power outputs for the exhaust gases cases are aligned with the results 
previously presented in the work of Tsougranis et al. [42]. The authors of the previous study 
investigated the installation of an ORC unit harvesting heat from the main engines of a ferry 
and using the LNG cold energy as cold sink. Two configurations were considered: i) single 
stage ORC without LNG expander, and ii) reheated ORC with LNG expander. The 
estimated power outputs were of 2.67 % and 3.28 % of the ferry propulsion power, 
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respectively. The ORC power output estimated in this study corresponds to 2.94 % of the 
ferry propulsion power, when n-pentane is considered as working fluid, which is in 
agreement with the aforementioned work from Tsougranis et al. [42]. 

 

Figure 3.8: Attainable power output by installing an ORC unit on board the ferry (low 
pressure LNG supply system). The values above the columns represent the relative 
share of power produced by the ORC unit. 

Comparing the results of the investigations carried out for the ferry and the 
containership, it emerges that the implementation of the recovery system leads to higher 
power productions when considering a vessel equipped with a low pressure LNG supply 
system (the ferry, in this case). This is justified by three reasons. First, when a low pressure 
supply system is installed, it is possible to install an LNG expander, which power 
production can be as high as 86 % the power of the whole system (for the glycol-water 
case, when cyclopentane is selected as working fluid). Second, when considering a high 
pressure supply system, the LNG is heated in transcritical conditions and it is not possible 
to recover its latent heat (for example, heating LNG at 300 bars from -165 °C to 10 °C 
requires 30 % the energy required to heat LNG at 5 bar between the same temperatures). 
Lastly, when considering the exhaust gases case, it is important to consider that this waste 
heat source is available at a substantially higher temperature in the ferry (365.4 °C) 
compared to the containership (210 °C). 

Figure 3.9 shows the scavenge air temperature reductions, which could be attained by 
implementing the LNG scavenge air cooler. The results are based on the data for the engine 
MAN 9S90ME-C10.5 with part-load tuning, and are displayed as a function of the engine 
load and external air conditions. The plots indicates that, by implementing this solution, the 
engine scavenge air could be further cooled by 6.7 °C to 8.9 °C, when the engine operates 
in ISO conditions, and by 1.7 °C to 7.3 °C, when the engine operates in tropical conditions. 
The corresponding reduction in specific gas consumption (computed through Equation 34) 
was estimated to be in the range from 0.56 g/kWh to 0.74 g/kWh, and from 0.14 g/kWh to 
0.61 g/kWh for ISO and tropical conditions, respectively. In tropical conditions, as much 
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as 39 % of the heat is used to condense the water vapour contained in the air, while this 
percentage decreases to a maximum of 7 % in ISO conditions. 

The scavenge air temperature reduction appears not to be constant along the engine 
loads. This can be attributed to a variety of reasons: the variation of the air to fuel ratio in 
the engine, the tuning of the engine itself, and the variation of the air conditions at the inlet 
of the LNG cooler. In particular, the discontinuity that appears between 30 % and 40 % 
load in tropical conditions is due to the activation of the auxiliary blowers [146], which 
support the scavenging process at low engine loads. The activation of the auxiliary blowers 
results in an increase of the temperature of the scavenge air after the traditional scavenge 
air cooler, and in a decrease of its relative humidity, which, in tropical conditions, drops 
from 98 % (at 40 % load) to 68 % (at 30 % load). As a consequence, the amount of heat 
used to condensate the water vapour decreases drastically, resulting in a higher temperature 
reduction in the scavenge air. 

 

Figure 3.9: Scavenge air temperature reduction as a function of engine load and 
external air conditions. The numbers represent the % of energy that is transferred as 
latent heat. 

Figure 3.10 shows the attainable LNG fuel savings by installing the LNG scavenge air 
cooler as a function of the engine load and external air conditions. As it emerges from the 
plot, higher savings are attainable when the engine is operated in ISO conditions. This 
comes from the fact that large amounts of heats are used to condense the water vapor 
entrained in the exhaust gases when the engine is operated in tropical conditions. The 
attainable fuel consumption reductions, expressed in relative terms with respect to the main 
engine fuel consumption, are in the range from 0.41 % to 0.54 %, and from 0.10 % to 0.44 
% for the ISO and tropical conditions, respectively. 
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Figure 3.10: Fuel savings attainable by implementing the LNG scavenge air cooler as 
a function of the engine load and external air conditions. 

3.4.1 Comparison of the various alternatives 

Table 3.6 shows the estimated LNG fuel savings, expressed as percentage of the ships’ 
main engines LNG consumption, attainable by implementing the various uses of LNG cold 
energy on board the two reference vessels. The savings are estimated for the ships’ average 
sailing load, detailed in Table 3.1.  

As it emerges from the table, the prospects for fuel savings using the LNG cold energy 
are higher for the ferry. This comes from the fact that the ferry features a low pressure LNG 
supply system, which results in a higher cold energy availability. Looking at the attainable 
savings from the three applications, the results indicate that the largest saving can be 
attained by using the LNG cold energy in an ORC unit using the exhaust gases as heat 
source. In this case, the estimated fuel savings are of 2.37 % and 0.87 % for the ferry and 
the containership, respectively. The savings attainable by using the LNG cold energy to 
decrease the consumption of the ship HVAC system are dependent on the COP of the 
HVAC chillers. When assuming a COP of 5 from the HVAC chillers, the resulting fuel 
savings are lower than those attainable by implementing an ORC unit (except when 
considering the containership with seawater as heat source). The implementation of an 
ORC unit absorbing heat to an intermediate glycol-water system that supplies cold energy 
to the ships HVAC system results in fuel savings, which are comparable to the use of an 
ORC unit which harvests heat from the engine jacket cooling water. Lastly, using the LNG 
cold energy recovery to pre-cool the engine scavenge air results in savings comparable to 
those of the HVAC case. In addition, the savings attainable by further cooling the engine 
scavenge air are highly affected by external air conditions, which has a direct impact on the 
amount of water vapor condensation occurring in the additional scavenge air cooler. This 
does not appear in the results of Table 3.6, because the containership is operated at 30 % 
load, where scavenging is supported by auxiliary blowers. 
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Table 3.6: Estimated LNG fuel savings attainable by implementing the various uses of the 
LNG cold energy recovery for the two reference vessels. The savings are expressed as a 
percentage of the main engine/s fuel consumption. 

LNG cold energy recovery unis Ferry Containership 
HVAC (COPHVAC = 3) 0.84 % 0.71 % 
HVAC (COPHVAC = 5) 0.50 % 0.43 % 
ORC (glycol-water, COPHVAC = 5) 1.09 % 0.50 % 
ORC (sea water) 0.72 % 0.26 % 
ORC (jacket water) 1.15 % 0.50 % 
ORC (exhaust gases) 2.37 % 0.87 % 
Scavenge air cooling (ISO conditions) - 0.41 % 
Scavenge air cooling (tropical conditions) - 0.44 % 

 

3.5 Discussion 
This chapter aimed at estimating the attainable fuel savings by implementing various 

possible applications for the LNG cold energy recovery on board commercial vessels. 
However, the feasibility and attractiveness of the various alternatives should not be 
evaluated merely from the energy savings perspective. Other aspects, i.e. the sensitivity of 
the fuel savings to the ship sailing conditions, the technical feasibility of the proposed 
concepts, and their economic attractiveness should be considered as well.  

When considering the possibility to utilize the LNG cold energy to reduce the energy 
consumption of the HVAC chillers, it is important to consider the efficiency curves of the 
chillers themselves, and to keep into consideration that an actual energy saving can be 
realized only if a cooling load is required on board. Given that the COP of the chillers is 
directly connected to the cooling water temperature used to condensate the refrigerant fluid, 
it follows that the using the LNG cold energy for HVAC purposes tends to be more 
attractive when the ship is sailing in warm climates. In this case, in fact, the cooling water 
is available at a higher temperature and a consequently the ship chillers operate with lower 
COPs. The estimated savings were here computed by assuming a constant value for the 
COP of the chillers, while these generally have varying efficiencies as a function of the 
load at which they operate. Nonetheless, assuming a constant COP does not lead to 
significant deviations in the results, because generally multiple chillers operating in parallel 
are installed. This ensures that the overall system is operating near the peak performance 
point, regardless of the required cooling load. Lastly, the requirement for HVAC cooling is 
dependent on the external air conditions and, therefore, the use of LNG cold energy might 
not be fruitful all year long. For example, the energy requirements are substantially lower 
in the Nordic countries (where the cooling load could be zero for several months), compared 
to tropical areas. 

When comparing the different uses of the LNG cold energy, the results indicate that, 
for both reference vessels, the highest savings can be attained by implementing an ORC 
unit using the ship exhaust gases as heat source, and the LNG cold energy as cold sink. The 
exhaust gases are generally used either for the generation of service steam or for power 
production by means of either an ORC or a SRC unit using seawater as cold sink. 
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Nonetheless, the analysis on the proposed exhaust gases to LNG ORC unit indicates that a 
limited amount of energy is extracted from the exhaust gases, and that, therefore, this 
solution could be used in combination with the other technical solutions for waste heat 
recovery. In addition, it is important to enlighten that the higher attainable savings are not 
due to a more efficient use of the LNG cold energy, but rather because this configuration 
exploits the exergy of both the exhaust gases and the LNG.  

The savings attainable by using the LNG cold energy to further cool down the main 
engine scavenge air appear to be highly dependent on the external air conditions. The 
savings drop significantly when the external air is characterized by a high relative humidity, 
because in this case a large fraction of the heat is used to condense the water vapor 
contained in the scavenge air, rather than to cool the air itself. For this specific use, the 
estimations were limited to the high pressure supply system and two-stroke LNG dual fuel 
engine. However, it is expected that even higher levels of water condensate could be 
generated when considering a low pressure supply system connected with a four-stroke 
LNG engine. This comes from the following aspects: i) a higher amount of LNG cold 
energy is available when considering a low pressure supply system; ii) the air-to-fuel ratio 
is lower in four-engines. This indicates that, a higher percentage of the heat transfer could 
potentially take place as latent heat when considering a low pressure supply system for the 
LNG. 

From a technical perspective, the ORC system represents the most challenging 
alternative, and requires the largest number of components to be installed. Conversely, the 
use of the LNG cold energy for HVAC purposes, or for cooling the engine scavenge air 
requires only the installation of an heat exchanger and, possibly, of an intermediate glycol 
loop for transferring the cold energy to where it is required. Consequently, it is expected 
that the ORC configuration would also result in the highest installation costs. On the other 
side, there are also other benefits connected with the installation of the ORC unit: the 
production is affected in a minor way by the variation of the external weather conditions, 
and the electricity can be used for a variety of purposes, meaning that the LNG cold energy 
can always be recovered in a useful and efficient manner. This is not valid for the other 
cases, because the recovery can be inefficient when the air humidity is high (engine air 
cooling case), or there could be no use for the recovered energy (HVAC case, when no 
cooling is required). 

3.6 Conclusions 
The present chapter investigates and compares different potential uses of liquefied 

natural gas cold energy on board commercial ships. The analysis was carried out for two 
reference vessels: a containership equipped with a high pressure liquefied natural gas 
supply system connected with a two-stroke dual-fuel engine, and a ferry equipped with a 
low pressure liquefied natural gas supply system connected with a four-stroke dual-fuel 
engine. The following uses were identified for the liquefied natural gas cold energy 
utilization: i) reduction of the cooling load of the chillers used for the heating, ventilation 
and air cooling system on board, ii) use as the cold sink for an organic Rankine cycle power 
system, and iii) cooling of the main engine scavenge air to enhance the engine performance. 
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The various solutions were compared with regards to the attained fuel savings, if 
implemented on board the two reference vessels 

The results of the study suggest that the attainable fuel savings, expressed in relative 
terms compared to the main engine consumption, are in the range from 0.50 % to 2.37 % 
for the ferry (low pressure fuel supply system) and from 0.26 % to 0.87 % for the 
containership (high pressure fuel supply system). The higher attainable savings for the ferry 
are due to the higher specific cooling capacity available from the liquefied natural gas when 
it is supplied to the engine at low pressure.  

For both vessels, the highest savings can be attained by implementing an organic 
Rankine cycle power system harvesting heat from the exhaust gases and rejecting it to the 
liquefied natural gas. When considering the use of the liquefied natural gas cold energy to 
supply cooling to the ship heating, ventilation and air conditioning system, the results 
indicate that the fuel savings are in the range from 0.43 % to 0.84 % of the main engine 
fuel consumption, depending on the estimated coefficient of performance of the ship 
chillers and reference vessel. 

Lastly, the results indicate that the prospects for using liquefied natural gas to cool 
further the main engine scavenge air are highly affected by ambient conditions. As much 
as 39 % of the overall heat transferred between the scavenge air and the liquefied natural 
gas stream is spent on condensing the water vapor contained in the scavenge air, when the 
vessel is operated in tropical conditions. This share drops to around 9 % when the vessel is 
operated in ISO conditions. 

 



 

4 Impact of NOx emission abatement technologies 

on the prospects for WHR††† 

The need to fulfill the updated emission regulations is leading to the 
installation of more complex machinery systems on board vessels. In 
this context, the use of NOx emission abatement technologies has a 
direct impact on the characteristics of the main engine exhaust gases, 
thereby impacting the prospects for ORC-based waste heat recovery 
units on board vessels. In this chapter, a method to optimize an ORC 
system is described and then applied to a feeder ship. The results of 
the investigations detail the impact of the Tier III regulation on the 
feasibility of waste heat recovery units, and the trade-offs between 
energy production, space requirement and economic performance of 
the ORC unit. 

4.1 Background and motivation 
The use of WHR units has been identified as a suitable technology to reduce the 

environmental impact of shipping, with estimated CO2 reductions up to 20 % [21]. The 
prospects for WHR by using ORC units are however highly dependent on the waste heat 
availability on board vessels. In this context, the novel legislation framework introduced 
by the IMO is having a direct impact on the savings that could be obtained by installing 
WHR units on board vessels. This is because the required reductions of the emissions of 
SOx [8] and NOx [9] can be attained either by switching to cleaner fuels, or by installing 
new equipment to purify the exhaust gases. In both cases, a change in the waste heat 
availability takes place, compared to the case of a traditional ship powered by heavy fuel 
oil. 

The use of cleaner fuels is a suitable solution to fulfill the SOx regulation and is 
generally connected with an increase of the prospects for WHR, because of the reduced 
needs for fuel preheating [29] and the reduced constraints in the WHR boiler design [26,29].  

On the other hand, the installation of emission abatement technologies is generally 
required in order to fulfill the Tier III NOx regulation (exceptions are some lean burn spark 
ignited or some dual fuel engines [46]). The NOx abatement technologies that are currently 
offered for two-stroke marine engines are based on the selective catalytic reduction (SCR), 
or exhaust gas recirculation (EGR) technologies [47]. Both solutions have a direct impact 
on the characteristics of the main engine exhaust gases. 

                                                 
††† This chapter is adapted from [JP1]. 
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The SCR is a chemical reactor where the NOx is reduced catalytically to nitrogen and 
water by adding ammonia as a reducing agent. Two solutions are currently available: 1) the 
high-pressure SCR (HP SCR), which is placed on the high-pressure side, before the 
turbocharger; and 2) the low-pressure SCR (LP SCR), which is placed on the low-pressure 
side, after the turbocharger. The installation of a SCR unit has a direct effect on the 
temperature level of the exhaust gases, because it requires to keep the exhaust gas 
temperature, at the inlet of the SCR unit, above 280 C to 350 C, depending on the exhaust 
pressure and the sulphur content in the fuel [47].  

The operation with an EGR system has an even more severe impact on the exhaust 
system configuration. In this case, part of the exhaust gases is recirculated to the scavenge 
air receiver. In this way, part of the oxygen in the scavenge air is replaced by CO2 from the 
combustion process, leading to lower peak temperatures in the combustion process and 
therefore to a decrease in the NOx formation [47]. ORC units designed to operate with 
engines using the EGR technology should therefore be optimized to harvest heat from both 
the exhaust gases and the exhaust stream that is recirculated back to the scavenge air 
receiver [49]. 

A limited amount of previous works investigated the prospects of installing WHR units 
on board vessels equipped with NOx emission abatement technologies. Theotokatos et al. 
[48] investigated the implementation of a SRC unit on board ferries operated with an SCR 
unit, while Andreasen et al. [49] considered the installation of a SRC unit on board a vessel 
operated with an EGR unit. In addition, Larsen et al. [50] considered, the optimization of 
ORC units on board vessels equipped with an EGR unit. The study was however limited to 
Tier II operation and did not include the possibility to harvest the waste heat from the 
exhaust stream recirculated to the scavenge air receiver. 

However, no previous study has assessed and compared the impact of the different 
NOx abatement technologies on the prospects for ORC-based WHR systems, meaning that 
there is no clarity regarding which solution could lead to the highest WHR potential. 
Additionally, previous studies overlooked two important design aspects for WHR units, 
namely the space requirements for the ORC unit, and the effect of the additional 
backpressure supplied to the main engine due to the installation of the WHR boiler. 

The space requirements for the ORC unit are an important aspect to be considered, 
because the minimization of the volume of the unit will increase the cargo capacity on board 
[147]. The ORC volume requirements were estimated for other applications [91], but, when 
considering the maritime applications, the only available work is the one from Rech et al. 
[148], who proposed a method to estimate the volume requirements of the ORC receiver. 

The additional backpressure on the engine is also an important factor to account for, 
because it directly correlates with a reduction of the engine performance. In this context, 
the work from Michos et al. [56] assessed the performance of a diesel engine as a function 
of the backpressure caused by an ORC unit, but did not analyze the impact of constraining 
the exhaust line pressure drop on the attainable ORC power output. 

The evaluations described in this chapter aim at providing insights regarding whether 
the introduction of NOx emission abatement technologies has a positive impact on the 
performance of ORC-based WHR units. The estimations are based on a feeder vessel 
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fuelled by a two-stroke engine powered by LNG, which operates in NECA zones. The 
findings contribute to the state-of-the-art by enabling: i) the identification of which NOx 
abatement technology ensures the most attractive conditions for the installation of an ORC 
unit, ii) the quantification of the impact of limiting the additional backpressure on the 
engine on the ORC performance, and iii) the estimation of the ORC volume requirements 
as a way to assess the feasibility of installing WHR units on board vessels. 

4.2 Methods 
The following subsections describe the characteristics of the selected feeder ship and 

the overall optimization routine used to carry out the evaluations. 

4.2.1 Case study and engine data 

The study addresses the implementation of a WHR unit on board a hypothetical 2,500 
TEU regional feeder powered by a 10.5 MW MAN 7S60E-C10.5-GI engine [149] that 
operates exclusively within NECAs. The implementation of a dual fuel engine with a pilot 
flame using low-sulphur oil ensures that the SOx regulation is complied, while the use of 
either EGR or SCR was considered with respect to the reduction of NOx emissions. It was 
assumed that the feeder was operated 4,380 hours annually, with the typical engine load 
profile shown in Figure 4.1. These are typical data for a feeder operating within NECAs. 

 

Figure 4.1: Typical annual load profile for the engine of a feeder operating within 
NECAs. 

The CEAS engine calculation tool from MAN Energy Solutions [136] was used to 
obtain the engine data for the LP and HP SCR tuning. The engine data for the EGR and 
Tier II cases was provided by MAN Energy Solutions [150]. It was assumed that the vessel 
is operated with LNG and low-sulphur pilot oil, and no lower limit on the exhaust gas 
funnel temperature was set. In addition, it was assumed that the vessel’s heating demand 
could be satisfied by using the waste heat available in the jacket water and scavenge air. 
This results from the lower heating requirements on board LNG-fuelled ships [29] and from 
the use of the low-sulphur oil for the pilot flame, which does not require preheating before 
injection into the engine [151]. Figure 4.2 shows the temperature and the mass flow rates 
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of the exhaust gas streams as a function of the main engine load for the different engine 
tunings. The use of the same engine operating under Tier II mode with WHR tuning was 
included as a reference case. 

 

Figure 4.2: Temperature of the main engine exhaust gases for various engine tunings 
as a function of the main engine load. EGRstream,2 represents the temperature of the 
exhaust stream that is recirculated to the engine scavenge air receiver [136,152]. 

4.2.2 ORC architecture in the EGR case 

When the ORC is installed as a bottoming unit of a marine engine operated using the 
EGR technology, two heat sources are available. In this study, it was decided to recover the 
waste heat contained in the EGR recirculated flow with a heat exchanger positioned in 
series with the heat exchanger recovering the heat contained in the bulk of the exhaust gases 
(see Figure 4.3). 

Turbine

Pump

Sea water

EGR

Exhaust 
gases

Condenser

WHR boiler

EGR WHR boiler

 

Figure 4.3: A sketch of the ORC unit recovering heat from an engine operated using 
the EGR technology. 

 



4 Impact of NOx emission abatement technologies on the prospects for 
WHR 

49 

 

 

 

For the EGR case, the ORC electrical output was computed as follows: 

  	 	η 	η 	 , 	 , 	 (35) 

Where , 	represents the additional power requirement of the EGR blower, which 
was estimated based on the additional pressure drop of the EGR stream in the EGR WHR 
boiler. This was computed assuming incompressible fluid behaviour of the exhaust gases: 

 
, 	 	

, 	
 (36) 

The density of the EGR gases were assumed to be equal to the one of air at 30 °C, 
because the EGR blower is commonly located after the EGR cooler, where the gas 
temperature is around 30 °C [47]. 

4.2.3 Overall optimization routine 

The performance of the ORC unit was optimized for each NOx abatement technology, 
and for each of the fluids listed in Table 2.1, except for R1233zd(E) and R1234yf. The 
overall optimization routine is show in Figure 4.4 and includes the design of the ORC unit 
and of its heat exchangers, the off-design performance evaluation of the unit as a function 
of the engine load, and the estimation of its NPV. 
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Figure 4.4: A sketch of the overall optimization procedure. 
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The fixed parameters and optimization variables considered in the simulations are 
described in Table 4.1 and Table 4.2. The optimization boundaries for the geometry of the 
fins and the tubes were attained from ESCOA [82] and Coulson et al. [90], respectively. 

Table 4.1: Fixed parameters in the overall optimization procedure. 

Parameter Value 
Electrical generator efficiency [%] 98 
Gearbox efficiency [%] 98 
Seawater pump efficiency [%] 70 
EGR blower efficiency [%] 70 
Organic Rankine cycle unit 
Turbine isentropic efficiency [%] 85 
Pump isentropic efficiency [%] 70 
Once-through boiler/EGR once-through boiler 
Layout Staggered (equilateral triangle) 
Material Carbon steel 
Carbon steel thermal conductivity [W/ m K] 48 
Tube thickness [mm] 2.0 
Condenser  
Layout Staggered (equilateral triangle) 
Material Carbon steel 
Tube pitch, relative to outer tube diameter [-] 1.4 
Tube thickness [mm] 2 
Seawater inlet temperature [°C] 15 
Seawater outlet temperature [°C] 20 

Table 4.2: Optimization variables in the overall optimization procedure. 

Optimization variable Lower bound Upper bound 
Engine load design point [%] 25 100 
Turbine inlet pressure [kPa] 100 0.8 Pcrit 

ORC superheating [°C] 5 150 
ORC mass flow rate [kg/s] 2 60 
Condensation temperature [°C] 15 40 
EGR gases outlet temperature [°C] 100 450 
OTB tube inner diameter [mm] 21.4 216 
OTB superheater tube inner diameter [mm] 21.4 216 
OTB tube length [m] 0.6 7.16 
OTB fin height [mm] 6.4 31.8 
OTB fin thickness [mm] 0.9 4.2 
OTB fin spacing [mm] 3.6 25.6 
OTB transversal pitch [mm] 42.85 114.3 
Condenser inner tube diameter [mm] 12 46 
Condenser tube length [m] 0.5 7.5 
Condenser baffle spacing [%] 20 200 
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The off-design performance of the ORC was evaluated as described in Section 2.2. 
Table 4.3 depicts the fluid that dominates the heat transfer process and the value used for 
the n exponent in the various heat exchangers. 

Table 4.3: Fluid dominating the heat transfer process and values of the n exponent for the 
various heat exchangers. 

Heat exchanger Limiting heat transfer fluid Exponent n 
WHR boiler  Exhaust gases/EGR gases 0.6 
Condenser (two-phase) Sea water 0.8 
Condenser (de-superheater) ORC fluid 0.6 

 

The heat exchangers generally have the largest influence on the volume of the unit 
[91], and therefore their total volume was assumed to give an indication of the ORC space 
requirement. The total volume of the heat exchangers (Vtot) was computed as 

 
, 	 ,  (37) 

The NPV of the unit was estimated following the procedure detailed in Section 2.5.1. 
A fuel price of 12 $/mmBTU, representative of the average cost of European natural gas 
and Japanese LNG in the years 2008 – 2016, was assumed [153]. The impact of the fuel 
price on the cost-effectiveness of the unit was estimated with local sensitivity analyses. In 
the sensitivity analyses, the LNG price was varied from 6 $/mmBTU to 18 $/mmBTU. 

The overall optimization routine was used for two purposes. At first, single objective 
optimizations were carried out, so to identify the maximum electricity production and NPV 
for the various cases. Secondly, a multi-objective optimization was carried out. The 
objective functions were in this case, the maximum ORC electricity production, the 
minimum volume requirement for the heat exchangers, and the maximum 25-years NPV of 
the unit. In both cases, the optimization routines were carried out using a combination of 
particle swarm and pattern search optimizers, available in the Matlab [37]. 

4.3 Results 
The following subsections detail the results attained by performing the overall 

optimization of the ORC unit on board the feeder ship. The comparison among the 
performance of the various working fluids is shown by the results of the single-objective 
optimizations, while the impact of the various NOx emission abatement technologies on the 
prospects for WHR recovery is detailed in the 2D projections of the results attained with 
the multi-objective optimizations. 

4.3.1 Single objective optimizations 

The maximum annual electricity productions and net present values obtained for the 
various configurations are shown in Figures 7 and 8, respectively. The estimated volumes 
in m3 for the ORC heat exchangers are also reported on top of the bars. The results of the 
single-objective optimizations suggest that both the highest electricity productions and 
NPV could be obtained for the EGR case. The HP SCR case leads to the lowest values for 
both parameters. The results suggest that the highest energy productions are 1,547 MWh 
(butane), 1,948 MWh (iso-pentane), 2,443 MWh (cyclopentane), and 1776 MWh 
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(cyclopentane) for the HP SCR, LP SCR, EGR and Tier II configurations, respectively. 
These values correspond to 4.7 %, 5.9 %, 7.4 % and 5.4 % of the main engine annual energy 
production and to a reduction of the ship annual CO2 emissions of 688.4 ton, 866.9 ton, 
1,087.1 ton and 790.3 ton, respectively (assuming that the auxiliary generators’ CO2 
emission factor is equal to 445 g/kWh [105]).  

 

Figure 4.5: Maximum electricity production for the various configurations; the values 
above the bars represent the estimated ORC heat exchanger volumes. 

 

Figure 4.6: Maximum NPV for the various configurations; the values above the bars 
represent the estimated ORC heat exchanger volumes. 

The values for annual energy productions are in line with the results of Mondejar et al. 
[26], who estimated that the installation of ORC units on board vessels powered by low 
sulphur fuels could lead to fuel savings in the range 5.9 % - 10 %. The highest NPVs 
obtained are 158,862 $ (cyclopentane), 551,323 $ (cyclopentane), 772,900 $ (cyclopentane) 
and 394,570 $ (cyclopentane) for the HP SCR, LP SCR, EGR and Tier II configurations, 
respectively.  

From a fluid selection point of view, cyclopentane, n-pentane and iso-pentane show 
similar performances with respect to the yearly attainable fuel savings. MM shows the 
lowest performance in all cases and no positive NPV could be attained for the HP SCR 
case. Cyclopentane results, as the best fluid candidate for the EGR configuration, in higher 
attainable energy production and NPV compared to the other working fluid candidates.  
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The estimated volumes for the ORC heat exchangers vary depending on the considered 
objective function and the selected emission abatement technology. The ORC 
configurations optimized to maximize the annual electricity production are the ones leading 
the highest space requirements, up to 36 m3. Conversely, smaller units are required to 
maximize the NPV. In this case, all the ORC units are estimated to have a volume between 
7 m3 and 15 m3, which corresponds to about 20 % to 45 % of the volume of a twenty-foot 
container.    

4.3.2 Multi-objective optimization 

A comparison among the four considered scenarios was carried out considering 
cyclopentane as the working fluid as it achieved the highest NPV for all scenarios. The 2D 
projections of the obtained Pareto fronts for the four scenarios are shown in Figure 4.7. 

 

Figure 4.7: 2D Pareto fronts for the four considered scenarios. 

The Pareto fronts suggest that, for small volumes, the ORC annual electricity 
production is strongly correlated to the volume of its heat exchangers. Units characterized 
by bigger heat exchangers result in higher savings, not least because with bigger heat 
exchangers it is possible to utilise a larger part of the heat from the heat sources. 
Nonetheless, the relationship between the two parameters is not strictly linear. After a 
threshold point dependent on the engine tuning and on the working fluid used, the increase 
in heat exchanger volume required to obtain a certain increment of the annual fuel saving 
increases substantially. This is due to two factors: i) the ORC power output can be increased 
by decreasing the heat exchangers’ pinch points; ii) the required heat exchangers’ heat 
transfer area increases to infinity when the pinch points approach zero.  

As shown in Figure 4.7(b) and Figure 4.7(c), there is a minimum value of the heat 
exchangers volume and annual electricity production, which enables the realization of 
positive net present values for the investment. If the unit is too small (resulting in low 
annual energy production and small volumes of the heat exchangers), the economic savings 
resulting from the installation of the ORC unit are not enough to pay off the investment 
within the expected service life. Second, the NPV curves also show a maximum after which 
the profitability of the investment starts to decline. After the maximum point for the NPV, 
the annual energy production can be increased only by introducing a large increment in the 
volume of the heat transfer equipment. 
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This consideration is also consistent with the trends of the ORC specific investment 
cost depicted in Figure 4.8. At low values of ORC unit design power output, higher annual 
electricity productions can be obtained by increasing the design power output of the ORC 
unit and, similarly, higher design power outputs result in lower specific costs of the unit. 
Nonetheless, the ORC specific investment costs reach a minimum at a certain value of the 
design power (515 kW, 514 kW, 782 kW and 540 kW, respectively for the four cases), see 
Figure 4.8. This is because, after a threshold point, increased power outputs could be 
obtained only by using substantially larger heat exchangers. 

 

Figure 4.8: ORC specific investment cost for the various scenarios as a function of the 
design power output. 

A comparison among the four scenarios suggests that the LP SCR case results in the 
highest NPV compared to the other scenarios, when the annual electricity production is 
below 1,700 MWh. The HP SCR case appears to be the least advantageous scenario in 
terms of both achievable fuel savings and attainable NPV. The EGR case, meanwhile, 
results in the highest NPV values.  Nonetheless, the optimized ORC units for the EGR 
scenario are the most cost-effective only when the ORC unit produces large amounts of 
energy and is equipped with large heat exchangers (see Figure 4.7(b) and Figure 4.7(c)). 
This is because the WHR boiler of the EGR ORC is sub-divided into two sections (one 
utilizing heat from the exhaust gases and the other from the EGR gases) and will therefore 
be more expensive than the WHR boiler installed on the other configurations. 

Figure 4.9 shows the off-design performance of the three ORC configurations that led 
to the maximum NPV in the four scenarios. The net power outputs in off-design conditions 
were normalized with those obtained at design conditions in order to compare the 
configurations. The figure indicates that the EGR and LP SCR configurations exhibit 
similar behaviour when the engine load decreases, except for the high ranges where the LP 
SCR is able to maintain an almost constant power output. The HP SCR configuration shows 
instead a sharp decrease of the power production, especially when the engine load is 40 % 
to 45 %, and 80 % to 90 %. This is associated with a decrease in the exhaust gas temperature 
at the corresponding engine loads (see Figure 4.2). The Tier II configuration is the one 
showing the poorest performance at low engine loads, due to the sharp decrease in the 
exhaust gases temperature. 
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Figure 4.9: ORC normalized net power output as a function of the main engine load for 
the ORC configurations maximizing the NPV in the various scenarios. Cyclopentane is 
considered as working fluid. 

Figure 4.10 depicts the results of the sensitivity analyses carried out to assess the 
impact of the fuel price on the cost-effectiveness of the ORC units. The plot depicts the 
NPV values of the optimized configurations as a function of the LNG fuel price and suggest 
that this parameter has a significant impact on the cost-effectiveness of the units. 

 

Figure 4.10: Sensitivity analysis: impact of the LNG price on the estimated NPV. 

4.4 Discussion 
The following subsections discuss in details the main results obtained.  The main topics 

covered are the following: i) impact of the selected scenario and organic Rankine cycle 
configuration; ii) organic Rankine cycle space requirements; iii) factors affecting the 
economic results; and iv) impact of the boiler design constraints on the attained results.  

4.4.1 Scenarios and ORC configurations 

The results of the multi-objective optimizations are strictly related to the 
characteristics of the heat sources used by the ORC units in the three selected scenarios. 
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The temperature of the exhaust gas is the lowest when the engine is equipped with a HP 
SCR unit and this scenario therefore yields the lowest annual fuel savings.  

In the EGR scenario, the ORC unit utilizes heat from two sources, which differ both 
in mass flow rate and temperature. Figure 4.11 shows the T-Q̇ diagram of an optimized 
ORC configuration harvesting heat from an engine equipped with an EGR unit. The 
recirculated gases in the EGR unit are at high temperatures, but have a relatively low mass 
flow rate. Conversely, the exhaust gases are in this case at a relatively low temperature but 
have higher mass flow rates. The implementation of the proposed ORC configuration 
featuring two WHR boilers in series is not particularly effective in recovering the high 
exergy EGR stream, resulting in high exergy destructions in the EGR WHR boiler (see 
Figure 4.11). Preliminary calculations were carried out in order to assess the benefit of 
implementing dual pressure ORC systems [154], but the results did not suggest substantial 
improvements in the ORC performance.  

 

Figure 4.11: T-Q̇ diagram of an optimized ORC configuration harvesting heat from an 
engine equipped with an EGR unit. 

In any case, operating ORC units utilizing heat from both the exhaust gases and the 
EGR recirculated stream could result in technical challenges, including the need to install 
the two WHR boilers close to each other and the need to bypass the EGR WHR boiler when 
the EGR unit is not in operation. In addition, it should be mentioned that the EGR stream 
is generally cooled using a cooler spray [47] and thus the introduction of the EGR WHR 
boiler would likely result in significant changes in the design of the EGR unit itself. A 
comparison with the Tier II case suggests that the use of NOx abatement technologies, 
except for the HP SCR case, results in an increased potential for WHR units. This is due to 
the higher temperatures at which the exhaust gases are discharged after the engine 
turbochargers and emission abatement units. 

4.4.2 ORC space requirements 

The ORC space requirements were estimated by computing the volume required by 
the heat transfer equipment, as this generally represents the highest share of the unit space 
requirement [91]. In order to ensure that the unit is able to perform properly during transient 
operation, accumulators should also be installed after the condenser and the boiler. The 
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volume of these accumulators depends on the dynamic events that the ORC unit is subjected 
to and can be estimated only through dynamic simulations [148]. Such simulations are, 
however, beyond the scope of the present work.  

Furthermore, it should be noted that specific volume constraints might apply to the 
different ORC components in accordance with the specific location where they should be 
installed. As an example, the WHR boiler is generally located in the exhaust stack, while it 
is reasonable to install the condenser together with the other cooling systems where it is 
possible to pump seawater as cooling fluid. Nonetheless, the estimated volumes are lower 
than the space requirement for a standard twenty foot container and therefore it is expected 
that the installation of the ORC unit will not have a significant impact on the cargo capacity 
of the considered feeder ship. 

4.4.3 Economic considerations 

The economic performance of the ORC unit depends on three main factors: the cost of 
the unit, the cost of the LNG fuel and the ORC annual production. The procedure used to 
estimate the ORC cost is suitable for preliminary estimations. The sensitivity analyses 
indicated that the NPV is strongly affected by the cost of the ORC unit and the fuel price, 
making it challenging to give a clear answer with respect to the cost-effectiveness of WHR 
units for maritime applications.  

One should also take into consideration that the considered feeder operates mostly at 
high engine loads, which means that the ORC units will perform at a high thermal 
efficiency. On the other hand, the considered feeder operates only 4,380 hours annually and 
this has a considerable impact on the annual economic savings. The implementation of 
ORC units on board larger container ships operating on longer routes would be more cost-
effective, as they can be sailing up to 6,500 hours annually.  

On the other hand, larger container ships generally operate in slow steaming mode so 
a combined optimization of the ORC design and of the main engine tuning would have to 
be performed in order to maximize the efficiency of the overall system [50]. It should also 
be mentioned that high operational costs might arise due to the implementation of SCR 
units on board vessels. Yang et al. [155] estimated the annual operating expenses to be up 
to 150,000 $ for a SCR unit. These costs were not considered in this study, as the 
investigations were limited to the estimation of the economic prospects of installing ORC 
units in the various scenarios. 

4.4.4 Boiler design considerations 

In this study it was assumed that the fuel did not contain any sulphur and therefore no 
limitation was set on the minimum boiler feed temperature. As detailed in Andreasen et al. 
[29], an ORC configuration needs to include an internal recuperator and a jacket water 
preheater in case the sulphur content in the fuel is not negligible. In the aforementioned 
study, the minimum boiler feed temperature was set to 148 °C and 125 °C for a fuel with a 
sulphur mass content of 3 % and 0.5 %, respectively. Another important parameter to be 
taken in to account is the exhaust gases dew point temperature, which was estimated to be 
around 50 °C for the exhaust gas composition considered in this study. The estimations 
were carried out with Aspen Plus [156] using the models developed by International 
Association for the Properties of Water and Steam [157], as presented in Wagner et al. 
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[158,159]. In all the investigated scenarios, the exhaust gas temperature at the outlet of the 
WHR boiler was above the estimated dew point temperature, meaning that severe issues 
related to water condensation should not be expected. Nevertheless, local condensation of 
water droplets can be expected as the working fluid temperature at the inlet of the WHR 
boiler is lower than 50 °C. This was assumed to have a negligible impact on the system 
operation. 

Additional simulations were carried out for the LP SCR case as a way to quantify the 
impact of the boiler design constraints (maximum gas side pressure drop and minimum gas 
velocity between the tubes) on the attainable NPV values. The results of these additional 
optimizations suggest that relaxing the pressure drop constraint to 3 kPa and 4.5 kPa would 
lead to a relative increment of the attainable NPV by 51 % and 72 %, respectively. 
However, in order to make a more thorough evaluation of the effects of reducing the 
pressure drop constraint, more comprehensive estimations need to be carried out, as an 
increased pressure drop on the exhaust gas side would result in an increased fuel 
consumption of the main engine. It would therefore be necessary to identify an optimum 
design of the ORC unit taking into account both the ORC and the main engine performance.  

Lastly, it was estimated that allowing a minimum gas velocity of 18 m/s and 15 m/s 
would result in an increment of the attainable NPV by 17 % and 37 %, respectively. The 
implemented constraint in the present study of 20 m/s comes from industry experience for 
HFO-fuelled vessels [35]¸but it is expected that lower velocity can be accepted for LNG-
fuelled vessels, because of the cleaner nature of the LNG fuel. 

4.5 Conclusions 
This chapter investigated the optimal design of cost-effective ORC units on board a 

hypothetical LNG-fuelled feeder vessel operating in NECA zones. Three scenarios were 
investigated considering different technologies to comply with the NOx legislation, 
including a high pressure SCR, a low pressure SCR and an EGR unit. Simulations were 
carried out also for the Tier II case, so to assess the impact of the emission abatement 
technologies on the prospects for waste heat recovery. The comparison among the scenarios 
was based on a multi-objective optimization procedure, as a way to evaluate the trade-off 
between the annual electricity production, the space required for the heat exchangers and 
the unit profitability, assessed by means of the 25-year net present value.  

The results of the study suggest that the implementation of an ORC unit for waste heat 
recovery represent a more cost-effective solution when a vessel is equipped either with a 
low pressure selective catalytic reactor or an exhaust gas recirculation unit, rather than 
when the vessel is equipped with high pressure selective catalytic reactor unit or is operated 
in Tier II mode. The temperature of the exhaust gases available for the organic Rankine 
cycle unit are lower when the feeder is equipped with a high-pressure selective catalytic 
unit and this limits the potential for waste heat recovery with respect both to the annual 
electricity production and its economic advantage. The exhaust gas recirculation scenario 
leads to the highest energy production (up to 7.4 % of the main engine annual energy 
production) and to the highest net present value (772,900 $), but results in the largest heat 
exchanger volumes. This results from the need to implement organic Rankine cycle units 
with two waste heat recovery boilers, one harvesting heat from the exhaust gases and one 
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harvesting heat from the exhaust gas recirculated stream. In the low-pressure selective 
catalytic reactor scenario, the optimized organic Rankine cycle units are able to produce up 
to 5.9 % of the main engine annual energy production with a net present value up to 551,323 
US $. 

The results indicate that the economic optimum does not correspond to the design 
leading to the highest energy production. Above a certain threshold, dependent on the 
scenario and the working fluid selected, the unit annual energy production could be 
increased only by installing substantially larger heat exchangers leading to a decreased net 
present value. Furthermore, the results suggest that the cost-effectiveness of the organic 
Rankine cycle unit is strongly dependent on the liquefied natural gas price and the waste 
heat recovery boiler design constraints (acceptable additional backpressure on the main 
engine and minimum gas velocity between the tubes). The comparison with a vessel 
powered with and engine tuned for WHR and fulfilling the requirements of the Tier II 
regulation, suggests that the need to fulfil the Tier III regulation results in increased 
prospects for installing waste heat recovery units, except for the high pressure selective 
catalytic reactor case. 
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5 Design of ORC units accounting for 

backpressure effects on the engine‡‡‡ 

The installation of an organic Rankine cycle unit on the exhaust line 
of a marine engine imposes an increase in the backpressure on the 
engine, resulting in a decrease of the engine performance and a 
variation of the available waste heat. This chapter describes a method 
for the optimization of organic Rankine cycle power systems for waste 
heat recovery in marine applications, which accounts for the 
backpressure effects on the main engine. The method is based on the 
use of performance maps for the engine and numerical models for the 
organic Rankine cycle unit and the waste heat recovery boiler. The 
method is evaluated on a hypothetical containership fuelled by 
liquefied natural gas showing that the optimal design point of the 
overall system is dependent on the engine performance maps, and that 
there is a trade-off between the power output of the organic Rankine 
cycle unit and the volume requirements of the waste heat recovery 
boiler. 

5.1 Background and motivation 
The installation of ORC units for WHR on board vessels leads to an increase in the 

complexity of the overall machinery system. In particular, the installation of the WHR 
boiler on the exhaust line of the engine results in an increased backpressure level on the 
engine itself, which can lead to a decrease of the engine performance and to a variation of 
the waste heat availability in the exhaust gases. The impact of the increased backpressure 
on the engine performance has been previously investigated both in experimental and 
numerical works. 

Tauzia et al. [51] developed an engine simulation code assessing the impact of exhaust 
backpressure on the performance of a marine engine and showed that an increase in 
backpressure can lead to lower air-to-fuel ratios and an increased exhaust gas temperature. 
Hield [52] simulated the effects of backpressure on a turbocharged diesel engine used for 
submarine propulsion, highlighting the non-linearity of the effects of a fluctuating 
backpressure on the main engine. The results of the study indicated that most of the non-
linear behavior of the engine could be attributed to the turbocharger. Mittal et al. [53] 
conducted an experimental study to quantify the effects of exhaust backpressure on 

                                                 
‡‡‡ This chapter is adapted from [JP2]. 
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performance and exhaust gas emissions characteristics of a diesel engine for generator 
applications and showed that the backpressure has a limited impact on the engine fuel 
consumption at high engine loads. Sapra et al. [54] carried out experimental investigations 
and developed a mean value engine model to characterize the effects of backpressure on 
marine engines. They concluded that the air-excess ratio, exhaust receiver and exhaust 
valve temperature are the most critical parameters to consider when running an engine 
against a high backpressure. 

There are only a few previous studies considering the interaction between the 
additional backpressure and the ORC/SRC unit design and its impact on the engine 
performance. However, all but one of these studies are related to the automotive sector, or 
consider stationary engines. Katsanos et al. [55] investigated the implementation of 
Rankine-based WHR units for truck applications and estimated that the installation of a 
SRC bottoming cycle would result in an increase of the engine backpressure by 2.2 kPa. 
As a consequence, the authors suggested that the WHR unit would have a limited impact 
on the engine performance. Di Battista et al. [160] discussed the effects of the pressure 
losses produced by an ORC power unit mounted on the exhaust line of a turbocharged 
IVECO F1C engine, operated on a test bench and concluded that the use of plate heat 
exchangers could lead to a backpressure increase exceeding 25 kPa. Yamaguchi et al. [161] 
investigated two different boosting strategies to counterbalance the increased backpressure 
on the exhaust line of a six-cylinder heavy duty diesel engine and concluded that the 
installation of an ORC unit could lead to an improvement in fuel economy of 2.6 %. 

Only the work of Michos et al. [56] addressed the maritime sector. They numerically 
investigated the performance of advanced turbocharging techniques against the 
backpressure caused by fitting an ORC unit in the exhaust line of a 1.5 MW high-speed 
diesel engine, used as a generator set in maritime applications. The authors of this study 
focused on the assessment of the engine performance as a function of the backpressure 
caused by the ORC unit. However, the additional backpressure supplied to the engine due 
to the installation of the ORC unit was assumed, rather than estimated based on the design 
of the WHR heat exchanger. 

This chapter presents a method to design ORC power systems for WHR in maritime 
applications by accounting for the effect of increased backpressure on the performance of 
both the main engine and the ORC unit. This is accomplished by combining the use of 
numerical models for the ORC unit and the WHR boiler, and performance maps describing 
the behavior of the engine as a function of the additional backpressure caused by the ORC. 

In contrast with the previous works, the method here presented includes the estimation 
of the backpressure supplied to the engine by means of a WHR boiler design model. The 
use of a WHR boiler design model makes it possible: i) to estimate accurately the ORC 
power production; ii) to quantify the space requirements for the WHR boiler; and iii) to 
quantify the relationship between backpressure supplied to the engine and the space 
requirement for the WHR boiler.  

The need to include the boiler model as part of the overall procedure is supported by 
the results presented in Section 5.3, which enlighten how failing to include specific 
performance estimations for this component could lead to an overestimation of the 
attainable savings. 
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5.2 Methods  
The evaluations are based on the installation of an ORC unit on board an hypothetical 

vessel powered by a 23 MW MAN 6S80ME-C9.5-GI engine with part-load tuning. The 
engine is powered by LNG, and its main characteristics, retrieved from the MAN CEAS 
calculation tool [136], are listed in Table 5.1. The data for the engine exhaust gases are 
reported for the engine operated at full load.  

Table 5.1: Main characteristics of the engine 6S80ME-C9.5-GI. 

Parameter Value 
Nominal power output [kW] 23,000 
Nominal speed [r/min] 74.0 
Exhaust gas temperature [°C] 251 
Exhaust gas flow rate 51.9 

 

The values of the table refer to the engine operated with a backpressure of 3 kPa [35]. 
Figure 5.1 shows the variation of the performance of the engine as a function of the 
backpressure supplied to the engine; the data was provided by MAN Energy Solutions 
[150]. The indicated SFC increases as a function of the backpressure level and includes 
both the LNG and the pilot oil consumptions. The impact of varying the engine 
backpressure was limited to the range from 3 kPa to 6 kPa, because 6 kPa is the maximum 
allowable design backpressure for the considered two-stroke engine, operated at 100 % 
load [150].  

 

Figure 5.1: Engine performance as a function of the backpressure level. Source: MAN 
Energy Solutions [150]. 

The evaluations of the ORC cycle included both simple and non-recuperated 
configurations and were based on the design model described in Section 2.1. Cyclopentane 
was considered as working fluid, because it was proven to be a good fluid candidate both 
from the technical and economic perspectives (see Chapter 4). Nonetheless, the selection 
of the working fluid is not expected to have a significant impact on the relationship between 
attainable power output and backpressure supplied to the engine. 

The turbine and the pump were modelled with a fixed value of the isentropic 
efficiency, the recuperator was modelled with a minimum pinch point approach, and a fixed 
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temperature for the working fluid condensation was imposed. The pressure drops in the 
recuperator and condenser were neglected. 

The performance of the WHR boiler was based on the design model described in 
Section 2.3. 

5.2.1 Overall optimization routines  

The engine performance map, the ORC and OTB models were combined in order to 
create an optimization framework suitable to evaluate the impact of changing the maximum 
allowed backpressure level to the engine on the performance of the overall system in terms 
both of fuel consumption and volume requirements for the OTB. Figure 5.2 depicts a sketch 
of the optimization routine that was used to investigate the impact of varying the allowed 
engine backpressure on the optimal design of the ORC unit, and on the performance of the 
overall system. Single objective optimizations were carried out. 

Engine backpressure

ORC optimization 
variables

Exhaust gas 
characteristics

Fixed input 
parameters

OTB optimization 
variables

ORC model (no 
pressure drops)

OTB model

ORC model (with 
pressure drops)

ORC Ẇnet

OTB volume

Optimization routine

yes

no
ΔPgas = targetDiscard solution

 

Figure 5.2: Sketch of the ORC optimization routine. 

Multiple optimizations were carried out in order to investigate the optimal design of 
the ORC unit as a function of the selected backpressure level. For each optimization run, 
the backpressure level to the engine was fixed, and the designs of the ORC unit and of the 
OTB were optimized so as: i) to match the predefined pressure drop in the exhaust gases 
side, and ii) to fulfill a constraint on the minimum allowed boiler pinch point temperature 
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difference (min ΔTpp,OTB). The outputs of the calculation routine were the ORC net power 
output and the volume of the OTB (VOTB). 

In order to evaluate the impact of including the detailed OTB model in the overall 
optimization procedure, additional simulations were carried out where the OTB boiler 
calculation was by-passed and the feasibility of the ORC designs was checked only by 
evaluating the minimum pinch point temperature of the heat transfer process. 

According to the recommendations from MAN Energy Solutions, it was assumed that 
the engine exhaust piping accounts for a pressure drop of 1.5 kPa [35]. Therefore, for every 
backpressure level imposed on the engine, the maximum allowed pressure drop of the 
exhaust gases in the OTB was computed as 

  ∆ , 	 ∆ 1.5	kPa (38) 

Table 5.2 and Table 5.3 show the list of the fixed input parameters and optimization 
variables, which were considered in this study. 

The overall optimization procedure was used for two purposes: i) to investigate the 
variation of the maximum ORC power production as a function of the backpressure level 
to the engine; and ii) to assess the minimum volume requirement for the OTB boiler as a 
function of the backpressure level to the engine and of the ORC power output. 

In the first case, the ORC net power output ( ) was selected as the objective for the 
optimization, and constraints were imposed on the exhaust gases pressure drop across the 
OTB and on the minimum pinch point temperature in the OTB. The optimization problem 
was therefore set as: 

  																									 	 						 

(39) 
 

	
∆ , 	 ∆ 1.5	kPa
∆ , 	∆ , 																				 

In the second case, the OTB volume ( 	was selected as the objective for the 
optimization, and constraints were imposed on the minimum ORC power output and on the 
OTB pinch point and pressure drops 

  																								 	 						 

(40)  

	 	

∆ , 	 ∆ 1.5	kPa
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The overall performance of the system comprising the ship engine and the ORC unit 
was evaluated by means of the overall system specific fuel consumption ( 	 . This 
represents the specific fuel consumption of the system comprising both the engine and the 
ORC unit, and was calculated as follows: 

 
	 	

	
 (41) 
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Where 	is the engine specific fuel consumption, which was varied as a 
function of the additional backpressure supplied to the engine (see Figure 5.1).  

The evaluations of the OTB volume requirements and of the overall performance of 
the system were carried out only for the non-recuperated ORC unit, because the results 
indicated that the use of a recuperator resulted in a negligible increase of the maximum 
attainable power production, while requiring the use of a more complex and thus more 
expensive unit layout. 

The overall system-specific fuel consumption was calculated also by using the engine 
data described in the work by Michos et al. [56], thereby demonstrating that the proposed 
method is capable of replicating previously published results. When carrying out the 
simulations with the data from the previous study, the pressure drops across the exhaust 
line pipes were set to zero in order to be consistent with the approach used in Ref. [56]. 

The optimization routines were carried out using a combination of pattern search and 
particle swarm optimizers, available in the Matlab optimization toolbox. The use of 
evolutionary algorithms for the optimization routines follows the recommendations of 
Astolfi et al. [162], indicating their suitability to find global optima in design optimizations 
of ORC units. The solution attained through the evolutionary algorithm (particle swarm) 
was further refined by running the pattern search optimization routine using the solution of 
the evolutionary algorithm as a starting point. The particle swarm optimizer was run for 
100 generations using a swarm size of 5,000 individuals, while the pattern search 
optimization routine was executed for 500 iterations. 

Table 5.2: Fixed parameters in the overall optimization procedure. 

Parameter Value 
Electrical generator efficiency [%] 98 
Gearbox efficiency [%] 98 
Seawater pump efficiency [%] 70 
Organic Rankine cycle unit 
Turbine isentropic efficiency [%] 85 
Pump isentropic efficiency [%] 70 
Fluid condensation temperature [°C] 30 
Recuperator minimum pinch point [°C] 20 
Seawater inlet temperature [°C] 15 
Seawater outlet temperature [°C] 20 
Once-through boiler/EGR once-through boiler 
Layout Staggered (equilateral triangle) 
Material Carbon steel 
Carbon steel thermal conductivity [W/ m K] 48 
Tube thickness [mm] 2.0 
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Table 5.3: Optimization variables in the overall optimization procedure. 

Optimization variable Lower bound Upper bound 
Turbine inlet pressure [kPa] 100 0.8 Pcrit 
ORC superheating [°C] 5 90 

ORC mass flow rate [kg/s] 1 60 
OTB tube inner diameter [mm] 21.4 216 
OTB superheater tube inner diameter [mm] 21.4 216 
OTB tube length [m] 0.6 7.16 
OTB fin height [mm] 6.4 31.8 
OTB fin thickness [mm] 0.9 4.2 
OTB fin spacing [mm] 3.6 25.6 
OTB transversal pitch [mm] 42.85 114.3 
 

5.3 Results 
The results attained in the case study are displayed in the following subsections. 

5.3.1 Impact on the design of the ORC unit 

Figure 5.3 shows the maximum ORC power output attainable as a function of the 
engine backpressure and the minimum acceptable boiler pinch point temperature. The 
results are attained for the non-recuperated ORC and indicate that given a specific value 
for the engine backpressure, the ORC power output tends to increase linearly when 
decreasing the minimum acceptable pinch point in the OTB. Nonetheless, this appears not 
to be true when considering an engine backpressure of 3 kPa. In this case, after some 
threshold value, the ORC power output remains constant. This happens because it is not 
possible to find a suitable design for the OTB that matches the backpressure constraint with 
the minimum allowed pinch point temperature. This suggests that the choice of the heat 
exchanger technology to be used for the OTB and the set of constraints for the exhaust 
gases (maximum allowed pressure drop and minimum velocity) result in a minimum 
attainable boiler pinch point. In particular, the minimum pinch point temperature in the 
OTB that could be attained with the considered set of constraints is equal to 18.8 C. 

Secondly, it is noted that by allowing a higher backpressure on the engine, it is possible 
to design ORC units with higher net power outputs. On average, the ORC net power output 
increases by 6 % when increasing the allowed backpressure by 1.5 kPa. This results from 
the fact that an increase by 1.5 kPa in the engine backpressure leads to an increase in the 
exhaust gases temperature by around 5 C, and a reduction of the exhaust gases mass flow 
rate by around 1.1 %. The impact of setting a higher backpressure level on the engine gets 
larger when the minimum allowed pinch point temperature in the OTB is below 20 C. This 
results from the fact that allowing a higher backpressure on the engine, and as a 
consequence a higher pressure drop in the OTB, enables the attainment of OTB designs 
where pinch point temperatures as low as 10 C can be obtained. 
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Figure 5.3: Impact of backpressure and pinch point constraints on the attainable ORC 
net power output. 

Figure 5.4 depicts the maximum attainable ORC power output when setting the engine 
backpressure to 3 kPa. Three cases are investigated: i) non-recuperated ORC; ii) 
recuperated ORC; and iii) non-recuperated ORC simulated without the OTB model. The 
results indicate that the recuperated and non-recuperated ORC lead to a similar trend in the 
attainable power output. The use of a recuperated ORC leads to an increase in the attainable 
power output by 2.1 %, when the minimum allowed boiler pinch point is lower than 20 C. 
This is because the use of the recuperator allows for decreasing the minimum attainable 
OTB pinch point temperature from 18.8 C to 17.4 C. 

 

Figure 5.4: Impact of using a recuperator/neglecting the OTB boiler model on the 
maximum attainable ORC power output. The engine backpressure is set to 3 kPa. 

On the other hand, significant differences appear when the ORC power output is 
estimated without accounting for the OTB model. In this case, the ORC power output 
increases linearly with the minimum allowed OTB pinch point constraint, leading to a 
considerable overestimation of the attainable power when the pinch point constraint is 
below 20 C. In particular, the attainable power output is overestimated by 15 %, when 
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considering a minimum pinch point of 10 C. This happens because when the OTB design 
is excluded from the analysis, the design constraint on the maximum pressure drop on the 
exhaust gas side is disregarded. The differences in the estimated power output when the 
pinch point temperatures are above 20 C are due to the fact that the working fluid pressure 
drops in the OTB were set to zero when by-passing the OTB model. 

5.3.2 Impact on the volume requirements 

Figure 5.5 shows the impact of the engine backpressure and ORC power output on the 
minimum required OTB volume for the non-recuperated ORC case. The results suggest 
that the OTB volume increases when designing ORC units with higher net power outputs. 
This increment is nearly exponential and results from the fact that higher power outputs can 
be attained only by accepting a lower pinch point temperature in the OTB. Considering the 
impact of the imposed gas-side backpressure constraint, it appears that, for a given power 
output of the ORC unit, allowing higher pressure drops in the OTB results in a sharp 
decrease in the required OTB volume. In particular, considering an ORC net power output 
of 1,300 kW, the required OTB volume is of 7.37 m3, 5.60 m3, and 4.76 m3, respectively, 
for an engine backpressure of 3 kPa, 4.5 kPa and 6 kPa. On a relative basis, the required 
volume decreases by 24 % and 35 %, when relaxing the backpressure constraint from 3 kPa 
to 4.5 kPa and 6 kPa, respectively. This suggests that allowing increased gas-side 
backpressures allows more compact designs for the OTB. From the engine perspective, 
increasing the backpressure from 3 kPa to 4.5 kPa and 6 kPa results in an increase of the 
SFC by 0.19 g/kWh and 0.38 g/kWh, respectively. In relative terms, the engine SFC 
increases by 0.13 % and 0.27 % when increasing the backpressure from 3 kPa to 4.5 kPa 
and 6 kPa, respectively. 

 

Figure 5.5: Impact of backpressure and ORC power output constraints on the minimum 
OTB volume requirements. 

5.3.3 Impact on the overall system performance 

Figure 5.6 and Figure 5.7 show the impact of installing the non-recuperated ORC unit 
on the specific fuel consumption of the combined system.  
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Figure 5.6: Impact of backpressure and pinch point constraints on the overall 
machinery system performance. The engine specific fuel consumption without the WHR 
unit is of 141.2 g/kWh. 

Figure 5.6 is based on the engine data that was presented in this thesis (see Figure 5.1), 
while Figure 5.7 is based on the engine data provided in Michos et al. [56]. Specifically, 
the plots show the overall system SFC as a function of the engine backpressure and 
minimum acceptable pinch point temperature in the OTB. 

 

Figure 5.7: Impact of backpressure and pinch point constraints on the overall 
machinery system performance. The results are attained using the engine performance 
data provided in Michos et al. [56]. The engine specific fuel consumption without the 
WHR unit is of 183.8 g/kWh. 

Looking at Figure 5.6, it is possible to conclude that when the OTB minimum pinch 
point is set to 20 C, there is an almost linear trend between the overall system SFC and the 
engine backpressure. Such linear trend was also found in the work of Michos et al. [21]. 
However, the results presented in the work of Michos et al. [21], which were successfully 
replicated in this work (see Figure 5.7), indicated an increase of the overall system SFC 
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when increasing the engine backpressure. However, the results attained using the engine 
data presented in this work suggest the opposite trend (see Figure 5.6). 

The difference in the trend is not due to the applied method (because the trend of the 
previous work was replicated using the method presented in this work) and can be explained 
by the fact that Michos et al. [56] considered a four-stroke auxiliary engine whose specific 
fuel consumption is more affected by the backpressure in comparison to the two-stroke 
engine considered in the present work. In addition, the engine turbocharging strategy 
utilized in Michos et al. [56] leads to lower variations in the exhaust gases temperature as 
a function of the additional backpressure, making the attainable ORC net power output less 
dependent on the engine backpressure. 

In both cases, the selected backpressure level has a limited impact on the overall 
system SFC. For example, when considering a minimum pinch point temperature of 20 C 
for the OTB, the installation of the ORC unit leads to a reduction of the overall system SFC 
(compared to the engine base SFC of 141.2 g/kWh) by 5.5 %, 5.8 % and 5.9 %, when 
setting the engine backpressure to 3 kPa, 4.5 kPa and 6 kPa, respectively. 

Based on the results shown in Figure 5.6, it is possible to conclude that the trends for 
the cases where the boiler pinch point is constrained to 15 C and 10 C show a sharp 
decrease when increasing the engine backpressure from 3 kPa to 4.5 kPa. These sharp 
decrements correspond to the sharp increases in the attainable ORC power output, which 
were reported in Section 5.3.1 (see Figure 5.4). As previously explained, constraining the 
engine backpressure to 3 kPa does not enable the attainment of ORC configurations which 
reach the minimum allowed OTB pinch point temperature. Therefore, allowing a higher 
engine backpressure results, in these cases, in greater SFC decrements compared to when 
the minimum OTB pinch point is set to be greater than 20 C. 

In particular, the overall system SFC decreases by 0.72 g/kWh and 1.19 g/kWh when 
relaxing the backpressure constraint from 3 kPa to 4.5 kPa, with a boiler pinch point 
constraint of 15 C and 10 C, respectively. Similarly, relaxing the backpressure constraint 
up to 6 kPa results in a reduction of the overall system SFC by 0.52 g/kWh, 0.95 g/kWh 
and 1.45 g/kWh compared to the 3 kPa case, for a minimum boiler pinch point of 20 C, 
15 C and 10 C, respectively. 

Figure 5.8 shows a comparison of the estimated overall system SFC when including 
the OTB model in the overall methodology, and when estimating the ORC performance 
just by imposing a boiler minimum pinch point temperature. The presented case is the most 
extreme when the minimum OTB pinch point is set to 10 C. 

The figure indicates that by not considering the design of the OTB and its constraints, 
it is possible to overestimate the SFC savings that are attainable by implementing an ORC 
unit. This happens because, as previously discussed and shown in Figure 6, the boiler 
design constraints hinder the attainment of the assumed minimum pinch point temperatures. 
As a consequence, the ORC net power output is lower compared with that of an approach 
not considering the design of the OTB and its constraints. In particular, when setting the 
engine backpressure to 3 kPa, the estimated overall system SFC was estimated to be 133.34 
g/kWh and 132.24 g/kWh, when considering the two modelling approaches, respectively. 
In relative terms, the savings correspond to a reduction by 5.6 % and 6.3 % of the engine 
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SFC, respectively. This indicates that the implementation of an approach which does not 
include a suitable OTB model can lead to a noticeable overestimation of the attainable fuel 
savings 

 

Figure 5.8: Estimated overall machinery system performance with and without 
accounting for the OTB model. The results are presented for the case where the 
minimum allowed pinch point temperature in the OTB is set to 10  C. 

Figure 5.9 depicts the impact of installing the ORC unit with a constrained OTB 
volume on the overall system SFC. As detailed in Figure 5.5, constraining the OTB volume 
directly impacts the attainable ORC power output, because a larger OTB is capable of 
extracting higher amounts of heat from the exhaust gases. Figure 5.9 indicates that allowing 
higher volumes for the OTB results in a decrease of the overall system SFC. 

 

Figure 5.9: Impact of backpressure and OTB volume constraints on the overall 
machinery system performance. The engine specific LNG consumption without a WHR 
unit is 141.2 g/kWh. 

Considering an engine backpressure level of 6 kPa, the overall system SFC decreases 
from 133.4 g/kWh to 132.7 g/kWh and 132.2 g/kWh, when the OTB volume is increased 
from 6 m3, to 8 m3 and 10 m3, respectively. 
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Moreover, the results shown in Figure 5.9 suggest that when considering the 
performance of the overall system, the ORC unit should be designed for the maximum 
allowed engine backpressure, regardless of the considered volume constraint for the OTB. 
This is in agreement with the trends identified in Figure 5.6, and suggests that for the 
considered case study, the optimal system performance is attained when designing the ORC 
unit for the largest allowed engine backpressure (6 kPa). 

5.4 Discussion 
The proposed methodology to assess the performance of the system comprising a 

ship’s main engine and an ORC WHR unit was applied both to a two-stroke dual fuel engine 
and to the four-stroke diesel engine previously investigated in the work of Michos et al. 
[56]. The results indicate that when considering the two-stroke dual fuel engine, the SFC 
of the overall system can be minimized by accepting higher backpressure levels on the 
engine. The opposite result is found when using the engine data for the four-stroke engine. 
It appears therefore that the optimal design point should be evaluated from case to case, 
and that the most crucial parameters to consider are the engine sensitivity to the 
backpressure level and the engine turbocharging strategy, which directly affects how much 
the ORC power output is dependent on the engine backpressure level. 

The ORC volume requirements are an important parameter to consider when designing 
WHR units for marine applications. The results presented suggest that accepting higher 
backpressures on the engine allows realizing more compact OTBs. The increased 
compactness is beneficial, especially because the OTB is generally installed in the exhaust 
stack where the space availability may be limited or constrained in one of the dimensions 
(i.e. length or width available for the OTB). 

With respect to the OTB design, only finned tube heat exchangers with solid fins and 
staggered tube layouts were considered in this study. Different layouts of the tubes/fins 
could be considered, including parallel tube layouts, serrated fins [82] and H-type finned 
tubes [163]. A dedicated study could be carried out to identify the optimal boiler design 
that maximizes the heat transfer while maintaining the exhaust gases pressure drops within 
the considered constraints. 

As detailed in the work of Pili et al. [164], the weight of the ORC unit is also an 
important parameter in defining the economic feasibility of WHR units in the transportation 
sector. In fact, the weight of the ORC adds to the total transported weight and thus leads to 
an increase of the overall fuel consumption. However, when focusing on the maritime 
sector, the weight of the ORC can be considered negligible compared to the weight of the 
ship and its payload. Therefore, it was here assumed that the additional weight due to the 
installation of the ORC unit had no impact on the ship’s fuel consumption. 

Lastly, it should be mentioned that in many cases, intermediate oil loops are used to 
transfer the heat from the engine exhaust gases to the ORC fluid. In this case, the heat 
exchanger affected by the backpressure constraint would be the one transferring the heat 
from the exhaust gases to the thermal oil. Additional studies need to be carried out to 
quantify the impact of using an intermediate oil loop while allowing for an additional 
engine backpressure. Nonetheless, in order not to limit the ORC power output, the thermal 
oil needs to receive the heat from the exhaust gases at a higher temperature compared to 
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that of the ORC fluid, suggesting the need for a larger heat transfer area (because the overall 
heat transfer coefficient is practically dominated by the exhaust gas side). The engine 
performance is therefore expected to be affected to a larger extent when increasing the 
backpressure compared to the case where no intermediate oil loop is used. However, the 
use of an intermediate oil loop facilitates the control of the minimum temperature in the 
exhaust gas heat exchanger, thus minimizing the risk of its failure. 

5.5 Conclusions 
This chapter investigated the optimal design of organic Rankine cycle-based waste heat 
recovery units for maritime applications accounting for the effect of the increased 
backpressure on the engine, both on the design of the organic Rankine cycle unit and on 
the performance of the overall machinery system. The main findings of this chapter are the 
following: 

1. An increased backpressure on the considered dual fuel engine results in an increased 
exhaust gas temperature and in a slightly reduced exhaust gas flow rate. As a 
consequence, the power output attainable by installing an organic Rankine cycle 
unit increases when increasing the backpressure on the engine. This is the direct 
consequence of the increasing amount of waste heat available resulting from the 
decreased efficiency of the main engine due to the increased backpressure. 

2. The minimum acceptable boiler pinch point, and the combination of the maximum 
engine backpressure and minimum exhaust gas velocity, result in a constraint in the 
maximum amount of heat that can be extracted by the waste heat recovery boiler. 
The results suggest that in the case of a liquefied natural gas-fuelled ship, the 
traditionally considered constraint on the engine backpressure (3 kPa) does not 
allow attaining waste heat recovery layouts with a minimum pinch point 
temperature below 18.8 C. 

3. Allowing increased backpressures on the engine allows attaining more compact 
designs for the organic Rankine cycle waste heat recovery boiler. In this regard, for 
a power output of 1,300 kW for the organic Rankine cycle, the required volume 
decreases by 24 % and 35 %, when relaxing the backpressure constraint from 3 kPa 
to 4.5 kPa and 6 kPa, respectively. In relative terms, the engine specific fuel 
consumption increases by 0.13 % and 0.27 % when increasing the backpressure 
from 3 kPa to 4.5 kPa and 6 kPa, respectively. 

4. Considering the overall system performance and a maximum backpressure on the 
engine of 3 kPa, the implementation of organic Rankine cycle-based waste heat 
recovery systems results in a decrement of the overall system specific fuel 
consumption in the range of 7.82 g/kWh to 7.86 g/kWh, from the reference engine 
specific fuel consumption of 141.2 g/kWh. Relaxing the backpressure constraint 
from 3 kPa to 6 kPa results in a further decrease of the overall system specific fuel 
consumption by 0.52 g/kWh, 0.95 g/kWh and 1.45 g/kWh, for a minimum boiler 
pinch point of 20 C, 15 C and 10 C, respectively. 

5. An approach that does not consider the design of the waste heat recovery boiler can 
lead to an overestimation of the attainable fuel savings. This happens because the 
boiler design constraints result in a minimum attainable pinch point temperature 
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difference that can be estimated only by means of a suitable boiler model. In 
particular, when considering a backpressure of 4.5 kPa for the engine and a 
minimum pinch point temperature of 10 C for the boiler, the estimated overall 
system specific fuel consumption is equal to 133.34 g/kWh and 132.24 g/kWh, 
depending on the employed modelling approach. 

6. The sensitivity of the main engine to the applied backpressure and the selected 
engine turbocharging strategy have a large impact on the optimal design of the 
overall system. In some cases, like for the engine used in this work, the fuel 
consumption is lowered with an increasing allowable engine backpressure, whereas 
the opposite trend may be observed for another type of engine.  
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6 Regression models for the estimation of the 

prospects for WHR on board vessels§§§ 

Although a number of methods to derive the optimal design of ORC 
units tailored for maritime applications have been proposed, these 
methods are complex, computationally expensive, and require 
specialist knowledge to be properly utilized. This chapter presents a 
simplified method to predict the performance of ORC unit installed 
on board vessels, based upon the characteristics of the main engine 
exhaust gases and the ship sailing profile. The method is not 
computationally intensive, and is therefore suitable to be used in the 
context of large optimization problems, such as holistic optimization 
and evaluation of a ship performance given the operational profile, 
weather and route. 

6.1 Background and motivation 
Most of the previous works dealing with the optimal design of ORC power cycles for 

maritime applications have been following a model-driven approach, meaning that 
researchers rely on the use of numerical models based on the laws of thermodynamics, and 
validated by comparison with experimental data, when available. Such models are then 
used to investigate the performance of the unit under different design and off-design 
conditions. 

The development of suitable numerical models to predict the performance and optimal 
design of ORC units for maritime applications is however a challenging task, because the 
designer needs to account for a multitude of aspects, including the availability of multiple 
waste heat sources, the ORC off-design performance, the ship sailing profile, the impact of 
the WHR unit on the engine’s performance, and the presence of dynamic instabilities, 
among others. 

In this regard, Soffiato et al. [154] described a procedure to integrate the use of multiple 
waste heat sources on board a LNG-carrier. Baldi et al. [44] discussed multiple optimization 
approaches and concluded that the ship sailing profile needs to be accounted for during the 
ORC design procedure in order to maximize the annual energy production. Michos et al. 
[56] highlighted the impact of the additional backpressure supplied to the exhaust line of a 
marine engine by the implementation of a WHR unit, while the results presented in Chapter 

                                                 
§§§ This chapter is adapted from [JP5]. 
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4 suggested that constraining the maximum backpressure on the exhaust side of the ORC 
WHR boiler leads to a significant reduction of the attainable power output from the 
recovery unit. Lastly, Rech et al. [148] pointed out the importance of carrying out dynamic 
simulations to ensure that the system is correctly sized and is capable of reaching steady-
state operation under a wide range of engine operating conditions. 

The downsides of the approach followed by the aforementioned works lie in the model 
complexity, and in the computational time required to carry out the simulations, which 
increases as more aspects are taken into account. These approaches are therefore commonly 
used in a limited number of case studies, but are not suitable to carry out preliminary 
estimations of the potential for installing ORC-based WHR units on board a wide range of 
vessels. 

To cover this need, another range of studies are available in literature. Other authors, 
in fact, aimed at deriving simplified methodologies to estimate the performance of ORC 
units. Among these works, Liu et al. [57] proposed an equation to estimate the thermal 
efficiency of an ORC unit based on the working fluid evaporation, condensation and critical 
temperatures. Kuo et al. [58] correlated the Jakob number with the attainable ORC thermal 
efficiency, while Wang et al. [59] used the Jakob number in predictive models to estimate 
the ORC thermal and exergy efficiencies. Larsen et al. [60] proposed the use of multiple 
regression models to predict the ORC thermal efficiency given the boundary conditions of 
the process. Lecompte et al. [61] focused on the cycle second law efficiency and derived a 
simplified correlation to estimate its maximum value for a given waste heat source. Lastly, 
Palagi et al. [165] developed surrogate models based on a neural network approach to carry 
out multi-objective optimization of a small scale ORC unit, showing that the computational 
time could be reduced by two orders of magnitude in comparison with the traditional 
optimization approach. 

These works pose a solid foundation for the rapid estimation of the prospects for 
installing an ORC unit, but have two limitations: i) they aim at estimating the unit 
efficiency, rather than its power output, which is the key performance indicator in case of 
WHR applications; and ii) they are suitable for design conditions estimations; thus they do 
not consider the off-design performance of the unit, which is  of key importance when 
considering the maritime application, because the waste heat availability changes according 
to the engine load. 

To the best of the authors’ knowledge, only one previously published work describes 
a simplified method to the estimate the off-design performance of an ORC unit: Dickes et 
al. [62] carried out experimental and numerical investigations on a 2 kWel ORC system 
featuring a scroll expander and proposed a set of equations to characterize the optimal off-
design operation of the ORC system. As the equations were derived based on a specific 
unit, their general applicability is, however, not guaranteed. In addition, the off-design 
characterization of ORC units featuring volumetric expanders is not comparable to the one 
of units featuring turbo-expanders (i.e. units tailored for maritime applications). 

This chapter derives a set models that ensure a rapid and accurate prediction of the 
annual energy output of an ORC unit optimized for marine applications. The accuracy of 
the proposed method was validated through several case studies, where the results of the 
simplified and traditional approaches were compared. The findings presented in this chapter 
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contribute to the state-of-the-art in the following aspects: i) by providing part-load 
performance curves which are applicable to ORC units of different sizes and operating with 
different design point conditions; and ii) by describing a method to combine design point 
and part-load performance curves to identify the ORC design point that maximizes either 
its annual energy production, or its economic performance. 

The proposed method is not computationally intensive, and is therefore suitable to be 
used in the context of large optimization problems, such as ship routing optimizations, and 
holistic optimization and evaluation of a ship machinery system.  

6.2 Methods 
The overall method was built by implementing the following steps: i) a dataset of ORC 

design power and part-load performance was generated; ii) regression models were built 
based on the attained data, and iii) the reliability of the proposed regression models was 
tested in several case studies were the results attained by using the thermodynamic models 
and the simplified regression curves are compared. The following subsections detail the 
approach used to carry out the three aforementioned steps. 

6.2.1 ORC models and optimization procedure 

The ORC calculation were based on a simple non-recuperated layout and were carried 
out using the numerical models described in Section 2.1. All simulations were carried out 
using cyclopentane as working fluid due to its good techno-economic performance [166]. 
Cyclopentane is however a highly flammable fluid and thus special attention should be used 
when designing and operating the ORC unit (such as using double piping with ventilation 
and gas leak detection systems [167]). The objective function of the ORC design 
calculations was the maximization of its net power output, evaluated as: 

  	 	η 	η 	 ,  (42) 

Table 6.1 shows the list of decision variables and the considered ranges. In order to 
obtain solutions which could be considered a good trade-off between maximum attainable 
power output and low specific cost, the minimum pinch point temperatures in the WHR 
boiler and condenser were set to 20 °C and 8 °C, respectively.  

Table 6.1: List of the decision variables and considered ranges. 

Optimization variable Lower bound Upper bound 
Turbine inlet pressure [kPa] 100 0.8 Pcrit 
ORC superheating [°C] 5 50 
ORC mass flow rate [kg/s] 0.2 60 
Condensation temperature [°C] 5 60 

 

The optimization procedure was carried out using the particle swarm optimizer 
available in the Matlab optimization toolbox. 

The off-design performance of the various configurations was estimated with the 
approach presented in Section 2.2. All the configurations were operated with a sliding 
pressure strategy, while keeping a constant flow of sea water in the condenser and a 
constant superheating degree at the inlet of the turbine. The ORC maximum power output 
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was limited to its design value to avoid issues related to the mechanical and thermal stresses 
on its components. 

6.2.2 Regression models and data generation 

The regression surfaces for the estimation of the ORC design point power output were 
obtained by fitting the results of a dataset attained by running 200 independent ORC design 
optimizations, based on random design parameters. Two regression surfaces were attained: 

i. Design regression model #1, where the sampled parameters were the heat 
source inlet temperature and mass flow rate, as well as the cooling water inlet 
temperature; 

ii. Design regression model #2, where also the boiler and condenser pinch point 
temperatures (ΔTpp,boil and ΔTpp,cond) were included as sampled parameters in 
the optimization routines. 

In both cases, the samples of the ORC design parameters were generated using the 
Sobol method [168] to ensure a good coverage of the sampling space, and the sampled 
parameters were constrained to be within the boundaries described in Table 6.2. Only the 
samples leading to ORC units with a power output in the range 250 kW to 2,500 kW were 
considered in the regression procedure, this ensured that the accuracy of the attained 
regression curves was not affected by the presence of outliers.  

Table 6.2: Considered ranges for the ORC design conditions. 

Parameter Range 
Heat source inlet temperature [°C] 170-320 
Heat source mass flow rate [kg/s] 5-120 
Cooling water inlet temperature [°C] 5-30 
Minimum pinch point in the boiler [°C] 15-25 
Minimum pinch point in the condenser [°C] 5-10 

 

With respect to the boundaries defined for the heat source temperature and mass flow 
rate, and the cooling water temperature, a comparison with data retrieved from the MAN 
CEAS calculation tool [136], suggested that the engine waste heat characteristics are within 
the considered ranges, when considering engines in the range from 5 MW to 50 MW 
operating with different tuning techniques and sailing both in cold and warm waters,. 

The off-design performance of every optimized ORC configuration was evaluated in 
20 different and randomly generated off-design conditions. Each half of the randomly 
generated off-design points were imposed a temperature of the exhaust gases respectively 
higher and lower than the design point. For all the off-design simulations, the exhaust gas 
mass flow rate was within 25 to 100 % of the ORC design mass flow rate. The heat source 
temperature was allowed a deviation of +/- 80 °C compared to the design value. The sea 
water temperature was kept constant in all the off-design simulations.  

A single regression model was attained for the characterization of the ORC off-design 
performance, considering an ORC load ranging for 10 % to 100 %, and based on the ORC 
designs used for both design models (fixed and variable pinch point temperatures). 
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Figure 6.1 provides a graphical overview of the procedure used to derive the regression 
models. The symbols included in the sketch are explained in section 3.1 (Tpp refers both to 
the condenser and boiler pinch point temperature). 

 

Figure 6.1: Flowchart of the optimization procedure for the ORC design. 
 

The statistical robustness of a regression curve is ensured if the residuals follow a 
normal distribution and their mean is equal to zero. In addition, there should be no 
correlation between the residuals themselves and the parameters used to build the 
regression curve, nor the data points that are being estimated (the ORC net power output 
and its off-design performance). The validity of the mentioned aspects for the proposed 
regression surface models was checked with the scatter plots shown in the following 
sections. 

6.2.3 Case studies 

The suitability of the proposed regression surface models was checked in two test 
cases. The first case study considered the installation of an ORC unit on board an LNG-
fuelled feeder ship powered by a 10.5 MW MAN 7S60E-C10.5-GI engine with LP SCR 
tuning. In the second case study, an ORC unit on board a medium size LNG-fuelled 
container vessel powered by a 23 MW MAN 6S80ME-C9.5-GI engine with part-load 
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tuning was considered. The two vessels were assumed to operate according to the load 
profiles shown in Figure 6.2, respectively for 4,380 and 6,500 hours annually. These are 
typical data for the two considered types of vessels. For both case studies, an average sea 
water temperature of 15 °C was assumed. 

 

Figure 6.2: Considered Annual engine load profiles: a) Feeder; b) Container vessel. 

The ORC maximum annual energy production and minimum LCOE required to 
produce the electricity by means of the ORC unit were computed both with thermodynamic 
and regression models. The economic estimations were carried out using the simplified 
approach to estimate the unit’s specific cost, as detailed in Section 2.5.1. Both the 
thermodynamic calculations and the estimations using the regression models were carried 
out following the procedure shown in Figure 6.3.  

  

(a) (b) 

Figure 6.3: Procedure used to optimize the ORC annual energy production/LCOE: a) 
thermodynamic models; b) regression models. 

When using the thermodynamic model, the ORC design parameters and design point 
were selected as optimization parameters, while only the latter was optimized when using 
the simplified approach based on the regression curves. For the estimation of the accuracy 
of the regression model #2, three alternative pinch point temperature combinations were 
considered: (i) ΔTpp,boil = 25 °C and ΔTpp,cond = 10 °C; (ii) ΔTpp,boil = 20 °C and ΔTpp,cond = 
8 °C; and (iii) ΔTpp,boil = 15 °C and ΔTpp,cond = 5 °C.  
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6.3 Results 

6.3.1 Regression models 

The fitted regression models to estimate the ORC design power output are given in Eq. 
43 and Eq. 44, for model#1 and model #2, respectively; note that the pinch point 
temperature differences are included as parameters in Eq. 44. Equation 45 displays the 
regression model employed to fit the ORC off-design performance, i.e., extending both 
model #1 and model #2. 
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Where  is the mass flow rate of the exhaust gases, ,  is the temperature of the 
exhaust gases at the inlet of the boiler (in °C), and ,  is the seawater temperature at 
the inlet of the condenser (in °C). The off-design regression curve was designed to estimate 
the relative net power output ( ) as a function of the relative values of the relative 
exhaust gases mass flow rate ( , ), and temperature ( , 	 , defined as follows: 
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The subscripts des and off refer to design and off-design conditions, respectively. Table 
6.3 shows the regression coefficients and standard errors for the proposed regression 
curves. The standard errors of each of the coefficients are smaller than the coefficient 
themselves, suggesting that all the coefficients were identified with high accuracy. The ‘a’ 
coefficients for design model #1 and #2 have relatively high standard error compared to the 
other parameters. The corresponding P-values are equal to 0.043 (model #1) and 0.045 
(model #2). The P-values represent the result of the P-test aiming at understanding whether 
a regression parameter is significant to the prediction. Given that all the P-values are below 
0.05, it can be concluded that all the selected parameters are highly. 

The standard errors of each of the coefficients, representing the margins for the model 
output to remain within a 95 % confidence interval of the observed values are smaller than 
the coefficient themselves, suggesting that all the coefficients were identified with high 
accuracy. The P-values for the various coefficients, being nearly zero, confirm that the 
selected parameters are highly significant in defining the regressed datasets.  
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Table 6.3: Regression coefficient and standard errors of the regression parameters. 

 Design model #1 Design model #2 Off-design model 
 Value Standard error Value Standard error Value Standard error 
a 11.2332 5.5082 11.6575 5.7680 -0.1372 0.0021 
b 10.0910 0.5773 39.6980 1.3410 0.1420 0.0035 
c 19.2098 0.1247 18.3483 0.1411 1.0439 0.0022 
d - - -10.6565 0.4166 - - 
e - - -0.6786 0.0687 - - 

 

Table 6.4 shows the adjusted R2 value, standard error and average relative error in the 
prediction for the proposed regression curves. For both equations, the R2 value approaches 
unity, while the average error is within 4.6 %. The F-significances of all models approach 
zero. 

Table 6.4: Statistical parameters of the proposed regression models. 

Equation R2 Std. Error F-Significance Avg. rel. error (%) 
Design model #1 0.9979 27.44 kW 2.2ꞏ10-180 1.94 
Design model #2 0.9978 29.09 kW 3.5ꞏ10-179 1.76 
Off-design model 0.9881 0.0251 [-] 0 4.61 

 

For the three regression models, the mean of the residuals is below 1ꞏ10-13, hence 
validating the assumption that the mean of the residuals is close to zero. In addition, the 
residuals appeared to follow a normal distribution, except for the presence of some tails 
(see Figure 6.4). The computed R2 obtained with a straight trend line were 89.7 %, 92.7 %, 
and 96.1 %, for the three models respectively. 

 

Figure 6.4: Normal probability plot for the standard residuals: a) design regression 
model #1; b) design regression model #2; c) off-design power regression curve. 

Figure 6.5, Figure 6.6, and Figure 6.7 show the scatter plots of the regression’s 
standard residuals as a function of the prediction and the regression parameters (predictors). 
The plots indicate that the homoscedasticity assumption (the variance of the residuals 
should not vary as a function of the predicted value, nor the predictor) can be considered 
acceptable for the off-design regression curve (Figure 6.7), but is less convincing in the 
case of  the design point regression models (Figure 6.5 and Figure 6.6).  

The figures indicate that the spread of the residuals increases, for example, as the 
predicted ORC net power output increases. A further analysis of the residuals suggested 
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that the absolute error in the prediction increases as a function of the ORC net power output, 
while the relative deviation remains mostly constant. According to the indications from 
Guijarati and Porder [169], a violation of the homoscedasticity assumption does not lead to 
the attainment of biased regression parameters, but rather to an inaccurate estimation of the 
standard errors of such parameters. 

 

Figure 6.5: Design regression model #1, standard residuals distribution according to 
the target data and regression parameters.   

 

Figure 6.6: Design regression model #2, standard residuals distribution according to 
the target data and regression parameters. 
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Figure 6.7: Off-design regression model, standard residuals distribution according to 
the target data and regression parameters. 

Figure 6.8 shows the predicted values against the data used for the regression for the 
two cases, and illustrates the fit between data and predictions. The design point models 
appear to predict the thermodynamic model in a very accurate way, while there is a larger 
spread of the results in the off-design model, due to the complexity of the phenomena taking 
place during off-design operation of the unit. 

 

Figure 6.8: Predicted values against regression data: a) design regression model #1; 
b) design regression model #1; c) off-design regression model. 

6.3.2 Comparison with thermodynamic evaluations (model #1) 

The results of the overall ORC optimization using the thermodynamic simulation 
model and the regression curves (model #1) are shown in Table 6.5. As it appears from the 
results presented in the table, the simplified approach based on the regression model #1 
accurately predicts the optimal design and economic performance of the ORC unit on board 
the two considered vessels. The maximum deviations are 4.48 %, 9.20 %, 7.93 % and 6.17 
% for the ORC design point, ORC design power output, annual production and LCOE, 
respectively. From the perspective of the computational time, the thermodynamic 
optimization required around 1 hour of simulation time, while the simplified approach 
required less than 1 second. 



6 Regression models for the estimation of the prospects for WHR on board 
vessels 

87 

 

 

 

Table 6.5: Comparison between thermodynamic optimization and regression curves. 

 Thermodynamic models Regression curves Difference (%) 
Feeder – Energy maximization 
ORC design power (kW) 90 90.0 0.0 
ORC design load (%) 621.8 639.4 2.83 
ORC annual production (MWh) 2115.4 2205 4.21 
LCOE ($/kWh) 0.0932 0.091 -2.04 
Feeder – LCOE minimization 
ORC design power (kW) 75 78.4 4.48 
ORC design load (%) 430.66 470.3 9.20 
ORC annual production (MWh) 1731.50 1869 7.93 
LCOE ($/kWh) 0.087 0.086 -1.15 
Container vessel – Energy maximization  
ORC design power (kW) 100 100.0 0.00 
ORC design load (%)  1,409.4  1452.1 3.03 
ORC annual production (MWh) 4,333 4,172 -3.72 
LCOE ($/kWh) 0.0827 0.088 6.17 
Container vessel – LCOE minimization 
ORC design power (kW) 35.73 35.0 -2.05 
ORC design load (%) 587.73 596.5 1.49 
ORC annual production (MWh) 3559.60 3611 1.44 
LCOE ($/kWh) 0.053 0.053 -0.38 

 

Figure 6.9 shows the computed ORC power production as a function of the main 
engine load for the considered cases. Even in this case, the regression models are proved to 
be capable of accurately reproduce the part load operation of the optimized ORC units along 
the various engine loads. The greatest deviations appear in Figure 10c (feeder optimized 
for minimum LCOE), where the ORC power production is slightly overestimated when the 
engine is operated at loads above 60 %. This comes from the overestimation of the ORC 
design point, which is found to be at an engine load of 75 % in the thermodynamic 
simulations, and at an engine load of 78.4 % when using the regression models. 

Regarding the optimal design of ORC units, finally, it emerges that units optimized to 
minimize the LCOE are designed for lower engine loads, compared to units optimized to 
maximize the overall energy production. In particular, the design load that minimizes the 
system LCOE is of 75 % and 35 % for the feeder and the container vessel, respectively. 
Designing the unit for a lower engine load ensures that the ORC is operated in the design 
point for a higher amount of time, and hence a lower cost of the produced energy, compared 
to when the unit is mostly operated in part-load conditions, with lower conversion 
efficiencies. 
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 Figure 6.9: ORC performance over different engine loads predicted by the 
thermodynamic models and by the regression curves: a) feeder – maximization of 
energy production; b) container vessel – maximization of energy production; c) feeder 
– minimization of LCOE; d) container vessel – minimization of LCOE. 

6.3.3 Comparison with thermodynamic evaluations (model #2) 

Table 6.6 and Table 6.7 show the results of the overall ORC optimizations using the 
thermodynamic simulation tool and the regression model #2. Table 6.6 displays the 
solutions attained when maximizing the ORC annual energy production, while Table 6.7 
depicts the results attained when minimizing the LCOE of the system. Different cases were 
considered, where the minimum pinch points temperatures both in the boiler and the 
condenser are varied. This allows to check the suitability of the regression model #2 to 
capture the impact of the minimum pinch point temperatures on the attainable performance 
of the unit. 

The maximum deviations for the engine load for which the ORC should be designed, 
ORC design power output, annual production and LCOE are 4.47 %, 11.14 %, 10.01 % and 
6.71 %. As it could be expected, the inclusion of more model parameters, namely the pinch 
points, decreases the accuracy of the estimations. The average deviations in the estimated 
annual productions and LCOE are of 4.48 % and 2.5 %, indicating that even regression 
model #2 is suitable to carry out preliminary estimations for the optimal design and 
performance of ORC units tailored for LNG-fuelled vessels. 

It emerges that the optimal design load of the engine for which the ORC should be 
designed is not affected by the selected pinch point values. Additionally, as expected a 
decrease in the pinch points is connected with an increase of the annual energy production 
from the ORC. The ORC production curves as a function of the engine load are not reported 
for this case, because a comparison between the results attained using model #1 and model 
#2 for the case where the pinch points are set to 20 °C (for the boiler) and 8 °C (for the 
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condenser), indicated that the power production curves given by the two regression models 
were overlapping.  

Table 6.6: Comparison between thermodynamic optimization and regression curves. 

 Thermodynamic models Regression curves Difference (%) 
Feeder (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design power (kW) 90.0 90.0 0.0 
ORC design load (%) 575.2 609.5 6.0 
ORC annual production (MWh) 1,961  2,102 7.2 
LCOE ($/kWh) 0.095 0.093 -2.6 
Feeder (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design power (kW) 90.0 90.0 0.00 
ORC design load (%) 621.8 640.4 2.98 
ORC annual production (MWh) 2,115  2,208 4.37 
LCOE ($/kWh) 0.093 0.091 -2.15 
Feeder (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design power (kW) 90.0 90.0 0.00 
ORC design load (%) 678.9 673.1 -0.85 
ORC annual production (MWh) 2,300  2,321 0.90 
LCOE ($/kWh) 0.091 0.090 -1.53 
Container vessel (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 

ORC design power (kW) 100.0 100.0 0.00 
ORC design load (%) 1,300.0 1,380.6 6.20 
ORC annual production (MWh) 4,050 3,996 -1.32 
LCOE ($/kWh) 0.083 0.089 6.71 
Container vessel (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design power (kW) 100.0 100.0 0.00 
ORC design load (%) 1,409.4 1,460.6 3.63 
ORC annual production (MWh) 4,333 4,196 -3.15 
LCOE ($/kWh) 0.083 0.088 5.93 
Container vessel (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 100.0 100.0 0.00 
ORC design power (kW) 1,542.0 1,545.9 0.25 
ORC annual production (MWh) 4,656 4,441 -4.62 
LCOE ($/kWh) 0.082 0.086 4.99 
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Table 6.7: Comparison between thermodynamic optimization and regression curves. 

 Thermodynamic models Regression curves Difference (%) 
Feeder (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design power (kW) 75.0 78.4 4.28 
ORC design load (%) 397.1 446.9 11.14 
ORC annual production (MWh) 1,598  1,776 10.01 
LCOE ($/kWh) 0.089 0.087 -1.95 
Feeder (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design power (kW) 75.0 78.4 4.47 
ORC design load (%) 430.7 473.8 10.02 
ORC annual production (MWh) 1,732  1,883 8.74 
LCOE ($/kWh) 0.087 0.086 -1.38 
Feeder (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design power (kW) 75.0 78.4 4.47 
ORC design load (%) 474.3 502.6 5.95 
ORC annual production (MWh) 1,902  1,997 5.02 
LCOE ($/kWh) 0.085 0.085 -0.71 
Container vessel (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design power (kW) 35.5 35.0 -1.39 
ORC design load (%) 539.8 566.8 4.77 
ORC annual production (MWh) 3,273 3,431 4.63 
LCOE ($/kWh) 0.054 0.054 -1.12 
Container vessel (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design power (kW) 35.7 35.0 -2.05 
ORC design load (%) 587.7 600.4 2.15 
ORC annual production (MWh) 3,560 3,635 2.11 
LCOE ($/kWh) 0.053 0.053 -0.56 
Container vessel (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 36.5 35.0 -4.26 
ORC design power (kW) 649.2 636.3 -2.03 
ORC annual production (MWh) 3,922 3,852 -1.81 
LCOE ($/kWh) 0.052 0.052 0.38 

 

6.4 Discussion 
The procedure followed to derive the proposed regression curves is typical of the data 

driven modelling approach, which is now gaining interest due to the increasing data 
availability and the development of more and more sophisticated machine-learning 
algorithms. The proposed algorithms are attained by implementing a supervised machine 
learning approach, where both the model outputs (i.e. the ORC power output) and the model 
input (i.e. the characteristics of the main engine exhaust gases) are known.  

A more rigorous implementation of the data driven modelling approach to derive the 
regression curves would have required to split the available dataset into training and test 
sets. This is because regression algorithms are generally developed based on a portion of 
the overall data (train set), and then their accuracy is tested on the remaining portion of the 
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data (test set). This allows to prove the reliability of the proposed algorithm to predict the 
model output also for data outside the space covered by the data used for its development.  

This was considered not to be required for our case, because the accuracy of the 
proposed approach, which combines design and off-design regression models, was verified 
through several case studies, whose inputs parameters were not used when generating the 
regression curves. In any case, the authors do not recommend the use of the proposed 
regression models outside their validation space (i.e. increased temperatures of the exhaust 
gases, or reduced flow rates). 

In addition, as a way to reduce the model complexity, several assumptions were made 
and could influence the attained results. In particular, the evaluations were limited to one 
fluid, the backpressure effect on the engine was neglected, and the pressure drops in the 
heat exchangers were not accounted for.  

As mentioned in the previous chapters, the choice of the fluid have a significant impact 
on the attained energy production. Here cyclopentane was selected, because the evaluations 
presented in Chapter 5 showed that it represents a good working fluid candidate from a 
techno-economic perspective.  

The decision not to consider the impact on the backpressure effect was mainly 
connected to two reasons: i) the findings from Michos et al. [56] indicated that such 
parameter has a weak impact on the overall estimated savings; and ii) the acceptable 
backpressure level to the engine varies both with the selected engine and the considered 
engine load, making it a complex feature to include in simplified regression models. 

With respect to the approach used to estimate the cost of the unit, it should be 
mentioned that large uncertainties are expected, because the cost of the unit is not uniquely 
identified by its overall size, but is influenced also by other parameters, such as the 
operating pressures, the selected materials and the configuration of the installation in the 
engine system. The attained economic results are therefore to be considered as preliminary 
and are meant to give a first estimate. 

6.5 Conclusions 
This chapter derived an accurate and time-efficient approach to estimate the potential 

of installing ORC power systems for waste heat recovery on board ships. The proposed 
method is based on the use of regression equations and requires as input parameters the 
characteristics of the main engine exhaust gases and the vessel sailing profile. The method 
is accurate, yet not computationally intensive, and is therefore suitable to be used in the 
context of large optimization problems. Both the statistical relevance and the accuracy of 
the proposed equations were analyzed. Compared to the thermodynamic evaluations, 
maximum deviations of 7.93 % and 6.17 % in the estimated ORC annual energy production 
and LCOE were obtained when considering the regression model #1 (fixed ORC pinch 
points). The deviations increased to 10 % for the annual energy production, and 6.7 % for 
the LCOE, for the regression model #2, where the unit’s pinch points were included as 
parameters in the regression curves. The regression equations were built upon the 
assumption that the unit with the maximum power output in design point is also the one 
leading to the maximum annual energy production. The use of the regression equations in 
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two test cases proved that this assumption did not significantly affect the accuracy of the 
annual estimations.  

The simplicity of the proposed method, combined with its accurate estimations, short 
computational time (less than one second) and very few (often known and easily 
measurable) input parameters, makes it a suitable tool to estimate the potential for WHR 
on board vessels in a wider context. In addition, the method can be used without any prior 
knowledge in thermodynamics and in the ORC technology. 
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7 A novel concept for emission-free power 

production on ships during harbor stays**** 

The pollutant emissions from ships in harbor are a pressing concern 
due to their direct impact on the health of the population. The use of 
electric-battery propulsion is a viable solution to reduce the emissions 
in coastal areas, but it is only applicable to small ferries. Large cruise 
ships commonly utilize shore power connection to provide onboard 
electricity, avoiding pollution during harbor stays. However, this 
solution is not applicable during short stays. This chapter presents a 
novel and energy-efficient way to supply zero-emission power during 
harbor stays of marine vessels. The proposed system combines the use 
of a thermal energy storage and a waste heat recovery system based 
on the organic Rankine cycle technology. 

7.1 Background and motivation 
Although most of the emissions from shipping take place at sea, those released in 

harbor areas and port cities are the most noticeable for humans. A study from Merk [4] 
concluded that  between 70 % and 100 % of emissions in harbors in developed countries 
can be attributed to shipping, while emissions from trucks and equipment account for up to 
20 % and 15 %, respectively. 

As a way to promote a reduction of the emission of pollutants in port areas, several 
incentive schemes were introduced in recent years. These incentive programs encourage 
ships calling in the various ports to reduce their emission levels below the requirements of 
the IMO and normally reward them with a discount on port dues [170]. The Environmental 
Ship Index (ESI) and the Clean Shipping Index (CSI) are among the most commonly 
applied incentive schemes. The ESI provides a reduction in port dues or tonnage charges 
for ocean-going vessels that register SOx, NOx and CO2 emissions below the limits set by 
the IMO. The applied fees reduction depends on the various ports.  

The CSI is a voluntary environmental label for ships and shipping companies that 
provides market incentives for clean shipping. Under the CSI scheme, each ship is given a 
rating between one and five stars, where each star is acquired by accumulating 
environmental points awarded by performing below the legal environmental requirements. 
A high rating in the CSI results in a reduction in the fairway dues by the Swedish Maritime 
Administration and in reduced port dues in the ports participating in the scheme.  

                                                 
**** This chapter is adapted from [JP3]. 
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Ports can also participate in multiple schemes; for example, the port of Vancouver 
recognises an EcoAction Program [171] under which green ships can attain a reduction on 
port dues in the range from 23 % to 47 %. Lastly, individual incentive schemes were also 
introduced by single ports as a way to support green shipping; the harbor of Sandefjord in 
Norway, for example, rewards cleaner ferries by awarding them with the best departure 
times [137]. Ship-owners are therefore facing an increasing demand for greener shipping, 
which is supported by significant economic benefits. 

An attractive solution to eliminate completely the emissions in harbor areas is the use 
of electric propulsion [172]. Many studies are investigating the prospects of developing 
zero-emission electric-powered ships for public transportation [173]. This solution is, 
however, applicable only for small ferries and short-sea shipping [108], because the 
investment cost and space requirements for the battery system increase substantially for 
ships with higher energy demands. 

Nonetheless, specific actions are being taken also to limit emissions in harbor areas by 
larger ships. For example, an increasing number of ports is offering onshore power supply 
[174] for seagoing ships, allowing them to shut off auxiliary generators during harbor stays. 
In addition, the use of battery systems to supply auxiliary power in port areas is under 
investigation for ferries, whose time-limited harbor stays make it infeasible to connect with 
the shore power infrastructure [137]. In this case, batteries are charged during voyage, 
either by using the main engine shaft power or by using a WHR system, and are used during 
harbor stays to supply the required power on board. 

Considering this solution, batteries can be used also for larger ships, because the 
onboard power requirements during harbor stays are low compared to the propulsion 
power, and the harbor stays are generally short compared to the sailing time. This solution 
presents, however, a series of downsides: i) the battery system is large and expensive; ii) 
the system needs to be replaced multiple times throughout the life-time of the ferry (due to 
the limited life-time of the batteries); and iii) this solution does not result in an overall 
reduction of the pollutant emissions, but rather in a shift of the location where the pollutants 
are emitted (except for the case where the battery system is charged by a WHR system or 
renewable resources). These drawbacks apply regardless of the size of the ship. 

Another possibility is the use of TES systems. By employing such systems it is 
possible to store the waste heat released by the main engine, and to use it for on board 
purposes when needed.  Previous works investigating the implementation of TES systems 
on board vessels proved that the implementation of such technology could lead to the 
elimination of the need to run auxiliary boilers during harbor stays [64], but did not consider 
the possibility to use TES systems to eliminate the need to operate the auxiliary generators. 

This chapter presents a novel and energy-efficient way to supply zero-emission power 
during harbor stays for ferries. The proposed system combines the use of TES and a WHR 
system based on the ORC technology and is applicable also to other ship types anchoring 
in ports where shore power connection is not available. The TES is charged during the 
voyage by using the waste heat available from the main engine, and is then utilized to drive 
an ORC unit during harbor stays. The concept has two main advantages compared to the 
battery solution: i) it has a longer expected life-time and therefore it does not need to be 
replaced over time (the ORC unit can have a life-time of over 20 years), and ii) it results in 
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an overall reduction of the ship emissions, because the power produced by the ORC unit is 
attained by harvesting the waste heat from the main engine. 

The feasibility of the proposed concept is evaluated by a case-study, which considers 
a hypothetical ferry requiring 1 MW of auxiliary power during harbor stays, whose sailing 
profile was provided by Fjord Line. Two types of TES were considered, the use of a 
stratified tank and of a two-tank system. The technical feasibility of the two proposed tank 
solutions was evaluated by means of a daily simulation, while the economic comparison 
with the battery-system was conducted for the best performing tank configuration and was 
carried out by estimating the LCOE of the two systems. 

The findings of the work support both researchers and industry in the development of 
novel solutions to reduce the environmental impact of ships during harbor stays. 

7.2 Methods 
Figure 7.1 shows the layout of the proposed concept. 
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Figure 7.1: Sketch of the proposed concept. The dashed line represents the oil loop, 
while the dotted line indicates the ORC loop. 

During sailing, the exhaust gases are utilized to heat up a thermal oil, which is partly 
stored in the TES and partly utilized to run the ORC unit. During harbor stays, the TES is 
discharged in order to run the ORC unit. In defining the control strategy for the system, the 
first priority is to ensure the availability of the required power during the harbor stays. 
Auxiliary generators are utilized during sailing to provide the power demand that cannot 
be satisfied by the ORC unit. Both a stratified storage tank and a two-tank system were 
considered as TES. The stratified tank operates according to the stratification process, 
which occurs due to the variation of a fluid’s density as a function of its temperature. This 
enables having both a hot and a cold zone in the same container. In the two-tank solution, 
the hot and cold fluids are physically separated. Therminol 66 was selected as the thermal 
oil, because of its capability to operate up to 345 °C without being pressurized [81]. 

The use of a latent thermal energy storage was not considered in this work, because, 
as indicated in the works by Agyenim et al. [175] and Mehling et al. [176], the vast majority 
of the commercially available phase-change materials belong to the low temperature range, 
which is suitable for heating/cooling applications, but not for the high temperatures 
considered in this work.    
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The evaluations of the proposed concept were carried out considering a hypothetical 
ferry powered by LNG, whose machinery system, sailing profile and energy requirements 
were provided by Fjord Line. This ensured the investigation of a realistic case study. 

The ship propulsion system featured two propeller lines, each one powered by an 8 
MW Wärtsilä 7L46DF engine. The engine performance data at 75 % and 100 % load were 
acquired through the manufacturer’s product guide [88], while the engine performance at 
intermediate points was estimated using linear interpolation among the data points given in 
the product guide. 

As shown in Table 7.1, the sailing profile of the ferry is characterized be the following 
phases: i) harbor stays with connection to the shore power; ii) harbor stays without 
connection to the shore power; iii) sailing at low load (maneuvring); and iv) sailing at high 
load. 

Table 7.1: Description of the ferry sailing profile. 

Phase Sailing mode Engine load [%] Duration [min] 
1 Maneuvring 15 20 
2 Harbor stay 0 70 
3 Sailing 85 150 
4 Harbor stay 0 60 
5 Sailing 85 150 
6 Harbor stay 0 50 
7 Sailing 85 150 
8 Harbor stay 0 40 
9 Sailing 85 150 
10 Harbor stay 0 20 
11 Maneuvring 15 20 
12 Shore power 0 560 

 

According to the information provided by Fjord Line, it was assumed that the cruise 
ship required 1 MW of power for onboard services (e.g. for supplying the restaurants on 
board and for heating purposes) throughout the whole sailing profile. Because no 
information about the exhaust gases was available for the engine loads below 75 %, it was 
assumed that no heat could be harvested from the exhaust gases during the sailing phases 
at low engine loads (the ORC power production was therefore set to zero during these 
phases). This assumption leads to the attainment of conservative results. In addition, it was 
assumed that the ferry was operated all year round according to the specified sailing profile. 

7.2.1 Overall system optimization  

The feasibility of the proposed concept was evaluated by employing the ORC models 
(Section 2.1 and Section 2.2), the waste heat recovery boiler model (Section 2.3), and the 
TES models (Section 2.4). The overall optimization procedure that was followed is depicted 
in Figure 7.2.  

The ORC unit design was carried out to minimize the required oil flow to produce the 
target power output. This ensured the minimization of the volume of the TES. A sensitivity 
analysis was carried out with respect to the oil maximum temperature, considering the range 



7 A novel concept for emission-free power production on ships during 
harbor stays 

97 

 

 

 

between 260 °C and 340 °C. The maximum considered oil temperature was 340 °C to avoid 
the need to have a pressurized TES. 
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Figure 7.2: Sketch of the overall optimization procedure. The ORC and heat exchanger 
optimization routines are highlighted by the dashed boxes. 

The exhaust recovery heat exchanger design was carried out by means of a two-step 
procedure. First, the maximum flow rate of oil that could be produced given the boundary 
conditions of the system was estimated (inlet and outlet temperatures of the thermal oil, 
exhaust characteristics, and design constraints on the heat exchanger). Second, an 
optimization procedure was carried out to identify the boiler design leading to the minimum 
space requirement and a production of thermal oil equal to at least 95 % the flow rate 
computed at the previous step. After carrying out a sensitivity analysis on this parameter, 
it was decided to carry out a volume minimization procedure and to select the flow rate 
threshold of 95 % of the maximum attainable flow. The results of this sensitivity analysis 
are presented in the results section. 
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The optimization of the ORC unit and of the exhaust recovery heat exchanger was not 
carried out simultaneously because the results of the ORC optimization defined the thermal 
oil inlet temperature in the recovery heat exchanger, and therefore splitting the two 
optimizations reduces the computational effort. 

Off-design performance maps were generated to describe the off-design performance 
of both the ORC unit and the recovery heat exchanger. The tank was dimensioned to supply 
the heat required by the ORC during the harbor stays. Given an initial guess value, the tank 
size was progressively increased by means of an oversizing factor. The tank oversizing 
factor was initially set to 1 %, and it was then increased (by increments of 1 %) until harbor 
coverage was reached. 

When carrying out the sailing simulation, the control strategy was set up to predict, at 
the beginning of each sailing phase, the amount of thermal oil at high temperature to be 
stored in the tank that would enable the production of the required power during the 
following harbor stay. Given the duration of the sailing phase and the flow rate of oil that 
could be produced in the recovery heat exchanger, the oil flow rate was accordingly 
supplied to the tank and the ORC unit (in case the production exceeded the requirements of 
the storage tank). 

In the stratified storage configuration, the temperature of the discharged thermal oil 
decreases during the harbor stay, and therefore the oil discharge flow rate was progressively 
increased to maintain a constant power production from the ORC unit. Centrifugal pumps 
are commonly characterized by a preferred operating flow rate between 70 % and 120 % 
of the best efficiency point [177]. It was assumed that the pump was operated in design 
point at 70 % of the best efficiency point flow, and therefore the tank cut-off temperature 
was selected so that the oil flow rate did not exceed 170 % the nominal flow. 

Three days of operation were simulated, ensuring that the system can be operated 
cyclically. For the stratified tank case, 5 % of the tank height was assumed to be subjected 
to mixing, and the initial temperature distribution was attained by means of three 
charging/discharging cycles. The impact of the assumed value for the mixing section was 
quantified by a sensitivity analysis. 

The lists of fixed parameters and optimization variables used for the overall calculation 
procedure are available in Table 7.2 and Table 7.3, respectively. The performance of the 
ORC system was quantified by an energy coverage factor: 

 
	 	 % 	

	 	 	 	 	
	 	 	 	

 (47) 

The reduction of CO, CO2, SO2, and NOx emissions attainable by installing the 
proposed system were computed using emission factors of 1.3 g/kWh, 445 g/kWh, 0.24 
g/kWh and 2.4 g/kWh, respectively. The emission factors were retrieved from Kristensen 
[105], assuming the use of four-stroke dual fuel generators with 1 % sulphur content in the 
pilot fuel oil.  
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Table 7.2: Fixed parameters in the overall optimization procedure. 

Parameter Value 
Engine (Load = 85 %)  
Exhaust gases flow rate [kg/s] 11.4 
Exhaust gases temperature [°C] 365.4 
System fixed parameters 
Tank type [-] Stratified/ two tanks 
Number tanks discretization layers 300 
Oil maximum temperature [°C] 260 - 340 
ORC design power [kW] 1000 
ORC fixed parameters 
Maximum evaporation pressure [bar] 30  
Minimum condensation pressure [bar] 0.045  
Maximum working fluid reduced pressure [-] 0.8 
Minimum boiler pinch point temperature [°C] 20 
Minimum condenser pinch point temperature [°C] 5 
Minimum superheating degree at turbine inlet [°C] 5 
Seawater temperature at condenser inlet [°C] 15 
Seawater temperature increase [°C] 5 
Seawater pump head [bar] 2 
Seawater pump isentropic efficiency [%] 0.7 
Pump isentropic efficiency [%] 0.7 
Expander isentropic efficiency [%] 0.85 
Gearbox efficiency [%] 0.98 
Electrical generator efficiency [%] 0.98 
Exhaust recovery heat exchanger  
Layout Staggered (equilateral triangle) 
Material Carbon steel 
Carbon steel thermal conductivity [W/ m K] 48 
Tube thickness [mm] 2.0 
Maximum gas-side back-pressure [bar] 0.025 
Minimum gas velocity [m/s] 20 
Storage tank  
Height to diameter ratio [-] 2 
rmixing [%] 5 
einsu [m] 0.1 
λinsu [W/m K] 0.03 
λwall [W/m K] 17 
αside [W/m2 K] 7.69 
αtop [W/m2 K] 10 
αbot [W/m2 K] 5.88 
Mixing fraction [%] 5 
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The attainable daily emission reductions were computed based on the amount of 
energy that is produced by the ORC unit instead of the auxiliary generators. This can be 
calculated by multiplying the daily onboard energy requirement of 14.667 MWh (computed 
by multiplying the required power on board, 1 MW, by the amount of time when the cruise 
is not connected to the shore power) by the energy coverage factor (see Equation 37). 
Lastly, the emission reductions were attained by multiplying the emission reduction factors 
by the amount of energy that is produced by the ORC unit instead of the auxiliary 
generators. 

Table 7.3: Optimization variables in the overall optimization procedure. 

Optimization variable Lower bound Upper bound 
ORC   
Turbine inlet pressure [bar] 1  0.8 Pcrit 

ORC superheating [°C] 5 40 
Condensation temperature [°C] 15 40 
Thermal oil outlet temperature [°C] 15 340 
Exhaust recovery heat exchanger   
Gases outlet temperature [°C] 60 200 
Tube inner diameter [mm] 21.4 216 
Tube length [m] 0.6 7.16 
Fin height [mm] 6.4 31.8 
Fin thickness [mm] 0.9 4.2 
Fin spacing [mm] 3.6 25.6 
Transversal pitch [mm] 42.85 114.3 

 

The economic performance of the proposed concept was evaluated by comparing it to 
the use of lithium batteries. The comparison was based on the LCOE, which was computed 
with the approach described in Section 2.5.2. In the evaluations, three price scenarios were 
considered: 6 $/mmBTU, 12 $/mmBTU and 18 $/mmBTU, with 12 $/mmBTU being the 
average cost of European and Japanese LNG in the years 2008 – 2016 [153]. 

It needs to be stressed that the LCOE calculation is subject to multiple uncertainty 
factors, mainly due to the cost estimates. Therefore, the impact of the uncertainty factors 
on the estimated LCOE was assessed by means of local and global uncertainty analyses, 
the latter carried out using the Monte-Carlo method over 50 samples [178]. The list of the 
considered uncertainty factors and their ranges are shown in Table 7.4. The battery life-
time was estimated considering a number of equivalent cycles between 5,000 and 10,000 
[179] and a battery usage corresponding to four equivalent cycles per day. The batteries 
were assumed to have a discharge depth of 100 %. The impact of the battery life-time on 
the LCOE was estimated through a local sensitivity analysis, while the battery life-time was 
assumed to be five years in the other investigations. It was assumed that the ORC 
operational life was limited to the ship expected life-time. This means that the ORC value 
was set to zero at the end of the ship operational life, even for retrofit cases for which the 
ship life-time was lower than the ORC expected life-time (25 years). 
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Table 7.4: Uncertainty ranges of the parameters used in the LCOE calculation. 

Parameter Lower bound Upper bound 
ORC system 
TES and recovery heat exchanger cost -30 % +30 % 
Thermal oil cost [$/kg] 6 10 
Battery system 
Battery system total cost [$/kWh] 600 900  
Life-time [yr] 3 7 

 

7.3 Results 
The results of the comparison between the two storage technology alternatives and of 

the economic investigations are displayed in the following subsections. 

7.3.1 Comparison of storage technologies 

Figure 7.3 depicts the impact of the selected thermal oil maximum temperature on the 
performance of the two proposed systems. 

 

Figure 7.3: Impact of the oil maximum temperature on the performance of the two 
proposed storage concepts: a) storage volume; b) coverage of onboard energy 
demand; c) LCOE. 

First, it may be noticed that a decrease in the maximum oil temperature results in an 
increase of the required storage volume. This is connected to the fact that lower oil 
temperatures lead to optimized ORC units with lower thermal efficiencies, and thus a higher 
flow of thermal oil is required to produce the selected target power output. 

Second, the results indicate that when decreasing the oil temperature, the energy 
coverage increases, then reaches a maximum corresponding to an oil temperature of around 
310 °C, and then decreases. This is due to the interaction between two phenomena. As 
mentioned before, the ORC unit requires higher flow rates when the oil temperature is 
lower. On the other hand, setting a lower value for the oil maximum temperature enables 
the generation of a higher mass flow of oil in the recovery heat exchangers, making it 
possible to increase the average load at which the ORC operates. Nonetheless, after a 
certain threshold, around 310 °C for the considered case, the increased availability of 
thermal oil does not counterbalance the lower ORC efficiency, and thus the energy 
coverage factor starts to decline. 
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The same trend appears when looking at the trend for the estimated LCOE of the 
system, which was calculated using a five- year time-span and by setting 3,000 $/kWh, 8 
$/kg, and 12 $/mmBTU to the price of the ORC unit, of the thermal oil, and the LNG, 
respectively. The estimated LCOE decreases when decreasing the maximum oil 
temperature from 340 °C to 310 °C and then starts to increase. In this case, a decrease of 
the oil maximum temperature has a positive impact on the LCOE, because the increased 
cost of the storage tank is more than compensated by the increase in energy production by 
the ORC. However, when the decrease in oil temperature no longer results in increased 
energy production (oil temperatures below 310 °C), the LCOE starts to increase. 

As shown in Figure 7.3b, the two tank alternatives are capable of supplying a similar 
amount of energy during the voyage. Nevertheless, the use of a stratified tank results in a 
storage volume corresponding to around 60 % of the volume required when having two 
separate tanks, which results also in lower estimated LCOEs (see Figure 7.3c). Looking at 
the energy coverage, namely, the share of onboard energy requirements that the ORC is 
able to supply, the maximum estimated values are 82.6 % and 82.1 %, for the two-tank and 
the thermocline cases, respectively. In both cases, the maximum energy productions were 
attained for the case where the oil was heated up to 310 °C. The corresponding volume 
requirements were of 142.2 m3 and 82.1 m3, for the two-tank and the stratified tank 
configuration, respectively. The volume required for the recovery heat exchangers is not 
affected by the technology selected for the storage tank and was estimated to be 
approximately 6.4 m3 (3.2 m2 for each heat exchanger). 

From the environmental point of view, both configurations lead to a daily reduction of 
the ferry emissions of CO, CO2, SO2 and NOx by around 15.8 kg, 5.4 ton, 2.9 kg, and 29.1 
kg, respectively. 

Figure 7.4 shows the impact of constraining the oil flow generated in the exhaust 
recovery heat exchanger in a range between 80 % and 100 % of the maximum attainable 
value. Each point in the figure represents the performance of an optimized exhaust recovery 
heat exchanger, where the amount of produced oil was constrained in the selected range.  

 

Figure 7.4: Impact of reducing the design flow rate of the exhaust gas recovery heat 
exchanger on a) the volume of the recovery heat exchanger; b) coverage of onboard 
energy demand; c) LCOE. The results are attained for the stratified tank configuration, 
considering a maximum oil temperature of 310 °C. 
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The results of the sensitivity analysis on the flow reduction factor indicate that 
reducing the oil flow rate leads to an almost linear reduction of the energy contribution 
from the ORC unit. On the contrary, both the volume requirements for the oil heater and 
the estimated LCOE of the system tend to decrease sharply and converge to a constant value 
or to increase slowly when the oil flow rate is reduced. The plots suggest that the selected 
value of 95 % represents a good trade-off enabling a significant reduction of the oil heater 
volume requirements. 

Figure 7.5 represents the daily ORC production profile for the two considered cases. 
The different power outputs produced by the ORC system during the first three sailing 
periods are due to the different durations of the subsequent harbor stays (60 minutes, 50 
minutes and 40 minutes, respectively). The limited production in the fourth sailing period 
is explained by the fact that the tank needed to be completely filled to be used to produce 
energy during the first harbor stay of the following day. The results indicate that both 
configurations are suitable for supplying the required power during the harbor stays and 
that small differences appear between the two considered tank solutions. This is confirmed 
by the similar energy productions, as shown in Figure 7.3b. 

 

Figure 7.5: ORC power production throughout the sailing route for both proposed 
storage configurations. 

The sensitivity analysis on the impact of the mixing ratio on the performance of the 
thermocline storage solution indicates a low incidence of this parameter on the storage tank 
volume and on the energy coverage factor. Varying the mixing ratio between 2 % and 8 % 
resulted in relative variations of the volume of the energy storage, on the annual energy 
production and of the estimated LCOE within 1 %. In addition, a sensitivity analysis on the 
number of discretization layers used in the stratified tank model was performed, and the 
results indicate that increasing the number of discretization layers from 300 (the value used 
in the calculations) to 450 leads to a relative variation in the estimated energy coverage 
lower than 2 %. 

7.3.2 Economic assessment 

Table 7.5 shows the results of the economic comparison between the proposed system 
using the thermocline storage with a maximum oil temperature of 310 °C, and the battery 
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configuration. The values represent the mean of the distributions computed through the 
uncertainty analysis. The displayed investment cost refers to the cost for purchasing and 
installing the ORC/battery system. When considering the battery system, the investment 
cost was included in the LCOE calculations in every year y, where the system had to be 
replaced due to its limited life-time. 

The results indicate that the battery system results in a lower LCOE when considering 
a five-year scenario, while the ORC LCOE is 30 % lower than the battery solution when a 
20-year scenario is considered. The investment cost for the ORC system is roughly four 
times higher than the one of the battery system, while the annual expenditures (sum of fuel 
expenditures and maintenance costs) are lower for the ORC system ($84,800 compared to 
$472,880). Figure 8 depicts the cost breakdown of the ORC system. The ORC unit 
represents the highest share (64 %), and it is followed by the exhaust recovery heat 
exchanger (21 %), the thermal oil (10 %) and the storage tank (5 %). 

Table 7.5: Results of the economic estimations for the battery and ORC systems. For the 
ORC system, a total cost of 3,000 $/kWh was assumed, while a life-time of five years was 
assumed for the battery system. The LNG price was set to 12 $/mmBTU. 

Parameter Battery system ORC system 
5 years LCOE ($/kWh) 0.141 0.2291 
20 years LCOE ($/kWh) 0.140 0.1022 
Investment cost (k$) 1,125 4,523 
Annual fuel expenditures (k$) 472.88 84.80 
Annual maintenance cost (k$) 16.88 67.85 

 

 

Figure 7.6: Cost breakdown for the ORC system. 

Figure 7.7 depicts the results of the sensitivity analyses carried out for the estimated 
LCOEs. Figure 7.7a shows that the estimated LCOE for the ORC system is highly affected 
by the number of years for which the system is assumed to be operating. The longer the 
considered period, the lower the resulting LCOE. On the contrary, no variation is seen with 
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respect to the battery system. This is because the battery system needs to be replaced every 
five years. Moreover, all the ORC solutions result in a lower LCOE than the battery system 
if a period of 15 or more years is considered. Figure 7.7b depicts the impact of the LNG 
price on the estimated 10-year LCOE. The plot shows that the battery system is the one 
which is most affected by this parameter, and that the ORC system is more promising when 
the LNG price is high. This results from the fact that the LNG price affects linearly the 
annual fuel expenditures, which are a predominant factor in defining the LCOE of the 
battery system. The ORC system requires, on the contrary, lower amounts of LNG (around 
20 % the amount required by the battery system), and therefore it is less affected by LNG 
price fluctuations. 

 

Figure 7.7: Results of the sensitivity analysis on the expected LCOE for the various 
systems: a) impact of number of years of operation; b) impact of LNG price on the 10-
year LCOE. The error bars represent the standard deviations computed through the 
uncertainty analysis. 

Figure 7.8 shows the results of the local sensitivity analysis which was carried out for 
the uncertain parameters detailed in Table 7.4. The sensitivity analysis was carried out 
considering a life-time of 20 years, referring to the installation of the systems on a newly 
built ferry. The figure suggests that the variation of the uncertain parameters (except the 
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battery life-time) results in a relative variation of the expected LCOE within 10 %. The 
battery systems prove to be the most affected by uncertainty, with a variation of the 
expected LCOE by around 8 % with a variation of the battery specific cost of ± 20 %. 
Lastly, the impact of the estimated battery life-time is identified to have a significant impact 
on the economic results. A reduction of the estimated life-time from the baseline of five 
years to 3.33 years, results in an increase in the LCOE by 21 %. Similarly, an increase of 
the battery life-time by 33 % (6.66 years), would result in a decrease of the LCOE by almost 
8 %. 

 

Figure 7.8: Local sensitivity analysis: impact of the uncertain parameters on the 
estimated LCOE. 

7.4 Discussion 
The results of the study suggest that it is technically feasible to produce emission-free 

power during harbor stays with the proposed system. The use of a two-tank system is shown 
to lead to the highest energy production. However, the need to have two separate storage 
tanks results in higher demands in terms of space. The required space for the storage tanks 
and the exhaust recovery heat exchangers are estimated to be of 142.2 m3 and 82.1 m3, for 
the two-tank and the stratified tank configuration, respectively. 

Corvus Energy [180] supplies containerized battery systems for vessels, claiming that 
a standard 40-foot container (roughly 67.6 m3) could be filled either with a battery package 
of 1,365 kWh or with a battery package of 819 kWh plus the required power electronics. 
Given that the considered ferry requires a battery system of 1,500 kWh plus the power 
electronics, it is expected that the battery system would require a space equivalent to almost 
two 40-foot containers. This means that the space requirement of the battery and ORC 
systems are similar. 

Further investigations need to be conducted in order to demonstrate the practical 
feasibility of installing the proposed stratified tank on board a vessel. In particular, there is 
a need to understand whether the ship motion would have a negative impact on the thermal 
stratification inside the tank. This issue could be partly addressed by including in the tank 
a physical separation layer between the hot and the cold zone [181]. Moreover, in order to 
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keep the thermal stratification within the tank, a form factor needs to be applied for the 
tank. In this case, the use of the form factor results in a tank with a diameter of 3.5 m and a 
height of 7.1 m. On the contrary, the two-tank solution is not bound to any specific form 
factor, giving the freedom to design the tanks for optimal integration on the ferry. 

Hybrid solutions featuring both an ORC and a battery system could be investigated; 
however, such systems would require even more space and result in a higher installation 
cost. 

Lastly, it should be pointed out that it would be possible to use shore power to charge 
the TES by means, for example, of an electrical heater. This would enable further increase 
in the ORC production and decrease in the cruise emissions. This possibility was not taken 
into consideration in this work, as the aim is to evaluate the feasibility of the concept even 
in areas/ harbors when shore power connection is not available. 

7.5 Conclusions 
This chapter investigated the implementation of a novel concept to ensure emissions-

free power production for cruise ships during harbor stays. The proposed system includes 
the use of a thermal storage system and an organic Rankine cycle unit. The feasibility of 
the concept was investigated from both a thermodynamic and an economic perspective, 
based on a reference route of a cruise ship operating in the Baltic Sea. For the storage tank, 
two options were considered: a stratified tank and a two-tank system. Thermal oil was 
considered as the heat storage medium. 

The results of the thermodynamic investigations suggest that the use of a stratified 
storage tank enables the reduction of the volume of the storage unit by 40 % compared with 
a two-tank system. From the point of view of the attainable energy production, the two 
considered tank technologies show similar results. The estimated coverage factors are 82.6 
% and 82.1 % for the two-tank and the stratified tank cases, respectively. The attainable 
daily reductions of the ferry emissions of CO, CO2, SO2 and NOx are around 15.8 kg, 5.4 
ton, 2.9 kg, and 29.1 kg, respectively.  

The results of the economic assessment suggest that the proposed system results in a 
lower levelized cost of electricity than the battery system, when considering an operational 
life-time of the ferry exceeding 15 years. Moreover, the use of the proposed system results 
in a reduction of the required fuel for the production of onboard electricity by around 80 
%, making its economic feasibility less affected by potential fluctuations in the liquefied 
natural gas price. The concept is applicable also for other ship types whose sailing profiles 
are characterized by short harbor stays with a limited onboard energy demand. 
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8 Conclusions 

The work aimed at evaluating the prospects for waste heat recovery 
on board liquefied natural gas-fuelled vessels. First, the work focused 
on the recovery of the cryogenic energy released during the fuel 
heating procedure. Secondly, a method to estimate the technical and 
economic feasibilities of installing organic Rankine cycle-based units 
for waste heat recovery was derived. Lastly, a novel concept to 
produce emission-free power on board ships during harbor stays was 
presented and evaluated. This chapter summarizes the main 
conclusions of the work and gives recommendations for further 
studies. 

This thesis covers three main research areas: i) the potential uses of liquefied natural 
gas cold energy recovery on board vessels (Chapter 3), ii) the optimal design of organic 
Rankine cycle units for waste heat recovery on board liquefied natural gas-fuelled vessels 
(Chapters 4, 5 and 6), and iii) a novel solution to reduce the emissions of pollutants from 
ships during harbor stays (Chapter 7). 

This chapter summarizes the conclusions drawn upon the analysis that were carried 
out, and provides recommendations with respect on possible future works in the field. 

8.1 Potential uses of liquefied natural gas cold energy recovery†††† 
In the first part of the thesis (Chapter 3), the prospects for exploiting the liquefied 

natural gas cold recovery on board vessels were evaluated. The aim was to provide an 
answer to the following research question: “What are the possible solutions for LNG cold 
energy recovery and how do they perform in terms of attainable fuel savings?” 

The investigations were carried out for two reference vessels: a containership featuring 
a high pressure liquefied natural gas supply system, and a ferry featuring a low pressure 
liquefied natural gas supply system. Three different uses for the liquefied natural gas cold 
energy recovery are identified and compared: i) use for heating, cooling and air 
conditioning applications, ii) use as a cold sink for an organic Rankine cycle unit, and iii) 
use to pre-cool the scavenge air to be supplied to the ship’s engine. 

The results of the work indicate that the highest fuel savings can be attained by 
installing an organic Rankine cycle unit harvesting heat from the main engine’s exhaust 
gases and using the liquefied natural gas cold energy recovery as cold sink. In this case, the 
fuel savings can be up to 2.37 % the main engine fuel consumption, when considering the 
ferry. 

                                                 
†††† This section is adapted from [JP4]. 
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The use of cold energy recovery for the other mentioned application is estimated to 
lead to savings in the range from 0.41 % to 0.84 %. The prospects for using the liquefied 
natural gas cold energy recovery for cooling the main engine scavenge air are highly 
affected by the ambient condition, because an increasing share of the overall transferred 
heat is spent in condensing the water vapor contained in the air, when the relative humidity 
of the external air increases. On the other hand, the savings attainable by recovering the 
cold energy in the heating, cooling and air conditioning system are subjected by the onboard 
cooling demand and increase with lower coefficients of performance of the cooling 
compressors installed on board. 

From a technical perspective, the ORC system represents the most challenging 
alternative, and requires the largest number of components to be installed. Conversely, the 
use of the LNG cold energy for HVAC purposes, or for cooling the engine scavenge air 
requires only the installation of an heat exchanger and, possibly, of an intermediate glycol 
loop for transferring the cold energy to where it is required. Consequently, it is expected 
that the ORC configuration would also result in the highest installation costs 

8.2 Optimal design of ORC units for waste heat recovery‡‡‡‡ 
In the second part of the thesis (Chapters 4, 5, and 6), novel methods to optimize and 

integrate organic Rankine cycle units for waste heat recovery on board liquefied natural 
gas-fuelled vessels were presented. Three main research areas were covered in this section 
of the work: i) the evaluation of the impact of emission abatement technologies for nitrogen 
oxides on the prospects for waste heat recovery, ii) the optimal design of the waste heat 
recovery unit taking into account for the backpressure effects both on the engine 
performance and the waste heat characteristics, and iii) the derivation of a simplified 
approach to estimate the techno-economic performance of organic Rankine cycle units for 
maritime applications. This section of the thesis addressed the following research questions: 

1. How does the use of emission abatement technologies affect the prospects for ORC-
based waste heat recovery? 

2. How should ORC-based waste heat recovery units be designed in order to minimize 
the fuel consumption of the overall machinery system? 

3. Is it possible to carry out simplified estimations of the techno-economic feasibility 
of ORC-based waste heat recovery units on board liquefied natural gas-fuelled 
ships? 

The evaluations of the impact of using nitrogen oxides emission abatement 
technologies on the prospects for waste heat recovery are based on a case study of a feeder 
ship and indicate that the prospects for installing an organic Rankine cycle are highest when 
the vessels is equipped either with a low pressure selective catalytic reactor or an exhaust 
gas recirculation unit. In the latter case, the energy produced by the recovery unit is as much 
as 7.4 % the main engine annual energy production.  

In addition, it emerges that the organic Rankine cycle design leading to the maximum 
energy production is not the one resulting in the highest net present value, because the 
highest energy production can only be attained by installing very large, and thus expensive 

                                                 
‡‡‡‡ This section is adapted from [JP1], [JP2], and [JP5]. 
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heat exchangers. All in all, the investigations indicate that the need to install nitrogen oxides 
emission abatement technologies to fulfill the Tier III regulation results in increased 
prospects for waste heat recovery, except when a high pressure selective catalytic reaction 
unit is installed on board. 

A method to design organic Rankine cycle for maritime applications by accounting for 
the backpressure effects on the engine performance and waste heat characteristics has been 
derived by integrating engine performance maps, an organic Rankine cycle model and a 
waste heat recovery model. The results of the evaluations indicate that the combination of 
the constraints on the engine backpressure and on minimum gas velocity through the waste 
heat recovery boiler poses a limit on the amount of heat that can be transferred from the 
exhaust gases to the organic Rankine cycle unit. It follows that it is necessary to include a 
detailed model for the once-through-boiler in order to attain an accurate estimation of the 
prospects for waste heat recovery.  

When investigating the performance of the two-stroke engine considered in this thesis, 
the results of the evaluations suggest that allowing higher backpressures to the engine 
results in a greater energy recovery potential, leading to an additional decrease of the overall 
system specific fuel consumption in the range from 0.52 g/kWh to 1.45 g/kWh.  

On the other hand, an opposite trend is found when considering the four-stroke engine 
discussed in the work of Michos et al. [56], namely the specific fuel consumption of the 
overall system increases when allowing higher backpressure levels to the engine. It is 
therefore concluded that the optimal design point with respect to the backpressure supplied 
to the engine depends on the engine sensitivity, and on the considered turbocharging 
strategy. Lastly, the results also indicate that allowing for larger backpressures on the 
engine allows for a reduction (up to 35 %) of the volume requirements for the waste heat 
recovery boiler, when the organic Rankine cycle power output is fixed. A reduction of the 
waste heat recovery boiler volume can be a desirable design feature, especially when the 
space availability on board is reduced (i.e. in retrofit applications). 

Chapter 7 details a simplified approach to predict the techno and economic 
performance of organic Rankine cycle units. The method is based on the use of regression 
curves derived upon a synthetic database generated using the thermodynamic models. The 
database covers a wide range of possible organic Rankine cycle designs installed on board 
vessels powered by engines in the sizes between 5 MW and 50 MW. The regression models 
are proved to be statistically strong and, compared to the thermodynamic evaluations 
carried out for twelve case studies, an average deviation of 4.5 % and 2.5 % in the estimated 
organic Rankine cycle annual energy production and levelized cost of electricity are 
obtained. The approach, because of its accuracy, low computational requirements, and 
because it does not require specialist knowledge to be implemented, is suitable to be used 
in the context of large optimization problems of the ship energy system, or by non-experts 
to carry out evaluations on the prospects for waste heat recovery on board a wide range of 
vessels.  
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8.3 Emission-free power production on ships during harbor stays§§§§ 
A novel solution to produce emission-free power on board ships during harbor stays 

was presented and evaluated in Chapter 7. The aim was to address the following research 
question: “Is it possible to use ORC-based waste heat recovery units to reduce the emission 
of pollutant from ships during harbor stays?”. 

The proposed technical solution is based on the use of a thermal energy storage and an 
organic Rankine cycle power system. In the considered concept, developed in collaboration 
with Fjord Line, the waste heat released by the engine in the exhaust gases is stored in a 
thermal energy storage (either a two-tank system or a stratified tank system) and then used 
during harbor stays to supply the required power on board. This allows for shutting down 
the auxiliary generators during harbor stays, hence avoiding any emission of pollutants. 

The feasibility of the concept was proven both from the technical and economic points 
of view, based on a reference ferry operating in the Baltic Sea. From the investigations, it 
emerges that the use of a stratified tank allows for a reduction of the storage volume 
requirements by up to 40 % compared to a two-tank system. The environmental assessment 
carried out for the considered ferry indicates that the installation of the proposed concept 
allows for daily reductions of carbon monoxide, carbon dioxide, sulphur dioxide and 
nitrogen oxides of around 15.8 kg, 5.4 ton, 2.9 kg, and 29.1 kg, respectively.  

 From the economic point of view, the concept is compared to the use of a battery 
system used to supply electricity during harbor stays. The comparison enlightens that the 
proposed system results in a lower levelized cost of electricity than the battery system, 
when considering an operational life-time of the ferry exceeding 15 years, and that its 
economic performance is less affected by the fuel price fluctuations compare to the use of 
lithium-based batteries. 

The concept is considered to be applicable also for other ship types whose sailing 
profiles are characterized by short harbor stays with a limited onboard energy demand. 

8.4 Future work 
The following future work is recommended with respect to the considered research 

focus areas. 

 Potential uses of liquefied natural gas cold energy recovery: 

1. The work was limited to the assessment of fuel savings that could be attained 
by installing the considered recovery solutions. The findings could be 
therefore expanded by including economic evaluations aiming at evaluating 
the cost-effectiveness of the various alternatives. A comparison based not 
only on the technical performance (fuel savings), but also on the economics 
could provide decision makers with a more solid overview of the 
advantages/disadvantages of the various alternatives; 

2. Given that the liquefied cold energy recovery results in limited savings due 
to the limited amount of fuel that needs to be evaporated, future evaluations 

                                                 
§§§§ This section is adapted from [JP3]. 
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could include the possibility to store the low energy thermal power released 
when evaporating the fuel into a thermal storage (i.e. in a latent thermal 
storage), and to deploy such energy during harbor stays either for the 
production of cooling, or for the production of electricity by means of an 
organic Rankine cycle using seawater as heat source and the stored low 
temperature heat as coolant. 

 Optimal design of ORC units for waste heat recovery: 

1. The estimation of the performance of the organic Rankine cycle was based 
on the assumption of constant isentropic efficiencies for the pump and 
turbine. Dedicated models of these components could be included in the 
design procedure in order to have a more accurate estimation of the 
performance of such components, which are affected both by the selected 
working fluid and operating conditions; 

2. The evaluations of the impact of the additional backpressure supplied to the 
engine by the organic Rankine cycle were carried out only in design 
conditions. Such evaluations could be extended also to part-load operation, 
so to investigate their impact over a wide range of engine operating 
conditions; 

3. In all cases a direct heat transfer between the engine exhaust gases and the 
organic fluid was assumed. The possibility to include an intermediate oil 
loop, which facilitates the control of the overall system, could be 
investigated and advantages/disadvantages of this technical solutions could 
be discussed; 

4. The regression models were derived using a fixed working fluid. The 
database could be expanded in order to include the performance of organic 
Rankine cycle units operated using a variety of working fluids, enabling 
more flexibility when specifying the organic Rankine cycle design 
specifications (i.e. only non-flammable and/or non-toxic fluids). 

 Emission-free power production on ships during harbor stays: 

1. Experimental evaluations regarding the impact of the moving motion of the 
ship on the stratification inside the stratified tank should be carried out so to 
validate the obtained results. If the motion results to have a significant 
impact on the performance, solutions to prevent this issue should be 
identified and evaluated; 

2. The possibility to include one or multiple latent storage systems should be 
investigated, because this could result in a further decrease of the space 
requirement of the thermal storage; 

3. Detailed evaluations of hybrid solutions featuring both thermal energy 
storages and battery systems could be evaluated, aiming at further reducing 
the emissions not only during harbor stays, but also during sailing phases 
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A B S T R A C T

The International Maritime Organization recently revised the regulations concerning nitrogen and sulphur
oxides emissions from commercial ships. In this context, it is important to investigate how emission abatement
technologies capable of meeting the updated regulation on nitrogen oxides emissions affect the performance of
waste heat recovery units to be installed on board new vessels. The objective of this paper is to assess the
potential fuel savings of installing an organic Rankine cycle unit on board a hypothetical liquefied natural gas-
fuelled feeder ship operating inside emission control areas. The vessel complies with the updated legislation on
sulphur oxides emissions by using a dual fuel engine. Compliance with the nitrogen oxides emission regulation is
reached by employing either a high or low-pressure selective catalytic reactor, or an exhaust gas recirculation
unit. A multi-objective optimization was carried out where the objective functions were the organic Rankine
cycle unit annual electricity production, the volume of the heat exchangers, and the net present value of the
investment. The results indicate that the prospects for attaining a cost-effective installation of an organic
Rankine unit are larger if the vessel is equipped with a low-pressure selective catalytic reactor or an exhaust gas
recirculation unit. Moreover, the results suggest that the cost-effectiveness of the organic Rankine cycle units is
highly affected by fuel price and the waste heat recovery boiler design constraints.

1. Introduction

In recent years, many studies aimed at investigating different ap-
proaches to reduce the amount of pollutant emissions from the shipping
sector. The efficiency of a ship can be increased through a number of
operational measures. For example, optimizing the ship sailing route
while taking into account weather conditions can lead to a decrease of
the fuel consumption [1]. A similar effect can be obtained by improving
trim and draft setting, and by properly scheduling hull and propeller
polishing [2]. Slow steaming, which consists in sailing at lower speeds,
is also a way to decrease the fuel consumption, as the ship power
consumption is roughly proportional to the cube of its speed [3]. On the
other hand, the ship energy efficiency can also be increased by im-
proving the effectiveness of individual components, such as the engine
[4], the propeller [5], and the hull [6]. Sails [7] and rotors [8] can be
used as additional energy sources for propulsion, while fuel cells can be
used for auxiliary power generation [9]. Lastly, some of the most pro-
mising solutions focus on the utilization of the waste energy released by

the main engine. As detailed in the work of Shu et al. [10], this waste
heat can be effectively recovered to generate mechanical power,
heating or cooling. The conversion of waste heat into mechanical power
is possible through different technologies, including Rankine cycle and
Kalina cycle power systems, exhaust gas turbine systems, and thermo-
electric generator systems [11]. However, the conventional solution is
to use a power turbine and a steam Rankine cycle (SRC) unit. The in-
vestigation carried out by Hou et al. [12] suggested that the stand-alone
installation of a power turbine represents the most cost-effective solu-
tion, while the combined installation of a power turbine and an SRC
unit would result in the highest possible electricity production.

An increasing number of studies are investigating the use of organic
Rankine cycle (ORC) power systems as an alternative technology for
marine applications [13]. The ORC operates, in principle, similarly to a
SRC, but uses an organic compound as working fluid, leading to a
higher conversion efficiency when it is used to exploit low temperature
heat sources. Larsen et al. [14] compared the use of SRC, ORC and
Kalina cycle power systems for waste heat recovery (WHR) on board
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vessels and concluded that the highest power production could be ob-
tained by means of an ORC unit. A study carried out by Andreasen et al.
[15] compared the part-load performance of a dual pressure SRC and an
ORC unit designed for marine applications and showed that the ORC
technology outperforms the SRC at low engine loads. The majority of
previous works about the implementation of ORC units in maritime
applications focused on ships using heavy fuel oil (HFO).

The shipping industry is however going through rapid changes,
especially because of the legislation framework that was recently in-
troduced by the International Maritime Organization (IMO) [16]. After
the introduction of the sulphur oxides (SOx) regulation [17], some
authors started to investigate the use of WHR technologies on board
vessels powered by low sulphur fuels, i.e. marine gas oil (MGO) and
liquefied natural gas (LNG). Soffiato et al. [18] optimized single and
double pressure ORC units to use the heat from jacket water, lubricating
oil and charge air cooling on board an LNG carrier and concluded that a
two-stage configuration leads to the highest power production. Senary
et al. [19] assessed the potential of installing a single loop SRC on board
an LNG carrier and estimated that the implementation of this tech-
nology could result in a reduction of the carbon dioxide (CO2) and ni-
trogen oxides (NOx) emissions by 16.9% and 36.3%, respectively.

With respect to the NOx regulation [20], most works considered the
Tier II limit, as it has to be met globally. However, all vessels con-
structed after 1 January 2016 are required to fulfil the Tier III levels
when operating in NOx emission control areas (NECAs). It is therefore

necessary to investigate how this constraint affects the prospects for
WHR. In most of the cases, the Tier III requirements are fulfilled
through the installation of emission abatement technologies that di-
rectly impact the characteristics of the main engine waste heat (ex-
ceptions are some lean burn spark ignited or some dual fuel engines
[21]). The NOx abatement technologies which are currently offered for
two-stroke engines are exhaust gas after-treatment based on selective
catalytic reactor (SCR) technology or exhaust gas recirculation (EGR)
[22].

The SCR is a chemical reactor where the NOx is reduced catalytically
to nitrogen and water by adding ammonia as a reducing agent. Two
solutions are currently available: (1) the high-pressure SCR (HP SCR),
which is placed on the high-pressure side, before the turbocharger; and
(2) the low-pressure SCR (LP SCR), which is placed on the low-pressure
side, after the turbocharger. The installation of a SCR unit has a direct
effect on the temperature level of the exhaust gases, because it requires
to keep the exhaust gas temperature, at the inlet of the SCR unit, above
280 °C to 350 °C, depending on the exhaust pressure and the sulphur
content in the fuel [22]. The operation with an EGR system has an even
more severe impact on the exhaust system configuration. In this case,
part of the exhaust gases is recirculated to the scavenge air receiver. In
this way, part of the oxygen in the scavenge air is replaced by the
carbon dioxide (CO2) from the combustion process, leading to lower
peak temperatures in the combustion process and therefore to a de-
crease in the NOx formation [22]. ORC units designed to operate with

Nomenclature

Acronyms

CEPCI Chemical Engineering Plant Cost Index
CFD Computational fluid dynamic
CO2 Carbon dioxide
EGR Exhaust gas recirculation
GWP Global warming potential
HEX Heat exchanger
HP High pressure
IMO International Maritime Organization
LNG Liquefied natural gas
LP Low pressure
MM Hexamethyldisiloxane
MGO Marine gas oil
NPV Net Present Value
NECAs NOx Emission Control Areas
NFPA National Fire Protection Association
NOx Nitrogen oxides
ODP Ozone depletion potential
OTB Once-through boiler
SOx Sulphur oxides
SCR Selective catalytic reduction
SRC Steam Rankine cycle
ST Shell and tube heat exchanger
TEU Twenty-foot equivalent unit
WHR Waste heat recovery

Symbols

A heat transfer area, m2

CT Stodola constant
d diameter, m
h specific enthalpy, kJ/kg
l length, m
ṁ mass flow rate, kg/s
Ntp number of tube passes

Ntr number of tube rows
P pressure, bar/ pitch, m
T temperature
U overall heat transfer coefficient, kW/m2 K
V volume, m3

Ẇ electrical or mechanical power, kW
$ US dollar

Greek symbols

Δ difference
ρ density, kg/m3

η efficiency

Subscripts and superscripts

BM bare module
bl blower
cond condenser
crit critical
des design
EGR EGR stream
exp expander
gear gearbox
gen generator
in inlet
is isentropic
l longitudinal
out outlet
P purchase
p pump
rec recuperator
s shell
ST shell and tube
sw seawater
t tube/transversal
tot total
° base condition
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engines using the EGR technology should therefore be optimized to
harvest heat from both the exhaust gases and the exhaust stream that is
recirculated back to the scavenge air receiver [23]. A limited amount of
previous works investigated the prospects of installing WHR units on
board vessels equipped with NOx emission abatement technologies.
Theotokatos et al. [24] investigated the implementation of a SRC unit
on board ferries operated with an SCR unit, while Andreasen et al. [23]
considered the installation of a SRC unit on board a vessel operated
with an EGR unit. A previous study from Larsen et al. [25] considered,
the optimization of ORC units on board vessels equipped with an EGR
unit. The study was however limited to Tier II operation and did not
include the possibility to harvest the waste heat from the exhaust
stream recirculated to the scavenge air receiver.

The literature survey suggests that there has not yet been any study
on ORC-based WHR systems utilizing heat from marine engines in Tier
III compliant operation. No previous study has assessed and compared
the impact of different NOx abatement technologies on the prospects for
ORC-based WHR systems. Moreover, previous studies on the potential
of installing WHR systems on ships did not consider the volume of the
WHR system and the additional backpressure on the main engine due to
the installation of the WHR boiler. There is a need to minimize the
volume of the WHR system, because this will increase the cargo capa-
city [26]. This is especially important when the engine room must ac-
commodate both the WHR system and the systems for NOx abatement.
Previous studies described methods to estimate the volume of ORC
power systems in various applications [27], but did not focus on the
maritime sector. The only work dealing with this aspect in the maritime
field is that by Rech et al. [28], who proposed a method to estimate the
volume requirements for the liquid receiver of ORC units tailored for
marine applications. The additional backpressure on the main engine
due to the installation of the WHR boiler has a negative impact on the
engine performance [29], which is generally neglected. The previous
studies on this topic assessed the impact of the additional backpressure
on the engine performance, but did not quantify the impact of con-
straining the WHR boiler pressure drop on the performance of ORC
units. Mittal et al. [30] evaluated the influence of exhaust backpressure
on the performance of a diesel engine, while Michos et al. [29] assessed
the performance of a diesel engine as a function of the backpressure
caused by the ORC unit, but did not analyse the impact of constraining
the exhaust line pressure drop on the attainable ORC power output.

The objective of this paper is to identify which Tier III technology
provides the more feasible conditions for an ORC-based WHR system
considering the amount of energy recovered, the net present value of
the investment, and the volume requirements of the ORC unit. The
study focuses on feeder ships powered by two-stroke marine engines
using LNG as a fuel, and considers the implementation of EGR, and low

and high-pressure SCR as NOx abatement technologies. A multi-objec-
tive optimization of the ORC unit was carried with the objective func-
tions annual electricity production, volume of the heat exchangers and
net present value of the investment. The work provides primarily the
following novel contributions to state-of-the-art: (i) it defines which
NOx abatement technology enables the most feasible conditions for
ORC-based WHR systems for ships operating in NECAs, (ii) it quantifies
the impact of the limitations on the maximum engine backpressure on
the ORC performance, and (iii) it estimates the ORC volume require-
ments as a way to assess the feasibility of installing WHR units on board
vessels.

The paper is structured as follows: Section 2 explains the applied
methods. Section 3 presents the results. In Section 4, the results are
discussed and the conclusions are outlined in Section 5.

2. Methods

The prospects for installing an ORC-based WHR power system on
board a feeder ship were investigated based on a selected case study,
and by means of thermodynamic and economic models, as described in
the following subsections.

2.1. Case study and main engine data

The study addresses the implementation of a WHR unit on board a
hypothetical 2,500 twenty-foot equivalent unit (TEU) Regional feeder
powered by a 10.5MW MAN 7S60E-C10.5-GI engine [31] that operates
exclusively within NECAs. The feeder segment merits special attention
due to its main operation and contribution to air pollution in coastal
zones [31]. The implementation of a dual fuel engine with a pilot flame
using low-sulphur oil ensures that the SOx regulation is complied, while
the use of either EGR or SCR was considered with respect to the re-
duction of NOx emissions. The use of the same engine operating under
Tier II mode with WHR tuning was included in the study as a reference
case.

The CEAS engine calculation tool from MAN Diesel & Turbo [32]
was used to obtain the engine data for the LP and HP SCR tuning. The
engine data for the EGR and Tier II cases was provided by MAN Diesel &
Turbo [33]. It was assumed that the vessel is operated with LNG and
low-sulphur pilot oil, and no lower limit on the exhaust gas funnel
temperature was set. The minimum temperature to which the exhaust
gases can be cooled is generally constrained by the fuel sulphur content
in order to avoid issues related to sulphur acid corrosion in the WHR
boiler [34]. The sulphur content in the fuel was here considered to be
negligible. In addition, it was assumed that the vessel’s heating demand
could be satisfied by using the waste heat available in the jacket water

Fig. 1. Temperature of the main engine exhaust gases for various engine tunings as a function of the main engine load. EGRstream,2 represents the temperature of the
exhaust stream that is recirculated to the engine scavenge air receiver [32,33].
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and scavenge air. This results from the lower heating requirements on
board LNG-fuelled ships [18] and from the use of the low-sulphur oil for
the pilot flame, which does not require preheating before injection into
the engine [35]. Fig. 1 shows the temperature and the mass flow rates
of the exhaust gas streams as a function of the main engine load for the
different engine tunings.

2.2. Organic Rankine cycle configuration and working fluid selection

Several cycle configurations have been proposed in the literature for
ORC power systems tailored for WHR applications [36]. Previous stu-
dies from Dai et al. [37] and Vivian et al. [38] suggested that the im-
plementation of a recuperator does not yield increased ORC power
production when the heat source minimum cooling temperature is not
constrained. Therefore, a simple non-recuperated ORC configuration
was selected for this study. Fig. 2 depicts the selected ORC layout. For
the EGR case, the heat is harvested from the EGR recirculated stream
through a heat exchanger positioned in series with the heat exchanger
using the exhaust gases.

With respect to the ORC working fluids, a preselection procedure
was carried out. The preselected fluids meet the following criteria: (i)
commercially available [37–39]; (ii) not affected by thermal stability
issues up to 230 °C; (iii) null ozone depletion potential (ODP); (iv) 100-
year time horizon global warming potential (GWP) < 125; (v) Na-
tional Fire Protection Association (NFPA) toxicity index < 2. Table 1
shows the list of the preselected working fluids. The flammability and
toxicity indexes were assumed according to the standard NFPA 704
[40], while the critical temperatures were obtained from Coolprop
4.2.5 [41]. The NFPA values were retrieved from Ref. [42], while the
thermal degradation temperatures were retrieved from Invernizzi et al.
[43] and Pasetti et al [44].

2.2.1. Design conditions
The ORC design model is based on the numerical model previously

described in Andreasen et al. [45]. The cycle net power output was
calculated as follows:

= − − −W W η η W W Ẇ ̇ ̇ ̇ ̇pNet exp gear gen p,sw bl,EGR (1)

where Ẇexp, Ẇp, Ẇp,sw, Ẇbl,EGRrepresent the power of the ORC turbine
and pump, the power consumption of the sea water pump and the ad-
ditional power requirement in the EGR blower. The latter was con-
sidered solely in the scenario of an engine equipped with an EGR unit
and was estimated based on the additional pressure drop of the EGR
stream in the EGR WHR boiler, which was computed assuming in-
compressible fluid behaviour for the exhaust gases:

=W
m p
η ρ

̇ ̇ Δ
bl EGR,

EGR EGR

bl,EGR EGR (2)

where ṁEGR and ρEGR are the mass flow rate and the density of the
exhaust gases recirculated in the EGR unit. ηbl is the efficiency of the
blower and pΔ EGR is the pressure drop across the EGR WHR boiler. The
density of the EGR gases was assumed to be equal to the one of air at
30 °C, since the EGR blower is located after the EGR cooler, where the
gas temperature is around 30 °C.

When optimizing the ORC units, the maximum and minimum al-
lowable pressures were set to 30 bar and 0.045 bar respectively, fol-
lowing the indications by Rayegan et al. [46], Dresher and Brüggerman
[47], and MAN Diesel & Turbo [48]. Moreover, in order to avoid pro-
blems during operation near the critical point, the ORC unit was limited
to subcritical cycle configurations with a maximum reduced pressure of
0.8.

2.2.2. Off-design conditions
The main engine load is not constant during sailing and therefore an

off-design model was developed to estimate the unit performance at

different main engine loads. The off-design model requires as inputs the
mass flow rates and temperatures of the engine exhaust streams and the
ORC unit design specifications, namely, the design efficiency of the
turbine, pumps and generator, and the UA values (the product of the
overall heat transfer coefficient, U, and the heat transfer area, A) of the
heat exchangers. The model output is the performance of the ORC unit
at off-design conditions. The off-design performance was estimated
down to a main engine load of 25%, since no engine data were available
for lower engine loads. The variation of the turbine isentropic efficiency
was estimated using the relationship derived by Schobeiri [49] (see Eq.
(3)), while the relationship between the mass flow rate and the pressure
was assumed to be governed by the Stodola equation [50] (see Eq. (4)).
These correlations were originally derived for multistage axial steam
turbines, but as demonstrated in the Section 2.6, they can also be used
with reasonable accuracy for ORC turbines.
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η represents the efficiency, hΔ the specific enthalpy drop, and the
subscripts exp, is and des refer to expander, isentropic and design con-
ditions. The performance of the electrical generator was derived from
the procedure presented by Haglind and Elmegaard [51], while the
pump part-load efficiency was obtained following the method proposed
by Veres [52]. Boiler (subdivided into pre-heater, evaporator and super-
heater) and condenser (subdivided into de-superheater and condenser)
were modelled in off-design by correcting the UA values according to
the variation of flow rate of the fluid dominating the heat transfer
process:

⎜ ⎟= ⎛
⎝

⎞
⎠

UA UA m
m

̇
̇

n

des
des (5)

This equation is based on the assumption that one of the heat ex-
changer’s sides is dominating the heat exchange process. The exponent
n in Eq. (3) was set to 0.80 or 0.60 depending on the location of the
fluid dominating the heat transfer process (inside or outside the tube
banks) [53]. Table 2 shows the selected dominating heat transfer fluid
and the exponent n for the various heat exchangers. The pressure drops
at off-design conditions were assumed to vary according to the fol-
lowing expression [54]:
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Fig. 2. A sketch of the ORC unit.
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The ORC unit was operated in part load with a sliding pressure
strategy and with a constant superheating temperature, as this has been
shown to result in the highest power output in off-design conditions
[55]. The mass flow rate of the sea water in the condenser was kept
constant during operation. The ORC maximum power output was fixed
to its design value in order to avoid issues related to the mechanical and
thermal stresses of its components.

2.3. Heat exchanger models

The once-through-boiler (OTB) model developed by Pierobon et al.
[53] with updated correlations for the estimation of the gas side heat
transfer and pressure drop was used to estimate the surface area of the
WHR boiler and of the EGR WHR boiler. The boiler layout is shown in
Fig. 3. Finned tubes were assumed in order to enhance the heat transfer
coefficient on the gas side. The heat transfer coefficient inside the tubes
was estimated using the Gnielinski correlation [56]. The evaporator
section was discretized into 20 volumes and the heat transfer coefficient
of the working fluid was assessed employing the method proposed by
Shah [57], adapted for horizontal tubes. The gas-side heat transfer
coefficient and pressure drop were computed using the correlations
developed by ESCOA [58], which were specifically derived for WHR
applications. The efficiency of the fins was computed according to the
empirical correlations of Weierman [59], which account for the non-
uniform distribution of the heat transfer coefficient along the fins. The
pressure drops during evaporation were estimated taking into account
the kinematic and viscous friction factors, which were calculated ac-
cording to the relationship proposed by Friedel [60] and Rouhani and
Axelsson [61], respectively.

The thermal conductivity and density of the exhaust gases were
assumed to be equal to those of air at 1 bar at the average temperature
in the heat exchangers. The velocities on the cold side were computed
and checked to be within the limits suggested by Coulson et al. [62].
For the exhaust gases, a minimum velocity of 20m/s between the tube
banks, and a maximum pressure drop of 0.015 bar at the maximum
engine load were imposed, according to the recommendations of MAN
Diesel & Turbo [34]. By imposing these constraints the risk of soot fires
in the WHR boiler, and the effect on the main engine performance of
the additional back pressure are minimized. The minimum distance
between the tip of the fins in adjacent rows was set to 6mm [63].

The volume of the WHR boiler was estimated as follows:

= + +V l P P Ntp Ntr( 1)( 1)WHR boiler t l t, (7)

where lt, Pl and Pt represent the length of the WHR boiler tubes, and the

longitudinal and the transversal pitch. Ntp and Ntr stand for the number
of tubes per pass and the number of tube rows. Size constraints were
imposed on the boiler design, to account for its integration in the
overall machinery system. The boiler width and length were con-
strained to a maximum value of 3.58m and 7.16m, respectively, cor-
responding to the width of the engine bedplate at top flange and to the
double of this value [32].

The condenser was modelled as a shell and tube heat exchanger
with shell side condensation, using the shell and tube models described
in Pierobon et al. [53]. Two correlations were used for the condensation
process: the approach explained in Coulson et al. [62] was used for the
de-superheating part, while the procedure suggested by Kern [64] was
followed to compute the heat transfer coefficient during the con-
densation process. The pressure drops in the single-phase region were
estimated according to Coulson et al. [62], while those on the con-
densing side were calculated as suggested by Kern [64]. The volume of
the shell and tube heat exchangers was computed assuming a cylind-
rical shape [27]:

=V π d l
4 s tST

2
(8)

where ds represents the shell diameter of the heat exchanger.

2.4. Economic calculations

The cost of the ORC unit was estimated using the procedure de-
scribed by Turton et al. [65], which is suitable for preliminary cost
estimations. This approach was initially developed for stationary che-
mical plants, but it has also been used for preliminary costing in-
vestigations for ORC units tailored for maritime applications [66].
Nonetheless, by using this approach the unique aspects related to the
installation of ORC units on board ships (e.g. the space constraints and
the need to operate in a salt water environment) are not considered.
However, as the main purpose of this paper is to compare the costs of
the different WHR systems rather than predicting the absolute costs
accurately, it is considered to be acceptable to use this approach in this
context. The overall cost of the ORC unit is given by the sum of the
module costs of the various components plus the costs related to the
auxiliary facilities, the contingencies and the contractor fees. It was
assumed that there were no costs related to the auxiliary facilities,
while the costs for the contingency and fees were assumed to account
for 18% of the overall bare module cost. The bare module cost of a
single component, as defined by Turton et al. [65], is the sum of the
direct costs (equipment, material for installation, labour for installa-
tion) and indirect costs (freight, insurance, taxes, construction over-
head, contractor engineering expenses) associated with the equipment

Table 1
List of the preselected working fluids.

Fluid Tcrit [K] GWP Degradation
Temperature
[K]

NFPA values for
Flammability/
Toxicity

cyclopentane 511.72 < 25 513–548 3/1
iso-pentane 460.35 4 ± 3 500–588 4/1
n-butane 425.12 4 563–583 4/1
n-pentane 469.7 4 ± 2 573–588 4/1
hexamethyldisiloxane

(MM)
518.75 0 573 4/1

Table 2
Fluid dominating the heat transfer process and values for the exponent n for the
various heat exchangers.

Heat exchanger Limiting heat transfer fluid Exponent n

WHR boiler Exhaust gases/EGR gases 0.6
Condenser (two-phase) Sea water 0.8
Condenser (desuperheater) ORC fluid 0.6

Exhaust 
gases

Ntr

Ntp

Fig. 3. Layout of the WHR boiler, adapted from Ferruzza et al. [81].
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purchase and installation. The bare module cost of a component was
computed as

= = +C C F C B B F F( )BM P
o

BM
o

P
o

M P1 2 (9)

where CP
o represents the purchasing cost of the baseline condition

component (mad of the most common material, operating at ambient
pressure) and FBM

o is a multiplicative factor called bare module cost
factor. The latter represents a factor used to adjust the cost of the base
condition component for all the previously mentioned costs, as well as
for specific materials of construction (F )M and for the actual operating
condition (FP). The pressure factor, FP, was calculated using the fol-
lowing equation:

= + − + −log F D D log P D log P( 1) [ ( 1)]P10 1 2 10 3 10
2 (10)

where D1, D2, D3 are empirical constants retrieved from Turton et al.
[65] and P is the equipment operating pressure. The purchase cost CP

o is
estimated as

= + +C K K log Y K log Y( ) [ ( )]P
o

1 2 10 3 10
2 (11)

where Ki represents a series of constants associated with the type of
equipment being purchased and Y is the capacity of the specific com-
ponent. Table 3 lists the various parameters that were used to estimate
the cost of the different components [65]; the bare tubes outside area
was here considered for the heat exchangers. All the economic figures
are expressed in US dollars. The cost correlations were provided in
dollars with the value of year 2001 and then updated to dollars with the
value of year 2015 by using the chemical engineering plant cost index
(CEPCI):

=C C CEPCI
CEPCI

[$ ] [$ ]tot tot2015 2001
2015

2001 (12)

The average annual values for the CEPCIs were 397 and 556.8 in
2001 and 2015, respectively. The economic performance of the ORC
units was estimated by using the Net Present Value (NPV), calculated
considering a life-time of 25 years and a discount rate (r) of 6%:

∑= − +
+=

NPV C
Annual savings

r(1 )tot
n

n
1

25

(13)

The electrical load of a feeder of the type considered in the paper is
around 500 kW and 900 kW at port and at sea, respectively [67]. These
values are larger than the net power output of the ORC (see Section 3).
Therefore, it was assumed that the ORC power production was used to
replace the on board auxiliary generators, whose average fuel con-
sumption was estimated to be 160 g/kWh of LNG [68]. A fuel price of
12 $/mmBTU, representative of the average cost of European natural
gas and Japanese LNG in the years 2008 – 2016, was assumed [69]. The
impact of the fuel price on the cost-effectiveness of the unit was esti-
mated with local sensitivity analyses. In the sensitivity analyses, the
LNG price was varied from 6 $/mmBTU to 18 $/mmBTU.

2.5. Multi-objective optimization procedure

The overall optimization was carried out by following the procedure
described in the flowchart depicted in Fig. 4.

The fixed parameters and variables considered in the simulations
are described in Tables 4 and 5. The optimization boundaries related to

the geometry of the fins were selected according to ranges available in
ESCOA [58].

The multi-objective optimization was carried out using the genetic
algorithm available in the Matlab optimization toolbox [70]. The cal-
culations were carried out assuming that the feeder operated for 4380 h
annually and that its main engine load profile was the one shown in
Fig. 5. These are typical data for a feeder operating within NECAs. The
annual energy production, the volume of the ORC heat exchangers and
the NPV were considered as the objective functions. The heat

Table 3
Equipment cost parameters used in Eqs. (10) and (11) [65].

Equipment Y K1 K2 K3 B1 B2 FM D1 D2 D3

OTB Area [m2] 4.3247 −0.303 0.1634 1.63 1.66 1 0.03881 −0.11272 0.08183
Cond Area [m2] 4.3247 −0.303 0.1634 1.63 1.66 1 0.03881 −0.11272 0.08183
Turbine W [kW] 2.6259 1.4398 −0.1776 0 3.5 1 0 0 0
Pump W [kW] 3.3892 0.0536 0.1538 1.89 1.35 1.55 −0.3935 0.3957 −0.00226

Fixed inputs Optimization 
variables

ORC design (no 
pressure losses)

Heat exchanger 
models

ORC design 
(pressure losses)

ORC part-load 
model

 Annual  
production

Heat exchangers 
Volume

O
pt

im
iz

at
io

n 
pr

oc
ed

ur
e

ORC cost

NPV

 Stored solutions

Fig. 4. Sketch of the optimization procedure.

Table 4
Fixed parameters in the multi-objective optimization.

Parameter Value

Electrical generator efficiency [%] 98
Gearbox efficiency [%] 98
Seawater pump efficiency [%] 70
EGR blower efficiency [%] 70

Organic Rankine cycle unit
Turbine isentropic efficiency [%] 85
Pump isentropic efficiency [%] 70

Once-through boiler/EGR once-through boiler
Layout Staggered (equilateral triangle)
Material Carbon steel
Carbon steel thermal conductivity [W/ m K] 48
Tube thickness [mm] 2.0

Condenser
Layout Staggered (equilateral triangle)
Material Carbon steel
Tube pitch, relative to outer tube diameter [-] 1.4
Tube thickness [mm] 2
Seawater inlet temperature [°C] 15
Seawater outlet temperature [°C] 20
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exchangers have generally the largest influence on the unit volume
[27], and therefore their total volume was assumed to give an indica-
tion of ORC space requirement. The total volume (Vtot) of the ORC heat
exchangers was calculated as the sum of the volume of heat exchangers
of the unit (the term VWHR,EGR is relevant only for vessels with EGR
installed):

= + +V V V Vtot WHR,boiler cond WHR,EGR (14)

The use of the genetic algorithm to solve complex problems gen-
erally leads to solutions close to the global optimum, yet there is no
certainty that the global optimum is found for every point of the Pareto
front. As a way to ensure the reliability of the results and to screen the
most promising working fluids, single-objective optimizations were run
in order to identify both the maximum energy production and NPV for
the various cases, using a combination of particle swarm and pattern
search optimizers; both optimizers are available in the Matlab optimi-
zation toolbox [70]. It was decided to utilize evolutionary algorithms
for the optimization routines based on the findings of Astolfi et al. [71],
indicating their suitability to find global optima in techno-economic
optimizations of ORC power systems.

2.6. Model validation

The ORC design model was previously verified both for mixtures
and pure working fluids. The verification, based on previous studies in
literature, proved that the simulation code is able to predict the cycle

first and second law efficiencies with a maximum relative deviation of
3.3%. Further information on the validation procedure of the design
model can be found in Andreasen et al. [45]. The accuracy of the ORC
off-design model was previously assessed by comparing the numerical
results with the experimental data collected during the PilotORC pro-
ject [72]. The comparison between numerical results and operational
data showed that the model was able to predict the ORC power output,
pressure levels and mass flow rate with an accuracy within 5%. The off-
design points considered for validation purposes included variations in
the heat source and heat sink mass flow rates. Information on the va-
lidation of ORC off-design code can be found in the final report of the
PilotORC project [72].

The sizing procedure for the boiler was verified with an example
from Verein Deutscher Ingenieure [73]. The relative deviations in the
estimated heat transfer coefficient, and heat transfer area were 0.66%
and 0.75%, respectively. The estimation procedure for the gas side heat
transfer coefficient was checked against the examples provided by
Weierman [59], while the gas side pressure drop calculations were
compared with the computational fluid dynamic (CFD) results from
Mon [63]. A comparison between the results of the numerical model
and CFD results from Mon [63] for 13 tube bundle geometries and 51
working conditions is shown in Fig. 6. The results indicate that for most
of the operating conditions the estimated pressure drops agreed with
the CFD data with a relative deviation within 20%. The CFD results by
Mon [63,74] are considered to be reliable as they were validated by
comparison with the predictions of experimental-based correlations.
The sizing procedure for the shell and tube heat exchangers was com-
pared with the example available in Coulson et al. [62]. The calculated
heat transfer coefficients, overall heat transfer area and pressure drops
were predicted with relative deviations within 2.6%, 3.6% and 3.7%,
respectively. The deviations are due to numerical approximations and
differences related to fluid property estimations. The results of the
economic estimations were compared with previously published works
in literature. In particular, the estimated ORC specific costs (see Section
3.2) are in agreement with the values reported by Quoilin et al. [38]
and Lemmens [75] for WHR systems in the range 200 kW to 1MW.
These previous studies suggested a total specific cost of around 3,000 $/
kW for the installation of ORC WHR units in this capacity range. In
conclusion, the results of the validations indicate that the numerical
models provide results of sufficient accuracy for the objectives of the
paper.

Table 5
Variables in the multi-objective optimization.

Variable Lower bound Upper bound

Engine load design point [%] 25 100
Turbine inlet pressure [bar] 1 0.8 Pcrit
ORC superheating [°C] 5 150
ORC mass flow rate [kg/s] 2 60
Condensation temperature [°C] 15 40
EGR gases outlet temperature [°C] 100 450
OTB tube inner diameter [mm] 21.4 216
OTB superheater tube inner diameter [mm] 21.4 216
OTB tube length [m] 0.6 7.16
OTB fin height [mm] 6.4 31.8
OTB fin thickness [mm] 0.9 4.2
OTB fin spacing [mm] 3.6 25.6
OTB transversal pitch [mm] 42.85 114.3
Condenser inner tube diameter [mm] 12 46
Condenser tube length [m] 0.5 7.5
Condenser baffle spacing [%] 20 200

Fig. 5. Typical annual engine load profile of a feeder.

Fig. 6. Comparison between the results of the numerical model and CFD results
from Mon [63].
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3. Results

This section shows a comparison of the performance of the pre-se-
lected working fluid candidates, allowing the assessment of the impact
of using NOx emission abatement technologies on the prospects for
WHR. The comparison among the pre-selected working fluids is vi-
sualized through the results of single-objective optimizations, while the
impact of emission abatement technologies on the prospects for WHR is
shown by means a 2D Pareto fronts.

3.1. Single-objective optimization and fluid selection

The maximum annual electricity productions and net present values
obtained for the various configurations are shown in Figs. 7 and 8,
respectively. The estimated volumes in m3 for the ORC heat exchangers
are also reported on top of the bars. The results of the single-objective
optimizations suggest that both the highest electricity productions and
NPV could be obtained for the EGR case. The HP SCR case leads to the
lowest values for both parameters. The results suggest that the highest
energy productions are 1,547 MWh (butane), 1,948 MWh (iso-pen-
tane), 2,443MWh (cyclopentane), and 1776MWh (cyclopentane) for
the HP SCR, LP SCR, EGR and Tier II configurations, respectively. These
values correspond to 4.7%, 5.9%, 7.4% and 5.4% of the main engine
annual energy production and to a reduction of the ship annual CO2

emissions of 688.4 ton, 866.9 ton, 1,087.1 ton and 790.3 ton, respec-
tively (assuming that the auxiliary generators’ CO2 emission factor is
equal to 445 g/kWh [68]).

The values for annual energy productions are in line with the results
of Mondejar et al. [13], who estimated that the installation of ORC units
on board vessels powered by low sulphur fuels could lead to fuel sav-
ings in the range 5.9% − 10%. The highest NPVs obtained are 158,862
$ (cyclopentane), 551,323 $ (cyclopentane), 772,900 $ (cyclopentane)
and 394,570 $ (cyclopentane) for the HP SCR, LP SCR, EGR and Tier II
configurations, respectively. From a fluid selection point of view, cy-
clopentane, n-pentane and iso-pentane show similar performances with
respect to the yearly attainable fuel savings. MM shows the lowest
performance in all cases and no positive NPV could be attained for the
HP SCR case. Cyclopentane results, as the best fluid candidate for the
EGR configuration, in higher attainable energy production and NPV
compared to the other working fluid candidates. The estimated volumes
for the ORC heat exchangers vary depending on the considered objec-
tive function and the selected emission abatement technology. The ORC
configurations optimized to maximize the annual electricity production
are the ones leading the highest space requirements, up to 36m3.
Conversely, smaller units are required to maximize the NPV. In this
case, all the ORC units are estimated to have a volume between 7m3

and 15m3, which corresponds to about 20% to 45% of the volume of a
twenty-foot container.

3.2. Multi-objective optimization

A comparison among the four considered scenarios was carried out
considering cyclopentane as the working fluid as it achieved the highest
NPV for all three configurations. Table 6 shows the results of the multi-
objective optimization procedure for the set of selected optimization
variables reported in Table 5. For each configuration, the minimum,
maximum, mean value and the relative standard deviation of the op-
timized variables are reported. A low value of the relative standard
deviation means that the optimized value of the variable does not
change significantly along the Pareto front. Considering the three
configurations, the variables that exhibit the highest standard devia-
tions are the ORC mass flow rate and the boiler design parameters (fin
height, fin thickness and fin spacing).

The 2D projections of the obtained Pareto fronts for the three sce-
narios are shown in Fig. 9. The Pareto fronts suggest that, for small
volumes, the ORC annual electricity production is strongly correlated to

the volume of its heat exchangers. Units characterized by bigger heat
exchangers result in higher savings, not least because with bigger heat
exchangers it is possible to utilise a larger part of the heat from the heat
sources. Nonetheless, the relationship between the two parameters is
not strictly linear. After a threshold point dependent on the engine
tuning and on the working fluid used, the increase in heat exchanger
volume required to obtain a certain increment of the annual fuel saving
increases substantially. This is due to two factors: (1) the ORC power
output can be increased by decreasing the heat exchangers’ pinch
points; (2) the required heat exchangers’ heat transfer area increases to
infinity when the pinch points approach zero. As shown in Fig. 9b and
c, there is a minimum value of the heat exchangers volume and annual
electricity production, which enables the realization of positive net
present values for the investment. If the unit is too small (resulting in
low annual energy production and small volumes of the heat ex-
changers), the economic savings resulting from the installation of the
ORC unit are not enough to pay off the investment within the expected
service life. Second, the NPV curves also show a maximum after which
the profitability of the investment starts to decline. After the maximum
point for the NPV, the annual energy production can be increased only
by introducing a large increment in the volume of the heat transfer
equipment.

This consideration is also consistent with the trends of the ORC
specific investment cost depicted in Fig. 10. At low values of ORC unit
design power output, higher annual electricity productions can be ob-
tained by increasing the design power output of the ORC unit and, si-
milarly, higher design power outputs result in lower specific costs of the
unit. Nonetheless, the ORC specific investment costs reach a minimum
at a certain value of the design power (515 kW, 514 kW, 782 kW and
540 kW, respectively for the four cases), see Fig. 10. This is because,
after a threshold point, increased power outputs could be obtained only
by using substantially larger heat exchangers.

A comparison among the four scenarios suggests that the LP SCR
case results in the highest NPV compared to the other scenarios, when
the annual electricity production is below 1,700MWh. The HP SCR case
appears to be the least advantageous scenario in terms of both
achievable fuel savings and attainable NPV. The EGR case, meanwhile,
results in the highest NPV values. Nonetheless, the optimized ORC units
for the EGR scenario are the most cost-effective only when the ORC unit
produces large amounts of energy and is equipped with large heat ex-
changers (see Fig. 9b and c). This is because the WHR boiler of the EGR
ORC is sub-divided into two sections (one utilizing heat from the ex-
haust gases and the other from the EGR gases) and will therefore be
more expensive than the WHR boiler installed on the other configura-
tions.

Fig. 11 shows the off-design performance of the three ORC config-
urations that led to the maximum NPV in the four scenarios. The net
power outputs in off-design conditions were normalized with those
obtained at design conditions in order to compare the configurations.

Fig. 7. Maximum electricity production for the various configurations; the
values above the bars represent the estimated ORC heat exchanger volumes.
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The figure indicates that the EGR and LP SCR configurations exhibit
similar behaviour when the engine load decreases, except for the high
ranges where the LP SCR is able to maintain an almost constant power
output. The HP SCR configuration shows instead a sharp decrease of the
power production, especially when the engine load is 40% to 45%, and
80% to 90%. This is associated with a decrease in the exhaust gas
temperature at the corresponding engine loads (see Fig. 1). The Tier II
configuration is the one showing the poorest performance at low engine
loads, due to the sharp decrease in the exhaust gases temperature.

Fig. 12 depicts the results of the sensitivity analyses carried out to
assess the impact of the fuel price on the cost-effectiveness of the ORC
units. The plot depicts the NPV values of the optimized configurations
as a function of the LNG fuel price and suggest that this parameter has a
significant impact on the cost-effectiveness of the units. In July 2018,
the LNG price was in the range 8 $/mm BTU to 10 $/mm BTU [69],
suggesting that the installation of ORC units would lead to positive
NPVs for the LP SCR and EGR cases.

4. Discussion

The following subsections discuss in details the main results ob-
tained. The main topics covered are the following: (1) impact of the
selected scenario and organic Rankine cycle configuration; (2) organic

Rankine cycle space requirements; (3) factors affecting the economic
results; and (4) impact of the boiler design constraints on the attained
results.

4.1. Scenarios and organic Rankine cycle configurations

The results of the multi-objective optimizations are strictly related
to the characteristics of the heat sources used by the ORC units in the
three selected scenarios. The temperature of the exhaust gas is the
lowest when the engine is equipped with a HP SCR unit and this sce-
nario therefore yields the lowest annual fuel savings.

In the EGR scenario, the ORC unit utilises heat from two sources,
which differ both in mass flow rate and temperature. Fig. 13 shows the
T-Q̇ diagram of an optimized ORC configuration harvesting heat from
an engine equipped with an EGR unit. The recirculated gases in the EGR
unit are at high temperatures, but have a relatively low mass flow rate.
Conversely, the exhaust gases are in this case at a relatively low tem-
perature but have higher mass flow rates. The implementation of the
proposed ORC configuration featuring two WHR boilers in series is not
particularly effective in recovering the high exergy EGR stream, re-
sulting in high exergy destructions in the EGR WHR boiler (see Fig. 13).
Preliminary calculations were carried out in order to assess the benefit
of implementing dual pressure ORC systems [18] but the results did not
suggest substantial improvements in the ORC performance.

In any case, operating ORC units utilizing heat from both the ex-
haust gases and the EGR recirculated stream could result in technical
challenges, including the need to install the two WHR boilers close to
each other and the need to bypass the EGR WHR boiler when the EGR
unit is not in operation. In addition, it should be mentioned that the
EGR stream is generally cooled using a cooler spray [23] and thus the
introduction of the EGR WHR boiler would likely result in significant
changes in the design of the EGR unit itself. A comparison with the Tier
II case suggests that the use of NOx abatement technologies, except for
the HP SCR case, results in an increased potential for WHR units. This is
due to the higher temperatures at which the exhaust gases are dis-
charged after the engine turbochargers and emission abatement units.

Fig. 8. Maximum net present value for the various configurations; the values
above the bars represent the estimated ORC heat exchanger volumes.

Table 6
Results of the multi-objective optimization. Minimum, maximum, mean value and relative standard deviation of the optimized variables for the HP SCR, LP SCR and
EGR configurations. Cyclopentane is used as working fluid.

Parameter HP SCR LP SCR EGR

Min Max Mean RSD [%] Min Max Mean RSD [%] Min Max Mean RSD [%]

Engine load design point 94.4 99.8 97.7 2.1 97.5 100.0 99.8 0.3 95.0 99.1 96.9 1.4
Turbine inlet pressure [bar] 1224 1510 1442 5.4 1675 1709 1691 0.3 1175 2059 1784 14.1
ORC superheating [K] 6.5 11.1 8.4 18.9 8.4 11.5 9.5 8.3 7.8 23.6 18.6 35.6
ORC mass flow rate [kg/s] 1.8 4.7 3.9 23.4 1.6 4.5 3.9 20.0 4.4 6.6 5.6 12.4
Condensation temperature [K] 293.2 312.0 302.7 2.4 292.8 313.2 303.3 2.1 293.9 322.7 302.0 2.6
EGR gases outlet temperature [K] – – – – – – – – 450.9 487.1 464.5 2.3
OTB tube inner diameter [mm] 22.6 23.5 23.2 1.0 21.4 23.3 21.7 2.9 27.2 35.4 30.1 10.6
OTB superheater inner diameter [mm] 21.6 24.0 22.7 1.1 21.4 22.2 21.4 0.3 – – – –
OTB tube lenght [m] 6.7 7.2 7.0 1.7 6.8 7.2 7.1 1.4 5.8 7.1 6.8 3.9
OTB fin height [mm] 6.4 8.4 7.0 4.3 6.6 8.1 6.6 9.4 6.5 7.9 7.0 6.3
OTB fin thickness [mm] 1.0 4.0 2.7 43.8 1.2 3.6 2.6 28.5 1.2 4.2 2.9 36.3
OTB fin spacing [mm] 3.8 7.0 5.6 22.0 4.1 5.4 4.9 4.0 3.9 8.3 6.2 12.9
OTB transversal pitch [mm] 45.8 51.8 47.3 2.0 44.6 50.2 45.0 1.8 50.4 60.1 54.4 6.7
EGR OTB tube inner diameter [mm] – – – – – – – – 49.6 77.4 61.8 13.8
EGR OTB superheater inner diameter [mm] – – – – – – – – 45.3 72.3 56.7 16.0
EGR OTB tube length [m] – – – – – – – – 1.8 7.2 4.5 40.9
EGR OTB fin height [mm] – – – – – – – – 8.7 17.5 11.3 18.9
EGR OTB fin thickness [mm] – – – – – – – – 1.0 4.1 1.8 29.2
EGR OTB fin spacing [mm] – – – – – – – – 3.6 15.6 7.7 42.5
EGR OTB transversal pitch [mm] – – – – – – – – 79.6 114.3 100.4 14.0
Condenser inner tube diameter [mm] 12.0 13.7 12.3 1.2 12.0 13.5 12.2 2.9 12.0 18.8 13.1 11.1
Condenser tube length [m] 2.5 5.4 3.7 8.8 3.6 7.3 4.6 2.1 3.3 5.2 4.3 7.8
Condenser baffle spacing [%] 107.9 122.9 118.6 2.0 149.0 158.6 154.8 1.6 97.0 157.7 133.7 16.4
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4.2. Organic Rankine cycle space requirements

The ORC space requirements were estimated by computing the
volume required by the heat transfer equipment, as this generally

represents the highest share of the unit space requirement [27]. In order
to ensure that the unit is able to perform properly during transient
operation, accumulators should also be installed after the condenser
and the boiler. The volume of these accumulators depends on the dy-
namic events that the ORC unit is subjected to and can be estimated
only through dynamic simulations [28]. Such simulations are, however,

Fig. 9. 2D Pareto fronts for the three considered scenarios. Cyclopentane is used as working fluid.

Fig. 10. ORC specific investment cost for the various scenarios as a function of
the design power output.

Fig. 11. ORC normalized net power output as a function of the main engine
load for the ORC configurations maximizing the NPV in the three scenarios;
cyclopentane is the working fluid used for the three scenarios.

Fig. 12. Sensitivity analysis: impact of the LNG price on the estimated NPV.

Fig. 13. T-Q̇ diagram of an optimized ORC configuration harvesting heat from
an engine equipped with an EGR unit.
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beyond the scope of the present work. Furthermore, it should be noted
that specific volume constraints might apply to the different ORC
components in accordance with the specific location where they should
be installed. As an example, the WHR boiler is generally located in the
exhaust stack, while it is reasonable to install the condenser together
with the other cooling systems where it is possible to pump seawater as
cooling fluid. Nonetheless, the estimated volumes are lower than the
space requirement for a standard twenty foot container and therefore it
is expected that the installation of the ORC unit will not have a sig-
nificant impact on the cargo capacity of the considered feeder ship.

4.3. Economic considerations

The economic performance of the ORC unit depends on three main
factors: the cost of the unit, the cost of the LNG fuel and the ORC annual
production. The procedure used to estimate the ORC cost is suitable for
preliminary estimations. The sensitivity analyses indicated that the NPV
is strongly affected by the cost of the ORC unit and the fuel price,
making it challenging to give a clear answer with respect to the cost-
effectiveness of WHR units for maritime applications.

One should also take into consideration that the considered feeder
operates mostly at high engine loads, which means that the ORC units
will perform at a high thermal efficiency. On the other hand, the con-
sidered feeder operates only 4,380 h annually and this has a consider-
able impact on the annual economic savings. The implementation of
ORC units on board larger container ships operating on longer routes
would be more cost-effective, as they can be sailing up to 6,500 h an-
nually. Nevertheless, larger container ships generally operate in slow
steaming mode so a combined optimization of the ORC design and of
the main engine tuning would have to be performed in order to max-
imize the efficiency of the overall system [25]. It should also be men-
tioned that high operational costs might arise due to the implementa-
tion of SCR units on board vessels. Yang et al. [76] estimated the annual
operating expenses to be up to 150,000 $ for a SCR unit. These costs
were not considered in this study, as the investigations were limited to
the estimation of the economic prospects of installing ORC units in the
various scenarios.

4.4. Boiler design considerations

In this study it was assumed that the fuel did not contain any sul-
phur and therefore no limitation was set on the minimum boiler feed
temperature. As detailed in Andreasen et al. [15], an ORC configuration
needs to include an internal recuperator and a jacket water preheater in
case the sulphur content in the fuel is not negligible. In the aforemen-
tioned study, the minimum boiler feed temperature was set to 148 °C
and 125 °C for a fuel with a sulphur mass content of 3% and 0.5%,
respectively. Another important parameter to be taken in to account is
the exhaust gases dew point temperature, which was estimated to be
around 50 °C for the exhaust gas composition considered in this study.
The estimations were carried out with Aspen Plus [77] using the models
developed by International Association for the Properties of Water and
Steam [78], as presented in Wagner et al. [79,80]. In all the in-
vestigated scenarios, the exhaust gas temperature at the outlet of the
WHR boiler was above the estimated dew point temperature, meaning
that severe issues related to water condensation should not be expected.
Nevertheless, local condensation of water droplets can be expected as
the working fluid temperature at the inlet of the WHR boiler is lower
than 50 °C. This was assumed to have a negligible impact on the system
operation.

Looking at the optimized designs of the Pareto fronts (see Table 6),
it appears that the optimal boilers are characterized by relatively short
and thick fins, with a high spacing of 6mm to 9mm. The selection of
short fins with high spacing is aligned with the findings of Mon et al.
[74], who discussed how a higher ratio between the fin spacing and fin
height leads to higher heat transfer coefficients and lower pressure

drops. The optimized boiler geometry aimed therefore at maximizing
the heat extraction with the given constraint on the air-side pressure
drop. Additional simulations were carried out for the LP SCR case as a
way to quantify the impact of the boiler design constraints (maximum
gas side pressure drop and minimum gas velocity between the tubes) on
the attainable NPV values. The results of these additional optimizations
suggest that relaxing the pressure drop constraint to 3 kPa and 4.5 kPa
would lead to a relative increment of the attainable NPV by 51% and
72%, respectively. However, in order to make a more thorough eva-
luation of the effects of reducing the pressure drop constraint, more
comprehensive estimations need to be carried out, as an increased
pressure drop on the exhaust gas side would result in an increased fuel
consumption of the main engine. It would therefore be necessary to
identify an optimum design of the ORC unit taking into account both
the ORC and the main engine performance.

Lastly, it was estimated that allowing a minimum gas velocity of
18m/s and 15m/s would result in an increment of the attainable NPV
by 17% and 37%, respectively. The implemented constraint in the
present study of 20m/s comes from industry experience for HFO-
fuelled vessels [34], but it is expected that lower velocity can be ac-
cepted for LNG-fuelled vessels, because of the cleaner nature of the LNG
fuel.

5. Conclusions

The present study investigated the optimal design of cost-effective
ORC units on board a hypothetical LNG-fuelled feeder vessel operating
in NECA zones. Three scenarios were investigated considering different
technologies to comply with the NOx legislation, including a high
pressure SCR, a low pressure SCR and an EGR unit. Simulations were
carried out also for the Tier II case, so to assess the impact of the
emission abatement technologies on the prospects for waste heat re-
covery. The comparison among the scenarios was based on a multi-
objective optimization procedure, as a way to evaluate the trade-off
between the annual electricity production, the space required for the
heat exchangers and the unit profitability, assessed by means of the 25-
year net present value.

The results of the study suggest that the implementation of an ORC
unit for waste heat recovery represent a more cost-effective solution
when a vessel is equipped either with a low pressure selective catalytic
reactor or an exhaust gas recirculation unit, rather than when the vessel
is equipped with high pressure selective catalytic reactor unit or is
operated in Tier II mode. The temperature of the exhaust gases avail-
able for the organic Rankine cycle unit are lower when the feeder is
equipped with a high-pressure selective catalytic unit and this limits the
potential for waste heat recovery with respect both to the annual
electricity production and its economic advantage. The exhaust gas
recirculation scenario leads to the highest energy production (up to
7.4% of the main engine annual energy production) and to the highest
net present value (772,900 $), but results in the largest heat exchanger
volumes. This results from the need to implement organic Rankine cycle
units with two waste heat recovery boilers, one harvesting heat from
the exhaust gases and one harvesting heat from the exhaust gas re-
circulated stream. In the low-pressure selective catalytic reactor sce-
nario, the optimized organic Rankine cycle units are able to produce up
to 5.9% of the main engine annual energy production with a net present
value up to 551,323 US $.

The results indicate that the economic optimum does not corre-
spond to the design leading to the highest energy production. Above a
certain threshold, dependent on the scenario and the working fluid
selected, the unit annual energy production could be increased only by
installing substantially larger heat exchangers leading to a decreased
net present value. Furthermore, the results suggest that the cost-effec-
tiveness of the organic Rankine cycle unit is strongly dependent on the
liquefied natural gas price and the waste heat recovery boiler design
constraints (acceptable additional backpressure on the main engine and
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minimum gas velocity between the tubes). The comparison with a
vessel powered with and engine tuned for WHR and fulfilling the re-
quirements of the Tier II regulation, suggests that the need to fulfil the
Tier III regulation results in increased prospects for installing waste
heat recovery units, except for the high pressure selective catalytic re-
actor case.
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Abstract 

The installation of an organic Rankine cycle unit on the exhaust line of a marine engine imposes an 
increase in the backpressure on the engine, resulting in a decrease of the engine performance and a 
variation of the available waste heat. In this paper, a method is presented for the optimal design of 
organic Rankine cycle power systems for waste heat recovery in marine applications. The method is 
based on the use of performance maps for the engine and numerical models for the organic Rankine 
cycle unit and the waste heat recovery boiler, thereby enabling consideration of the effect of the 
increased backpressure on the performance of both the main engine and the organic Rankine cycle unit. 
The method is evaluated on a hypothetical containership fuelled by liquefied natural gas. The results of 
the study indicate that the overall system fuel consumption can be reduced by 0.52 g/kWh to 1.45 g/kWh 
by allowing higher backpressure levels on the engine. In addition, the results of the study indicate that 
for a fixed power output of the organic Rankine cycle unit, a reduction of the space requirement for the 
waste heat recovery boiler by up to 35 % can be attained when increasing the maximum allowed engine 
backpressure from 3 kPa to 6 kPa.  

Keywords: organic Rankine cycle, backpressure, waste heat recovery, shipping, volume estimation 

1. Introduction 

A progressive reduction of pollutant emissions from shipping is being enforced by the updated 
legislation recently introduced by the International Maritime Organization (IMO) [1]. Although specific 
constraints on the emissions of greenhouse gases, nitrogen oxides (NOx) [2] and sulphur oxides (SOx) 
[3] were defined, it is unclear which technologies will be the more appropriate to comply with such 
requirements. A way to reduce the emissions of a ship is to increase the performance of its key 
components, because this would lead to lower fuel consumption, and thus to a reduced amount of 
pollutant emissions. Previous studies described approaches to increase the effectiveness of the engine 
[4], the propeller [5], and the hull [6]. Other authors proposed the use of sails [7] and rotors [8] as 
additional emission-free power sources for propulsion, and the use of fuel cells as a replacement for 
onboard generators [9]. 

A study by Bouman et al. [10] suggested that the implementation of waste heat recovery (WHR) 
technologies could result in a reduction up to 20 % of the CO2 emissions from shipping. The prospects 
for WHR arise because nearly half of the fuel energy content is released to the environment as waste 
heat, making it possible to install recovery boilers for the generation of service steam [11]. The high 
temperature of the main engine exhaust gases makes them suitable for the implementation of WHR 
units for the production of additional electrical power. In this context, conventional solutions consist in 
the installation of power turbines and steam Rankine cycles (SRC) [12]. A more recent field of study 
revolves around the installation of organic Rankine cycle (ORC) power systems for WHR on board 
vessels [13]. The ORC technology is based on the Rankine cycle but uses an organic compound as 
working fluid, leading to higher conversion efficiencies when harvesting heat from low temperature 
heat sources [14]. The comparison studies carried out by Larsen et al. [15] and Andreasen et al. [16] 
showed that the installation of ORC units on board vessels can lead to higher power productions and 
increased off-design performances, compared to the use of SRC units.  
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Several studies investigated the design and optimization of ORC power systems tailored for maritime 
applications. Larsen et al. [17] developed a generally applicable methodology to determine the optimum 
working fluid, boiler pressure and Rankine process layout for scenarios related to marine engine heat 
recovery. Baldi et al. [18] compared different procedures to optimize the design of ORC units 
considering the ship operational profile and concluded that the unit should be optimized considering its 
operational envelope, rather than only its design point performance. Rech et al. [19] emphasized the 
importance of carrying out dynamic simulations to define which control strategies lead to stable 
operation of the ORC unit in all the considered ship sailing conditions. Baldasso et al. [20] developed 
a simplified procedure to predict the performance of ORC units for maritime applications, based on the 
characteristics of the main engine exhaust gases and the ship sailing profile. 

When evalutating the prospects for installing an ORC-based WHR unit on board a vessel, it is important 
to consider that this will result in an increased complexity of the overall machinery system, higher risk 
hazards due to possible interaction between the unit’s working fluid and the engine, and a decrement of 
the engine performance because of the increased backpressure [21].  

Moreover, it is important to select the design of the WHR boiler properly in order to limit the risk of 
boiler failure. Ships are commonly powered by low quality fuels characterized by a considerable content 
of asphalts and carbon, which contaminate the exhaust gases and result in an increased fouling of the 
WHR boiler. An increased soot deposition can in some cases result in soot fires and in the failure of the 
WHR boiler. Similarly, the sulphur contained in the marine fuels is transferred to the exhaust gases and 
can condensate on the tube banks of the WHR boiler, leading to corrosion issues. As a way to prevent 
the failure of WHR boilers, guidelines are commonly used in industry practices [22].  

The impact of the increased backpressure on the performance of turbocharged marine diesel engines 
has been previously investigated in both numerical and experimental studies.  

Tauzia et al. [23] developed an engine simulation code assessing the impact of exhaust backpressure on 
the performance of a marine engine and showed that an increase in backpressure can lead to lower air-
to-fuel ratios and an increased exhaust gas temperature. Hield [24] simulated the effects of backpressure 
on a turbocharged diesel engine used for submarine propulsion, highlighting the non-linearity of the 
effects of a fluctuating backpressure on the main engine. The results of the study indicated that most of 
the non-linear behavior of the engine could be attributed to the turbocharger. Mittal et al. [25] conducted 
an experimental study to quantify the effects of exhaust backpressure on performance and exhaust gas 
emissions characteristics of a diesel engine for generator applications and showed that the backpressure 
has a limited impact on the engine fuel consumption at high engine loads. Sapra et al. [26] carried out 
experimental investigations and developed a mean value engine model to characterize the effects of 
backpressure on marine engines. They concluded that the air-excess ratio, exhaust receiver and exhaust 
valve temperature are the most critical parameters to consider when running an engine against a high 
backpressure.  

There are only a few previous studies considering the interaction between the additional backpressure 
and the ORC/SRC unit design and its impact on the engine performance. However, all but one of these 
studies are related to the automotive sector, or consider stationary engines. Katsanos et al. [27] 
investigated the implementation of Rankine-based WHR units for truck applications and estimated that 
the installation of a SRC bottoming cycle would result in an increase of the main engine backpressure 
by 2.2 kPa. As a consequence, the authors suggested that the WHR unit would have a limited impact 
on the engine performance. Di Battista et al. [28] discussed the effects of the pressure losses produced 
by an ORC-based power unit mounted on the exhaust line of a turbocharged IVECO F1C engine, 
operated on a test bench and concluded that the use of plate heat exchangers could lead to a backpressure 
increase exceeding 25 kPa. Yamaguchi et al. [29] investigated two different boosting strategies to 
counterbalance the increased backpressure on the exhaust line of a six-cylinder heavy duty diesel engine 
and concluded that the installation of an ORC unit could lead to an improvement in fuel economy of 
2.6 %. 

Only the work of Michos et al. [21] addressed the maritime sector. They numerically investigated the 
performance of advanced turbocharging techniques against the backpressure caused by fitting an ORC 
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unit in the exhaust line of a 1.5 MW high-speed diesel engine, used as a generator set in maritime 
applications. The authors of this study focused on the assessment of the engine performance as a 
function of the backpressure caused by the ORC unit. However, the additional backpressure supplied 
to the engine due to the installation of the ORC unit was assumed, rather than estimated based on the 
design of the WHR heat exchanger. 

Lastly, as detailed in the work by Xiaoya et al. [30], also the pressure drop on the ORC side has a 
significant impact on the economic and thermodynamic performance of ORC units and thus it needs to 
be incorporated in overall optimization approaches, especially when considering space constrained 
applications (i.e. trucks and cars). 

This paper presents a  method to design ORC power systems for WHR in maritime applications by 
accounting for the effect of increased backpressure on the performance of both the main engine and the 
ORC unit. This is accomplished by combining the use of numerical models for the ORC unit and the 
WHR boiler, and performance maps describing the behavior of the engine as a function of the additional 
backpressure caused by the ORC unit.  

The major novel contribution of this paper to state-of-the-art is that the design of the WHR boiler is 
considered when estimating the additional backpressure to the ship engine caused by the installation of 
the ORC unit. The incorporation of the WHR boiler design in the performance analysis of the system 
comprising the ship’s main engine and the ORC unit makes it possible: i) to estimate accurately the 
ORC power production; ii) to quantify the space requirements for the WHR boiler, and iii) to quantify 
the relationship between the backpressure supplied to the engine and the space requirements for the 
WHR boiler.  

Previous works did not fully capture the interconnection between the additional backpressure on the 
engine and the optimal design of the WHR unit. Katsanos et al. [27] numerically estimated the 
additional backpressure caused by installing a SRC on the exhaust line of a truck engine, but did not 
account for the effects of the additional backpressure on the exhaust gas mass flow rate and temperature, 
i.e., no engine performance map was considered. Michos et al. [21] numerically investigated the 
variation of the efficiency of a four-stroke marine engine due to increasing backpressure levels caused 
by an ORC unit, but did not address the design of the WHR boiler causing the additional backpressure, 
that is, Michos et al. [21] did not address the relationship between the pinch point temperature difference 
[31] in the WHR boiler and the pressure drop caused by the WHR boiler, which may result in the 
consideration of infeasible WHR boiler designs and/or incorrect system performance estimations (see 
Section 3). In addition, Michos et al. [21] considered the use of an intermediate oil loop between the 
exhaust gases and the WHR boiler of the ORC unit, whereas no oil loop is considered in this work. 
Finally, to the best of the authors’ knowledge, no previous study addressed the relationship between the 
backpressure supplied by the WHR boiler and its space requirements. 

The method described in this work is suitable to estimate the power output of an ORC unit installed on 
the exhaust line of a marine engine, the engine fuel penalty arising due to the increased backpressure to 
the engine itself, and the space requirement for the WHR boiler. Therefore, it supports both researchers 
and industry in the development of future waste heat recovery units tailored for maritime applications. 

The paper is structured as follows. Section 2 explains the applied methods. The results are presented in 
Section 3 and discussed in Section 4. Finally, the conclusions are outlined in Section 5. 

2. Methods 

The proposed methodology is derived by integrating engine performance maps, an ORC simulation 
framework, and a WHR boiler design model. The following subsections present a description of the 
simulation models, their validation, and the procedure which was utilized to combine them for the 
purpose of this work. 
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2.1. Engine performance 

This study considered the installation of an ORC unit on board a hypothetical vessel powered by a 23 
MW MAN 6S80ME-C9.5-GI engine with part-load tuning. The engine is powered by LNG, and its 
main characteristics, retrieved from the MAN CEAS calculation tool [32], are listed in Table 1. The 
data for the engine exhaust gases are reported for the engine operated at full load.  

Table 1. The characteristics of the exhaust gases of the engine 6S80ME-C9.5 at full load. 
Parameter Value 
Nominal power output [kW] 23,000 
Nominal speed [r/min] 74.0 
Exhaust gas temperature [°C] 251 
Exhaust gas flow rate [kg/s] 51.9 

 

The values in the table refer to the engine operated with a backpressure of 3 kPa [22]. Figure 1 shows 
the variation of the performance of the engine as a function of the backpressure caused to the engine; 
the data was provided by MAN Energy Solutions [33] and is provided in Table S1 in the supplementary 
material. An increase of the engine backpressure results in an increase of the exhaust gas temperature 
and the specific fuel consumption (SFC), and a decrease of the exhaust gas mass flow rate. The indicated 
SFC increases as a function of the backpressure, and it includes both the LNG and the pilot fuel oil 
consumptions. The impact of varying the engine backpressure was limited to the range from 3 kPa to 6 
kPa. The considered two-stroke engine needs to be operated with a maximum allowable design 
backpressure of 6 kPa, because higher backpressure levels would result in issues in the turbocharging 
matching procedure [33]. 

 
Figure 1.  Engine performance as a function of the backpressure. Engine load = 100 %. Source: MAN 
Energy Solutions [33]. 

 

2.2. Organic Rankine cycle model 

The present work considered the implementation of an ORC power system harvesting the waste heat 
from the selected marine engine operated at full load. Given that the engine is powered by LNG, no 
limit was set on the minimum temperature of the exhaust gases [13], as corrosion by sulphur 
condensation is not expected. 

Both recuperated and non-recuperated configurations were considered, to assess the impact of including 
this additional component with the attainable ORC power output. In all cases, cyclopentane was selected 
as the working fluid, because it has been shown to lead to cost-effective ORC power systems for WHR 
in maritime applications [16,34]. In any case, the selection of the working fluid is not expected to have 
a significant impact on the relationship between the attainable power output and backpressure level 
supplied to the engine by the ORC unit. The performance of the ORC unit was estimated using the 
numerical model previously described in Andreasen et al. [35], while the thermodynamic properties of 
the working fluid were retrieved from Coolprop 4.2.5 [36]. The ORC net power output was computed 
as 
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 �̇�𝑊net =  �̇�𝑊exp ηgear ηgen − �̇�𝑊𝑝𝑝 − �̇�𝑊p,sw (1) 
where �̇�𝑊exp ,�̇�𝑊𝑝𝑝  �̇�𝑊p,sw represent the power of the ORC turbine, pump, and seawater pump. Figure 2 
shows the sketch of the ORC unit. The recuperator was considered only in the relevant cases. 

Turbine

Pump

Condenser

OTB

Recuperator

 
Figure 2.  Sketch of the ORC power system. 

 

When optimizing the ORC units, the maximum and minimum allowable pressures were set to 3,000 
kPa and 4.5 kPa, respectively, following the suggestions by Rayegan et al. [37], Dresher and 
Brüggerman [38], and MAN Energy Solutions [39]. Moreover, in order to avoid problems during 
operation near the critical point, the ORC unit was limited to a subcritical cycle configuration with a 
maximum reduced pressure of 0.8.  

As the main objective of the work is to identify the impact of the WHR boiler constraints on the 
performance of ORC units, both the turbine and the pump were modelled with a fixed value of the 
isentropic efficiency, the recuperator was modelled with a minimum pinch point approach, and a fixed 
temperature for the working fluid condensation was imposed. The pressure drops in the recuperator and 
condenser were neglected.  

2.3. Waste heat recovery boiler model 

The waste heat recovery boiler was modelled as a finned tube once-through boiler (OTB) using the 
numerical model previously described and validated in Baldasso et al. [34]. The considered OTB has a 
staggered tubes layout, and features solid fins to enhance the heat transfer coefficient on the exhaust 
side. Figure 3 shows the layout of the OTB, while Table 2 reports the heat transfer and pressure drop 
correlations that were used in the numerical model.  

Exhaust 
gases

Ntr

Ntp

 
Figure 3.  Layout of the OTB. 
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The thermodynamic properties of the exhaust gases were assumed equal to those of air at 100 kPa at 
the average temperature in the heat exchanger. In addition, a minimum gas velocity of 20 m/s of the 
exhaust gases in the reduced section between the tube banks was imposed, according to the 
recommendation of MAN Energy Solutions [22]. This constraint, initially developed for WHR boilers 
designed for ships operating on heavy fuel oil, minimizes the risk of soot fires in the OTB, because the 
high gas velocities ensure that the soot particles do not deposit in the tube banks of the OTB. 

LNG is known to result in lower soot formation, because soot formation is favored by the presence of 
carbon – carbon double bonds, which are not present in the methane molecule [40,41]. Therefore, the 
attained results are expected to be on the conservative side. The minimum distance between the tip of 
the fins in adjacent rows was set to 6 mm [42]. The volume of the WHR boiler was estimated as follows: 

 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑙𝑙𝑡𝑡  𝑃𝑃𝑙𝑙  𝑃𝑃𝑡𝑡 (𝑁𝑁𝑁𝑁𝑁𝑁 + 1)(𝑁𝑁𝑁𝑁𝑁𝑁 + 1) (2) 

where lt, Pl and Pt represent the length of the OTB tubes, and the longitudinal and the transversal pitch. 
Ntp and Ntr stand for the number of tubes per pass and the number of tube rows. 

Table 2.  Heat transfer and pressure drop correlations used in the OTB model. 

 Correlation 
Gas side 
Heat transfer coefficient ESCOA [43] 
Pressure drop ESCOA [43] 
Fin efficiency Weierman [44] 
Fluid side 
Heat transfer coefficient (single-phase) Gnielinski [45] 
Heat transfer coefficient (two-phase) Shah [46] 
Pressure drop (single-phase) Kern [47] 
Pressure drop (two-phase) Friedel [48], Rouhani and Axelsson [49] 

 

2.4. Overall optimization routines 

The engine performance map, and the ORC and OTB models were combined to create an optimization 
framework suitable to evaluate the impact of changing the maximum allowed backpressure level to the 
engine on the performance of the overall system in terms both of fuel consumption and volume 
requirements for the OTB. Figure 4 depicts a sketch of the optimization routine that was used to 
investigate the impact of varying the allowed engine backpressure on the optimal design of the ORC 
unit, and on the performance of the overall system. Single-objective optimizations were conducted.  
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Figure 4.  Sketch of the ORC optimization routine. 

 

The backpressure level to the engine has a direct impact on the characteristics of the available waste 
heat, and therefore multiple optimization runs were carried out in order to investigate the optimal design 
of the ORC unit as a function of the selected backpressure level. For each optimization run, the 
backpressure level to the engine was fixed, and the designs of the ORC unit and of the OTB were 
optimized so as: i) to match the predefined pressure drop in the exhaust gases side, and ii) to fulfill a 
constraint on the minimum allowed boiler pinch point temperature difference (min ΔTpp,OTB). The 
outputs of the calculation routine were the ORC net power output and the volume of the OTB (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂). 

In order to evaluate the impact of including the detailed OTB model in the overall optimization 
procedure, additional simulations were carried out where the OTB boiler calculation was by-passed and 
the feasibility of the ORC designs was checked only by evaluating the minimum pinch point 
temperature of the heat transfer process. 

According to the recommendations from MAN Energy Solutions, it was assumed that the engine 
exhaust piping accounts for a pressure drop of 1.5 kPa [22]. Therefore, for every backpressure level 
imposed on the engine, the maximum allowed pressure drop of the exhaust gases in the OTB was 
computed as 

 ∆𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂,𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝑃𝑃𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 − 1.5 kPa (3) 

Tables 3 and 4 show the list of the fixed input parameters and the optimized variables which were 
considered in this study. The ranges of the geometrical parameters for the OTB fins were retrieved from 
ESCOA [43], while the allowed tube diameters/lengths were attained from Coulson et al. [50] 
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Table 3. Fixed input parameters in the optimization procedure. 

Parameter Value 
Electrical generator efficiency [%] 98 
Gearbox efficiency [%] 98 
Seawater pump efficiency [%] 70 
Organic Rankine cycle unit 
Turbine isentropic efficiency [%] 85 [51,52] 
Pump isentropic efficiency [%] 70 [52] 
Fluid condensation temperature [°C] 30 
Recuperator minimum pinch point [°C] 20 
Seawater inlet temperature [°C] 15 
Seawater outlet temperature [°C] 20 
Once-through boiler/EGR once-through boiler 
Layout Staggered (equilateral triangle) 
Material Carbon steel 
Carbon steel thermal conductivity [W/ m K] 48 
Tube thickness [mm] 2.0 

 

Table 4. Optimized variables and their considered ranges. 

Variable Lower bound Upper bound 
Turbine inlet pressure [kPa] 100 0.8 Pcrit 
ORC superheating [°C] 5 90 
ORC mass flow rate [kg/s] 1 60 
OTB tube inner diameter [mm] 21.4 216 
OTB superheater tube inner diameter [mm] 21.4 216 
OTB tube length [m] 0.6 7.16 
OTB fin height [mm] 6.4 31.8 
OTB fin thickness [mm] 0.9 4.2 
OTB fin spacing [mm] 3.6 25.6 
OTB transversal pitch [mm] 42.85 114.3 

 

The overall optimization procedure was used for two purposes: i) to investigate the variation of the 
maximum ORC power production as a function of the backpressure level to the engine; and ii) to assess 
the minimum volume requirement for the OTB boiler as a function of the backpressure level to the 
engine and of the ORC power output. 

In the first case, the ORC net power output (�̇�𝑊net) was selected as the objective for the optimization, 
and constraints were imposed on the exhaust gases pressure drop across the OTB and on the minimum 
pinch point temperature in the OTB. The optimization problem was therefore set as: 

 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 �̇�𝑊net                                                              

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆𝑁𝑁 𝑁𝑁𝑡𝑡 �
∆𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂,𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝑃𝑃𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 − 1.5 kPa
∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝑂𝑂 ≥ 𝑀𝑀𝑀𝑀𝑀𝑀 ∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝑂𝑂                     

(4) 

 

The ORC designs attained by carrying out these optimizations give an indication of the impact of 
constraining the maximum allowed backpressure supplied to the engine on the power production 
attainable by installing a WHR unit.  

In the second case, the OTB volume (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂) was selected as the objective for the optimization, and 
constraints were imposed on the minimum ORC power output and on the OTB pinch point and pressure 
drops: 
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 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂                                                              

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆𝑁𝑁 𝑁𝑁𝑡𝑡 �
∆𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂,𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝑃𝑃𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 − 1.5 kPa
∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝑂𝑂 ≥ 𝑀𝑀𝑀𝑀𝑀𝑀 ∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑂𝑂𝑂𝑂𝑂𝑂                   
�̇�𝑊net  ≥  �̇�𝑊net,target                                           

 (5) 

 

The ORC designs attained by carrying out these optimizations give an overview on the relationship 
between ORC power production and volume requirements for the OTB, as a function of the maximum 
allowed backpressure supplied to the engine. 

The overall performance of the system comprising the ship engine and the ORC unit was evaluated by 
means of the overall system specific fuel consumption (𝑆𝑆𝑆𝑆𝑆𝑆𝑔𝑔𝑠𝑠𝑔𝑔𝑡𝑡𝑠𝑠𝑠𝑠 ). This represents the specific fuel 
consumption of the system comprising both the engine and the ORC unit, and was calculated as follows: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑔𝑔𝑠𝑠𝑔𝑔𝑡𝑡𝑠𝑠𝑠𝑠 =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 · �̇�𝑊𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠

�̇�𝑊𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 +  �̇�𝑊𝑒𝑒𝑠𝑠𝑡𝑡
 

(6) 

where �̇�𝑊engine and �̇�𝑊𝑒𝑒𝑠𝑠𝑡𝑡 are the power outputs of the engine and the ORC unit, respectively. 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑒𝑒𝑔𝑔𝑠𝑠𝑒𝑒𝑠𝑠 is 
the engine specific fuel consumption, which was varied as a function of the additional backpressure 
supplied to the engine (see Figure 1).  

The evaluations of the OTB volume requirements and the overall performance of the system were 
carried out only for the non-recuperated ORC unit, because the results indicated that the use of a 
recuperator resulted in a negligible increase of the maximum attainable power production, while 
requiring the use of a more complex and thus more expensive unit layout (see Section 3.1). 

The overall system-specific fuel consumption was calculated also by using the engine data described in 
the work by Michos et al. [21], thereby demonstrating that the proposed method is capable of replicating 
previously published results. When carrying out the simulations with the data from the previous study, 
the pressure drops across the exhaust line pipes were set to zero in order to be consistent with the 
approach used in Ref. [21]. 

The optimization routines were carried out using a combination of pattern search and particle swarm 
optimizers, available in the Matlab optimization toolbox [53]. The use of evolutionary algorithms for 
the optimization routines follows the recommendations of Astolfi et al. [54], indicating their suitability 
to find global optima in design optimizations of ORC units. The solution attained through the 
evolutionary algorithm (particle swarm) was further refined by running the pattern search optimization 
routine using the solution of the evolutionary algorithm as a starting point. The particle swarm optimizer 
was run for 100 generations using a swarm size of 5,000 individuals, while the pattern search 
optimization routine was executed for 500 iterations. 

2.5. Validation of the numerical models 

The numerical models used to perform design performance estimations for the ORC unit were 
previously verified [35]. The verification, based on previous studies in literature, indicated that the 
simulation code is able to predict the cycle’s first and second law efficiencies with a maximum relative 
deviation of 3.3 %.  

The waste heat recovery boiler was previously validated in Baldasso et al. [34]. The procedure to size 
the boiler was verified with an example from Verein Deutscher Ingenieure [55] with a relative deviation 
of 0.66 % and 0.75 %, respectively, for the estimated heat transfer coefficient and the heat transfer area. 
For the gas side, the heat transfer coefficient estimation procedure was verified against  examples from 
Weierman [44], indicating a deviation of 4.6 %, due to roundings and unit conversion approximations. 
The estimated pressure drops indicated a relative deviation within 20 %, compared to the estimations 
from Mon [56]. 
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3. Results 

3.1. Impact of backpressure constraint on the design of the organic Rankine cycle unit 

Figure 5 shows the maximum ORC power output attainable as a function of the engine backpressure 
and the minimum acceptable boiler pinch point temperature. Detailed information about the design of 
the optimized ORC units are provided in Table S2 in the supplementary material. The results are 
attained for the non-recuperated ORC and indicate that given a specific value for the engine 
backpressure, the ORC power output tends to increase linearly when decreasing the minimum 
acceptable pinch point in the OTB. Nonetheless, this appears not to be true when considering an engine 
backpressure of 3 kPa. In this case, after some threshold value, the ORC power output remains constant. 
This happens because it is not possible to find a suitable design for the OTB that matches the 
backpressure constraint with the minimum allowed pinch point temperature. This suggests that the 
choice of the heat exchanger technology to be used for the OTB and the set of constraints for the exhaust 
gases (maximum allowed pressure drop and minimum velocity) result in a minimum attainable boiler 
pinch point. In particular, the minimum pinch point temperature in the OTB that could be attained with 
the considered set of constraints is equal to 18.8 °C. 

 

 
Figure 5.  Impact of backpressure and pinch point constraint on the attainable ORC net power output. 

 

Secondly, it is noted that by allowing a higher backpressure on the engine, it is possible to design ORC 
units with higher net power outputs. On average, the ORC net power output increases by 6 % when 
increasing the allowed backpressure by 1.5 kPa. This results from the fact that an increase by 1.5 kPa 
in the engine backpressure leads to an increase in the exhaust gases temperature by around 5 °C, and a 
reduction of the exhaust gases mass flow rate by around 1.1 %.  

Figure 6 depicts the maximum attainable ORC power output when setting the engine backpressure to 3 
kPa. Three cases are investigated: i) non-recuperated ORC; ii) recuperated ORC; and iii) non-
recuperated ORC simulated without the OTB model. The results indicate that the recuperated and non-
recuperated ORC lead to a similar trend in the attainable power output. The use of a recuperated ORC 
leads to an increase in the attainable power output by 2.1 %, when the minimum allowed boiler pinch 
point is lower than 20 °C. This is because the use of the recuperator allows for decreasing the minimum 
attainable OTB pinch point temperature from 18.8 °C to 17.4 °C.  

On the other hand, significant differences appear when the ORC power output is estimated without 
accounting for the OTB model. In this case, the ORC power output increases linearly with the minimum 
allowed OTB pinch point constraint, leading to a considerable overestimation of the attainable power 
when the pinch point constraint is below 20 °C. In particular, the attainable power output is 
overestimated by 15 %, when considering a minimum pinch point of 10 °C. This happens because when 
the OTB design is excluded from the analysis, the design constraint on the maximum pressure drop on 
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the exhaust gas side is disregarded. The differences in the estimated power output when the pinch point 
temperatures are above 20 °C are due to the fact that the working fluid pressure drops in the OTB were 
set to zero when by-passing the OTB model. 

 

 
Figure 6.  Impact of using a recuperator on the maximum attainable ORC power output. The engine 
backpressure is set to 3 kPa. 

 

3.2. Impact of backpressure constraint on volume requirements 

Figure 7 shows the impact of the engine backpressure and ORC power output on the minimum required 
OTB volume for the non-recuperated ORC case. Detailed information about the design of the optimized 
ORC units is provided in Table S3 in the supplementary material.The results suggest that the OTB 
volume increases when designing ORC units with higher net power outputs. This increment is nearly 
exponential and results from the fact that: a) higher power outputs can be attained only by accepting a 
lower pinch point temperature in the OTB, and b) the velocity of the exhaust gases needs to be reduced 
in order to keep a constant backpressure on the exhaust gases side. The need to have lower a pinch point 
in the OTB, and the reduced velocity of the gases, which leads to a lower heat transfer coefficient, 
results in a more than linear increase in the required heat transfer area.  Considering the impact of the 
imposed gas-side backpressure constraint, it appears that, for a given power output of the ORC unit, 
allowing higher pressure drops in the OTB results in a sharp decrease in the required OTB volume. In 
particular, considering an ORC net power output of 1,300 kW, the required OTB volume is of 7.37 m3, 
5.60 m3, and 4.76 m3, respectively, for an engine backpressure of 3 kPa, 4.5 kPa and 6 kPa. On a relative 
basis, the required volume decreases by 24 % and 35 %, when relaxing the backpressure constraint from 
3 kPa to 4.5 kPa and 6 kPa, respectively. This suggests that allowing increased gas-side backpressures 
allows more compact designs for the OTB. From the engine perspective, increasing the backpressure 
from 3 kPa to 4.5 kPa and 6 kPa results in an increase of the SFC by 0.19 g/kWh and 0.38 g/kWh, 
respectively. In relative terms, the engine SFC increases by 0.13 % and 0.27 % when increasing the 
backpressure from 3 kPa to 4.5 kPa and 6 kPa, respectively.  
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Figure 7.  Impact of backpressure and ORC power output on the minimum OTB volume . 

 

3.3. Impact on the overall system performance 

Figures 8 and 9 show the impact of installing the non-recuperated ORC unit on the specific fuel 
consumption of the combined system. Figure 8 is based on the engine data that was presented in this 
paper (see Figure 1), while Figure 9 is based on the engine data provided in Michos et al. [21]. 
Specifically, the plots show the overall system SFC as a function of the engine backpressure and 
minimum acceptable pinch point temperature in the OTB.  

 
Figure 8.  Impact of backpressure and pinch point constraints on the overall machinery system 
performance. The engine SFC without the WHR unit is 141.2 g/kWh. 
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Figure 9.  Impact of backpressure and pinch point constraints on the overall machinery system 
performance. The results are attained using the engine performance data provided in Michos et al. 
[21]. The engine fuel consumption without the WHR unit is 183.8 g/kWh. 

 

Looking at Figure 8, it is possible to conclude that when the OTB minimum pinch point is set to 20 °C, 
there is an almost linear trend between the overall system SFC and the engine backpressure. Such linear 
trend was also found in the work of Michos et al. [21]. However, the results presented in the work of 
Michos et al. [21], which were successfully replicated in this work (see Figure 9), indicated an increase 
of the overall system SFC when increasing the engine backpressure.  

The difference in the trend is not due to the applied method (because the trend of the previous work was 
replicated using the method presented in this work) and can be explained by the fact that Michos et al. 
[21] considered a four-stroke auxiliary engine whose specific fuel consumption is more affected by the 
backpressure in comparison to the two-stroke engine considered in the present work. In addition, the 
engine turbocharging strategy utilized in Michos et al. [21] leads to lower variations in the exhaust gases 
temperature as a function of the additional backpressure, making the attainable ORC net power output 
less dependent on the engine backpressure. 

In both cases, the selected backpressure level has a limited impact on the overall system SFC. For 
example, when considering a minimum pinch point temperature of 20 °C for the OTB, the installation 
of the ORC unit leads to a reduction of the overall system SFC (compared to the engine base SFC of 
141.2 g/kWh) by 5.5 %, 5.8 % and 5.9 %, when setting the engine backpressure to 3 kPa, 4.5 kPa and 
6 kPa, respectively. 

Based on the results shown in Figure 8, it is possible to conclude that the trends for the cases where the 
boiler pinch point is constrained to 15 °C and 10 °C show a sharp decrease when increasing the engine 
backpressure from 3 kPa to 4.5 kPa. These sharp decrements correspond to the sharp increases in the 
attainable ORC power output, which were reported in Section 3.1 (see Figure 5).  

In particular, the overall system SFC decreases by 0.72 g/kWh and 1.19 g/kWh when relaxing the 
backpressure constraint from 3 kPa to 4.5 kPa, with a boiler pinch point constraint of 15 °C and 10 °C, 
respectively. Similarly, relaxing the backpressure constraint up to 6 kPa results in a reduction of the 
overall system SFC by 0.52 g/kWh, 0.95 g/kWh and 1.45 g/kWh compared to the 3 kPa case, for a 
minimum boiler pinch point of 20 °C, 15 °C and 10 °C, respectively.  

Figure 10 shows a comparison of the estimated overall system SFC when including the OTB model in 
the overall methodology, and when estimating the ORC performance just by imposing a boiler 
minimum pinch point temperature. The presented case is the most extreme when the minimum OTB 
pinch point is set to 10 °C.  

The figure indicates that by not considering the design of the OTB and its constraints, it is possible to 
overestimate the SFC savings that are  attainable by implementing an ORC unit. This happens because, 
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as previously discussed and shown in Figure 6, the boiler design constraints hinder the attainment of 
the assumed minimum pinch point temperatures. As a consequence, the ORC net power output is lower 
compared with that of an approach not considering the design of the OTB and its constraints. In 
particular, when setting the engine backpressure to 3 kPa, the estimated overall system SFC was 
estimated to be 133.34 g/kWh and 132.24 g/kWh, when considering the two modelling approaches, 
respectively. In relative terms, the savings correspond to a reduction by 5.6 % and 6.3 % of the engine 
SFC, respectively. This indicates that the implementation of an approach which does not include a 
suitable OTB model can lead to a noticeable overestimation of the attainable fuel savings. 

 
Figure 10.  Estimated overall machinery system performance with and without accounting for the 
OTB model. The results are presented for the case where the minimum allowed pinch point 
temperature in the OTB is set to 10 °C. 

 

Figure 11 depicts the impact of installing the ORC unit with a constrained OTB volume on the overall 
system SFC. As detailed in Figure 7, constraining the OTB volume directly impacts the attainable ORC 
power output, because a larger OTB is capable of extracting higher amounts of heat from the exhaust 
gases. Figure 11 indicates that allowing higher volumes for the OTB results in a decrease of the overall 
system SFC. Considering an engine backpressure level of 6 kPa, the overall system SFC decreases from 
133.4 g/kWh to 132.7 g/kWh and 132.2 g/kWh, when the OTB volume is increased from 6 m3, to 8 m3 
and 10 m3, respectively. 

Moreover, the results shown in Figure 11 suggest that when considering the performance of the overall 
system, the ORC unit should be designed for the maximum allowed engine backpressure, regardless of 
the considered volume constraint for the OTB. This is in agreement with the trends identified in Figure 
8, and suggests that for the considered case study, the optimal system performance is attained when 
designing the ORC unit for the largest allowed engine backpressure (6 kPa). 
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Figure 11.  Impact of backpressure and OTB volume constraints on the overall machinery system 
performance. The engine SFC without a WHR unit is 141.2 g/kWh. 

 

4. Discussion 

The proposed methodology to assess the performance of the system comprising a ship’s main engine 
and an ORC WHR unit was applied both to a two-stroke dual fuel engine and to the four-stroke diesel 
engine previously investigated in the work of Michos et al. [21]. The results indicate that when 
considering the two-stroke dual fuel engine, the SFC of the overall system can be minimized by 
accepting higher backpressure levels on the engine. The opposite result is found when using the engine 
data for the four-stroke engine. It appears therefore that the optimal design point should be evaluated 
from case to case, and that the most crucial parameters to consider are the engine sensitivity to the 
backpressure level and the engine turbocharging strategy, which directly affects how much the ORC 
power output is dependent on the engine backpressure level. 

The ORC volume requirements are an important parameter to consider when designing WHR units for 
marine applications. The results presented suggest that accepting higher backpressures on the engine 
allows realizing more compact OTBs. The increased compactness is beneficial, especially because the 
OTB is generally installed in the exhaust stack where the space availability may be limited or 
constrained in one of the dimensions (i.e. length or width available for the OTB).  

With respect to the OTB design, only finned tube heat exchangers with solid fins and staggered tube 
layouts were considered in this study. Different layouts of the tubes/fins could be considered, including 
parallel tube layouts, serrated fins [43] and H-type finned tubes [57]. A dedicated study could be carried 
out to identify the optimal boiler design that maximizes the heat transfer while maintaining the exhaust 
gases pressure drops within the considered constraints. 

As detailed in the work of Pili et al. [58], the weight of the ORC unit is also an important parameter in 
defining the economic feasibility of WHR units in the transportation sector. In fact, the weight of the 
ORC adds to the total transported weight and thus leads to an increase of the overall fuel consumption 
of the truck/vessel. However, when focusing on the maritime sector, the weight of the ORC can be 
considered negligible compared to the weight of the ship and its payload. Therefore, it was assumed 
that the additional weight due to the installation of the ORC unit has no impact on the ship’s fuel 
consumption. 

Lastly, it should be mentioned that in many cases, intermediate oil loops are used to transfer the heat 
from the engine exhaust gases to the ORC fluid. In this case, the heat exchanger affected by the 
backpressure constraint would be the one transferring the heat from the exhaust gases to the thermal 
oil. Additional studies need to be carried out to quantify the impact of using an intermediate oil loop 
while allowing for an additional engine backpressure. Nonetheless, in order not to limit the ORC power 
output, the thermal oil needs to receive the heat from the exhaust gases at a higher temperature compared 
to that of the ORC fluid, suggesting the need for a larger heat transfer area (because the overall heat 
transfer coefficient is practically dominated by the exhaust gas side). The engine performance is 
therefore expected to be affected to a larger extent when increasing the backpressure compared to the 
case where no intermediate oil loop is used. However, the use of an intermediate oil loop facilitates the 
control of the minimum temperature in the exhaust gas heat exchanger, thus minimizing the risk of its 
failure. 

5. Conclusions 

The present study investigated the optimal design of organic Rankine cycle-based waste heat recovery 
units for maritime applications accounting for the effect of the increased backpressure on the engine, 
both on the design of the organic Rankine cycle unit and on the performance of the overall machinery 
system. The main findings of the study are the following: 
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1. An increased backpressure on the considered dual fuel engine results in an increased exhaust 
gas temperature and in a slightly reduced exhaust gas flow rate. As a consequence, the power 
output attainable by installing an organic Rankine cycle unit increases when increasing the 
backpressure on the engine. This is the direct consequence of the increasing amount of waste 
heat available resulting from the decreased efficiency of the main engine due to the increased 
backpressure. 

2. The minimum acceptable boiler pinch point, and the combination of the maximum engine 
backpressure and minimum exhaust gas velocity, result in a constraint in the maximum amount 
of heat that can be extracted by the waste heat recovery boiler. The results suggest that in the 
case of a liquefied natural gas-fuelled ship, the traditionally considered constraint on the engine 
backpressure (3 kPa) does not allow attaining waste heat recovery layouts with a minimum 
pinch point temperature below 18.8 °C. 

3. Allowing increased backpressures on the engine allows attaining more compact designs for the 
organic Rankine cycle waste heat recovery boiler. In this regard, for a power output of 1,300 
kW for the organic Rankine cycle, the required volume decreases by 24 % and 35 %, when 
relaxing the backpressure constraint from 3 kPa to 4.5 kPa and 6 kPa, respectively. In relative 
terms, the engine specific fuel consumption increases by 0.13 % and 0.27 % when increasing 
the backpressure from 3 kPa to 4.5 kPa and 6 kPa, respectively. 

4. Considering the overall system performance and a maximum backpressure on the engine of 3 
kPa, the implementation of organic Rankine cycle-based waste heat recovery systems results 
in a decrement of the overall system specific fuel consumption in the range of 7.82 g/kWh to 
7.86 g/kWh, from the reference engine specific fuel consumption of 141.2 g/kWh. Relaxing the 
backpressure constraint from 3 kPa to 6 kPa results in a further decrease of the overall system 
specific fuel consumption by 0.52 g/kWh, 0.95 g/kWh and 1.45 g/kWh, for a minimum boiler 
pinch point of 20 °C, 15 °C and 10 °C, respectively. 

5. An approach that does not consider the design of the waste heat recovery boiler can lead to an 
overestimation of the attainable fuel savings. This happens because the boiler design constraints 
result in a minimum attainable pinch point temperature difference that can be estimated only 
by means of a suitable boiler model. In particular, when considering a backpressure of 4.5 kPa 
for the engine and a minimum pinch point temperature of 10 °C for the boiler, the estimated 
overall system specific fuel consumption is equal to 133.34 g/kWh and 132.24 g/kWh, 
depending on the employed modelling approach. 

6. The sensitivity of the main engine to the applied backpressure and the selected engine 
turbocharging strategy have a large impact on the optimal design of the overall system. In some 
cases, like for the engine used in this work, the fuel consumption is lowered with an increasing 
allowable engine backpressure, whereas the opposite trend may be observed for another type 
of engine.  
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Nomenclature 

Acronyms 

ECA Emission control area 

IMO International Maritime Organization 

LNG Liquefied natural gas 

NOx Nitrogen oxides 

Ntp Number of tubes per pass 

Ntr Number of tube rows 

ORC Organic Rankine cycle 

OTB Once-through boiler 

SFC Specific fuel consumption 

SOx Sulphur oxides 

SRC Steam Rankine cycle 

WHR Waste heat recovery 

 

Symbols 

l Length, m 

P Pitch, m/ pressure, kPa 

V Volume, m3 

�̇�𝑊 Electrical or mechanical power, kW 

Greek symbols 

η Efficiency 

Δ Difference 

Subscripts and superscripts 

exp Expander 

gear Gearbox 

gen Generator 

l Longitudinal 
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net Net 

p Pump 

pp Pinch point 

sw Seawater 

t Tube/transversal 
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Abstract 

The pollutant emissions from ships in harbor are a pressing concern due to their direct impact on the 
health of the population. The use of electric-battery propulsion is a viable solution to reduce the 
emissions in coastal areas, but it is only applicable to small ferries. Large cruise ships commonly utilize 
shore power connection to provide onboard electricity, avoiding pollution during harbor stays. 
However, this solution is not applicable during short stays. This paper presents a novel and energy-
efficient way to supply zero-emission power during harbor stays of marine vessels. The proposed 
system combines the use of a thermal energy storage and a waste heat recovery system based on the 
organic Rankine cycle technology. The objective of this work is to investigate the technical feasibility 
of the proposed system and to compare its cost-effectiveness with the alternative solution of using 
batteries during harbor stays. The study is based on a case study of a hypothetical ferry requiring 1 MW 
of auxiliary power during harbor stays. The results suggest that the proposed system would require the 
installation of a storage tank of around 82 m3, and that it could be economically competitive with the 
battery-based solution, especially when considering its installation on newly built ships. Lastly, it is 
estimated that the installation of the proposed concept would lead to reduction of the ferry’s carbon 
dioxide emissions by 8 %. 

Keywords: organic Rankine cycle, ferry, zero-emission, waste heat recovery, thermal energy storage, 
battery system 

1. Introduction 

Although most of the emissions from shipping take place at sea, those released in harbor areas and port 
cities are the most noticeable for humans. A previous study by Heller et al. [1] suggested that the Long 
Beach communities located near the harbor of Los Angeles experienced 2.9 % higher rates of asthma, 
depression and coronary heart disease compared to the other communities of the area. Moreover, the 
California Resources Board attributed 3,700 yearly premature deaths to harbors and the shipment of 
goods [2]. Globally, shipping-related particulate matter emissions are estimated to be the cause of 
approximately 60,000 cardiopulmonary and lung cancer deaths annually, with the coasts of Europe, 
East and South Asia being the most affected areas [3]. In addition, a study from Merk [4] concluded 
that  between 70 % and 100 % of emissions in harbors in developed countries can be attributed to 
shipping, while emissions from trucks and equipment account for up to 20 % and 15 %, respectively.  

As a way to promote a reduction of the emission of pollutants in port areas, several incentive schemes 
were introduced in recent years. These incentive programs encourage ships calling in the various ports 
to reduce their emission levels below the requirements of the IMO and normally reward them with a 
discount on port dues [5]. The Environmental Ship Index (ESI) and the Clean Shipping Index (CSI) are 
among the most commonly applied incentive schemes.  
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Ports can also participate in multiple schemes; for example, the port of Vancouver recognizes an 
EcoAction Program [6] under which green ships can attain a reduction on port dues in the range from 
23 % to 47 %. Lastly, individual incentive schemes were also introduced by single ports as a way to 
support green shipping; the harbor of Sandefjord in Norway, for example, rewards cleaner ferries by 
awarding them with the best departure times. Ship-owners are therefore facing an increasing demand 
for greener shipping, which is supported by significant economic benefits.  

One of the most promising approaches to reduce the environmental impact of a ship is to utilize the 
waste heat released by its engine. This waste heat can be recovered to generate power, heating and 
cooling [7,8]. The use of organic Rankine cycle (ORC) power systems is one of the most attractive 
solutions to convert the main engine waste heat into power [9]. 

The use of WHR systems, utilizing the waste heat released by a ship’s main engine for the production 
of power or heating, leads to a reduction of the emissions during the ship’s sailing phases. During the 
harbor stays, neither the ship’s main engine nor the WHR unit are operated, and therefore the 
implementation of such systems does not result in a reduction of the pollutant emissions in harbor areas. 

A technical solution to operate WHR systems also during harbor stays is the use of thermal energy 
storage (TES) systems. TES systems make it possible to store the waste heat released by the ship’s main 
engine, and to use it when required on board. In this context, Baldi et al. [10] investigated the use of 
water-based TES systems on board merchant ships and found that the installation of a 1000 m3 TES 
would enable reducing the consumptions of the auxiliary boilers by 90 %. Ancona et al. [11] proposed 
an optimization framework to minimize the fuel consumption of a vessel by optimizing the load of the 
ship energy system. The results of their investigations suggested that the use of a thermal energy system, 
in combination with an optimal load allocation of the ship energy system, would result in a reduction 
of the fuel consumption by around 14 %. Lastly, Fridolfsson [12] investigated the use of heat storage 
units as part of a ship WHR system and found that the use of phase-change material-based TES systems 
would result in the reduction of the required volume for the TES by around 50 %. 

The abovementioned work from Ancona et al. [11] suggested that the use of TES systems on board 
ships could eliminate the use of auxiliary boilers during harbor stays. However, current TES systems, 
because they focus on the heat needs on board, are not capable of eliminating the emissions for 
propulsion when approaching the harbor, nor those of the auxiliary generators supplying the electricity 
required on board while the ship is in the harbor (i.e. the electricity requirements for the restaurants in 
cruises/ferries).  

An attractive solution to eliminate completely the emissions in harbor areas is the use of electric 
propulsion [13]. Many studies are investigating the prospects of developing zero-emission electric-
powered ships for public transportation [14]. This solution is, however, applicable only for small ferries 
and short-sea shipping [15], because the investment cost and space requirements for the battery system 
increase substantially for ships with higher energy demands.  

Nonetheless, specific actions are being taken also to limit emissions in harbor areas by larger ships. For 
example, an increasing number of ports is offering onshore power supply [16] for seagoing ships, 
allowing them to shut off auxiliary generators during harbor stays. In addition, the use of battery systems 
to supply auxiliary power in port areas is under investigation for ferries, whose time-limited harbor 
stays make it infeasible to connect with the shore power infrastructure. In this case, batteries are charged 
during voyage, either by using the main engine shaft power or by using a WHR system, and are used 
during harbor stays to supply the required power on board.  

Considering this solution, batteries can be used also for larger ships, because the onboard power 
requirements during harbor stays are low compared to the propulsion power, and the harbor stays are 
generally short compared to the sailing time. This solution presents, however, a series of downsides: i) 
the battery system is large and expensive; ii) the system needs to be replaced multiple times throughout 
the life-time of the ferry (due to the limited life-time of the batteries); and iii) this solution does not 
result in an overall reduction of the pollutant emissions, but rather in a shift of the location where the 
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pollutants are emitted (except for the case where the battery system is charged by a WHR system or 
renewable resources). These drawbacks apply regardless of the size of the ship. 

This paper investigates the technical and economic feasibility of a novel and energy-efficient way to 
supply zero-emission power during harbor stays for ferries. The proposed system combines the use of 
TES and a WHR system based on the ORC technology and is applicable also to other ship types 
anchoring in ports where shore power connection is not available. The TES is charged during the voyage 
by using the waste heat available from the main engine, and is then utilized to drive an ORC unit during 
harbor stays. The ORC unit supplies all the onboard energy demand during the harbor stays and, 
therefore, the ship does not produce any emission while anchoring at port. The concept has two main 
advantages compared to the battery solution: i) it has a longer expected life-time and therefore it does 
not need to be replaced over time (the ORC unit can have a life-time of over 20 years), and ii) it results 
in an overall reduction of the ship emissions, because the power produced by the ORC unit is attained 
by harvesting the waste heat from the main engine.  

The evaluations are based on a case study of a hypothetical ferry requiring 1 MW of auxiliary power 
during harbor stays, whose sailing profile was provided by Fjord Line. Two types of TES were 
considered, the use of a stratified tank and of a two-tank system. 

By proposing and evaluating a novel concept to supply zero-emission power during harbor stays for 
ferries, this work provides a solid contribution to the state-of-the-art. In particular, the two main novel 
aspects of the work are the following: i) considering the use of WHR power generation during harbor 
stays, while previous works investigating heat-to-power WHR systems for maritime applications were 
limited to consider the production of electricity during sailing [9]; and ii) considering the use of a TES 
system for electricity generation on ships, contrary to previous works where the inclusion of TES 
systems on ships was limited to the coverage of only the onboard heating demand [10–12]. In addition, 
the comparison of the use of stratified and two-tank storage solutions in terms of energy efficiency, 
volume requirements, and economic attractiveness on board a vessel is a novel contribution to state-of-
the-art. The findings of the work support both researchers and industry in the development of novel 
solutions to reduce the environmental impact of ships during harbor stays. 

The paper is structured as follows: Section 2 explains the applied methods. Section 3 presents the 
results. The results are discussed in Section 4, and the conclusions are outlined in Section 5. 

2. Methods 

2.1. Concept, case study and engine performance data 

This paper evaluates the prospects of suppling the energy required on board a ferry during harbor stays 
by utilizing a system comprising an ORC unit and a TES. Figure 1 shows the layout of the proposed 
concept.  
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Figure 1.  Sketch of the proposed concept. The dashed line represents the oil loop, while the dotted 
line indicates the ORC loop. 

 

167



During sailing, the exhaust gases are utilized to heat up a thermal oil, which is partly stored in the TES 
and partly utilized to run the ORC unit. During harbor stays, the TES is discharged in order to run the 
ORC unit. In defining the control strategy for the system, the first priority is to ensure the availability 
of the required power during the harbor stays. Auxiliary generators are utilized during sailing to provide 
the power demand that cannot be satisfied by the ORC unit. Both a stratified storage tank and a two-
tank system were considered as TES. The stratified tank operates according to the stratification process, 
which occurs due to the variation of a fluid’s density as a function of its temperature. This enables 
having both a hot and a cold zone in the same container. In the two-tank solution, the hot and cold fluids 
are physically separated. Therminol 66 was selected as the thermal oil, because of its capability to 
operate up to 345 °C without being pressurized [17].  

The study is based on a case study of a hypothetical ferry powered by liquefied natural gas (LNG). The 
information about the ferry machinery system, sailing profile and energy requirements were provided 
by Fjord Line, ensuring a realistic case study. The ship propulsion system featured two propeller lines, 
each one powered by an 8 MW Wärtsilä 7L46DF engine. The engine performance data at 75 % and 100 
% load were acquired through the manufacturer’s product guide [18], while the engine performance at 
intermediate points was estimated using linear interpolation among the data points given in the product 
guide.  

As shown in Table 1, the sailing profile of the ferry is characterized be the following phases: i) harbor 
stays with connection to the shore power; ii) harbor stays without connection to the shore power; iii) 
sailing at low load (maneuvring); and iv) sailing at high load.  

According to the information provided by Fjord Line, it was assumed that the cruise ship required 1 
MW of power for onboard services (e.g. for supplying the restaurants on board and for heating purposes) 
throughout the whole sailing profile. Because no information about the exhaust gases was available for 
the engine loads below 75 %, it was assumed that no heat could be harvested from the exhaust gases 
during the sailing phases at low engine loads (the ORC power production was therefore set to zero 
during these phases). This assumption leads to the attainment of conservative results. In addition, it was 
assumed that the ferry was operated all year round according to the specified sailing profile.  

The following subsections describe the models that were used to describe the performance of the ORC 
unit, the waste heat recovery boiler and the TES systems. All the models were developed using Matlab 
2016a [19]. The approaches used to optimize the overall system and to estimate its economic 
performance are detailed in Sections 2.5 and 2.6, respectively. 

Table 1. Description of the considered sailing profile. 

Phase Sailing mode Engine load [%] Duration [min] 
1 Maneuvring 15 20 
2 Harbor stay 0 70 
3 Sailing 85 150 
4 Harbor stay 0 60 
5 Sailing 85 150 
6 Harbor stay 0 50 
7 Sailing 85 150 
8 Harbor stay 0 40 
9 Sailing 85 150 
10 Harbor stay 0 20 
11 Maneuvring 15 20 
12 Shore power 0 560 

 

2.2. Organic Rankine cycle model 

This study considered the installation of a simple, non-recuperated ORC unit, whose design 
performance was computed with the numerical model previously described in Andreasen et al. [20]. 
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The heat exchangers (boiler and condenser) were modelled with a minimum pinch point approach (the 
minimum temperature difference between the hot and cold streams) and fixed isentropic efficiencies 
were assumed for the pump and the expander (see Table S2 in the supplementary material). The impact 
of the pressure losses in the various heat exchangers was neglected, and the ORC net power output 
(�̇�𝑊Net) was computed as follows: 

 �̇�𝑊Net =  �̇�𝑊exp 𝜂𝜂gear 𝜂𝜂gen −  �̇�𝑊pump −  �̇�𝑊pump,sw   (1) 
 

where 𝜂𝜂gear and 𝜂𝜂gen are the efficiencies of the gearbox and the electrical generator. The subscripts exp 
and sw stand for expander and seawater, respectively. The ORC optimization procedure was set up to 
minimize the required oil flow rate required to attain the target power output (1 MW). The optimization 
variables were the working fluid mass flow rate, the pressures in the condenser and evaporator, and the 
superheating degree at the turbine inlet. The simulations were carried out considering cyclopentane as 
the working fluid, because it has previously been proven to be a suitable candidate for waste heat 
recovery applications in the considered temperature range [21,22]. The thermo-physical properties of 
cyclopentane were retrieved from Coolprop 4.2.5 [23]. 

The performance of the ORC unit during off-design operation was estimated using a steady-state off-
design performance model presented in ref. [24]. Additional information regarding the ORC off-design 
modeling is included in section S1 in the supplementary material. 

2.3. Exhaust recovery heat exchanger 

The exhaust recovery heat exchanger uses the heat from the exhaust gases to heat up the thermal oil to 
the defined temperature. As a way to avoid the need to mix the exhaust flows from the two available 
engines, it was assumed that two identical exhaust recovery heat exchangers were required in order to 
realize the proposed concept. A finned tube heat exchanger was selected, because this technology is 
commonly utilized in the maritime industry for WHR applications. The design of the exhaust recovery 
heat exchanger was carried out using a thermodynamic model described in Baldasso et al. [24]. 
Additional information regarding the exhaust recovery heat exchanger design procedure is reported in 
section S2 in the supplementary material. 

The volume of the heat exchanger was estimated as follows [25]:  

 𝑉𝑉WHR,hex = 𝑙𝑙𝑡𝑡  𝑃𝑃𝑙𝑙 𝑃𝑃𝑡𝑡  (Ntp + 1)(Ntr + 1) (2) 

where lt, Pl and Pt represent the length of the heat exchanger tubes, and the longitudinal and the 
transversal pitch, respectively. The number of tube passes and the number of tube rows are denoted by 
Ntp and Ntr. 

2.4. Thermal energy storage models 

The behavior of the stratified tank, which was considered to have a cylindrical shape and a volume Vtank, 
was estimated by means of a 1D model. The tank was described as the sum of N horizontal slices (layers) 
of equal height, each behaving as a fully mixed tank.  

For the case of the two-tank system, both thermal storage units were modelled as fully mixed and were 
assumed to have the same dimensions and insulation levels. Additional information regarding the 
models of the stratified tank and two-tank systems is reported in sections S3 and S4 in the supplementary 
material.   

2.5. Overall system optimization 

The overall optimization of the system comprising the ORC unit and the TES was carried out following 
the procedure illustrated in Figure 2. The ORC unit design was carried out to minimize the required oil 
flow to produce the target power output. This ensured the minimization of the volume of the TES. A 
sensitivity analysis was carried out with respect to the oil maximum temperature, considering the range 
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between 260 °C and 340 °C. The maximum considered oil temperature was 340 °C to avoid the need 
to have a pressurized TES.  

The exhaust recovery heat exchanger design was carried out by means of a two-step procedure. First, 
the maximum flow rate of oil that could be produced given the boundary conditions of the system was 
estimated (inlet and outlet temperatures of the thermal oil, exhaust characteristics, and design 
constraints on the heat exchanger). Second, an optimization procedure was carried out to identify the 
boiler design leading to the minimum space requirement and a production of thermal oil equal to at least 
95 % the flow rate computed at the previous step. After carrying out a sensitivity analysis on this 
parameter, it was decided to carry out a volume minimization procedure and to select the flow rate 
threshold of 95 % of the maximum attainable flow. The results of this sensitivity analysis are presented 
in the results section.  

The optimization of the ORC unit and of the exhaust recovery heat exchanger was not carried out 
simultaneously because the results of the ORC optimization defined the thermal oil inlet temperature in 
the recovery heat exchanger, and therefore splitting the two optimizations reduces the computational 
effort. 

The optimization procedures were carried out by a combination of particle swarm and pattern search 
optimizers available in Matlab 2016a [19]. Given the heuristic nature of the optimization algorithm, the 
optimizations were carried out multiple times to ensure having reached the global optima. The particle 
swarm optimizer was run for 50 generations with a swarm size of 1,000 individuals for the ORC design 
optimization phase, and for 100 generations with a swarm size of 2,000 individuals for the OTB design 
optimization routine. In both cases, the pattern search optimization routine was executed for 500 
iterations. 
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Figure 2.  Sketch of the overall optimization procedure. The ORC and heat exchanger optimization 
routines are highlighted by the dashed boxes, while the list of the fixed parameters and the 
optimization variables is available in Tables S2 and S3 in the supplementary material. 
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Off-design performance maps were generated to describe the off-design performance of both the ORC 
unit and the recovery heat exchanger. The tank was dimensioned to supply the heat required by the 
ORC during the harbour stays. Given an initial guess value, the tank size was progressively increased 
by means of an oversizing factor. The tank oversizing factor was initially set to 1 %, and it was then 
increased (by increments of 1 %) until harbor coverage was reached.  

When carrying out the sailing simulation, the control strategy was set up to predict, at the beginning of 
each sailing phase, the amount of thermal oil at high temperature to be stored in the tank that would 
enable the production of the required power during the following harbor stay. Given the duration of the 
sailing phase and the flow rate of oil that could be produced in the recovery heat exchanger, the oil flow 
rate was accordingly supplied to the tank and the ORC unit (in case the production exceeded the 
requirements of the storage tank).  

In the stratified storage configuration, the temperature of the discharged thermal oil decreases during 
the harbor stay, and therefore the oil discharge flow rate was progressively increased to maintain a 
constant power production from the ORC unit. Centrifugal pumps are commonly characterized by a 
preferred operating flow rate between 70 % and 120 % of the best efficiency point [26]. It was assumed 
that the pump was operated in design point at 70 % of the best efficiency point flow, and therefore the 
tank cut-off temperature was selected so that the oil flow rate did not exceed 170 % the nominal flow. 

Three days of operation were simulated, ensuring that the system can be operated cyclically. For the 
stratified tank case, 5 % of the tank height was assumed to be subjected to mixing, and the initial 
temperature distribution was attained by means of three charging/discharging cycles. The impact of the 
assumed value for the mixing section was quantified by a sensitivity analysis.  

The lists of fixed parameters and optimization variables used for the overall calculation procedure are 
available in the supplementary material, in Tables S2 and S3, respectively. The performance of the ORC 
system was quantified by an energy coverage factor: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝑐𝑐𝐸𝐸𝐸𝐸 [%] =  
𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝑐𝑐𝑙𝑙 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝐸𝐸𝑠𝑠 𝑏𝑏𝐸𝐸 𝑂𝑂𝑂𝑂𝑂𝑂 
𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴𝑐𝑐𝑙𝑙 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝑟𝑟𝐴𝐴𝑠𝑠𝐸𝐸𝐸𝐸𝑠𝑠 𝑐𝑐𝐸𝐸 𝑏𝑏𝑐𝑐𝑐𝑐𝐸𝐸𝑠𝑠

 
(3) 

 

Lastly, the reduction of carbon dioxide (CO), CO2, sulphur dioxide (SO2), and NOx emissions attainable 
by installing the proposed system were computed using emission factors of 1.3 g/kWh, 445 g/kWh, 
0.24 g/kWh and 2.4 g/kWh, respectively. The emission factors were retrieved from Kristensen [27], 
assuming the use of four-stroke dual fuel engines with 1 % sulphur content in the pilot fuel oil.  

The attainable daily emission reductions were computed based on the amount of energy that is produced 
by the ORC unit instead of the auxiliary generators. This can be calculated by multiplying the daily 
onboard energy requirement of 14.667 MWh (computed by multiplying the required power on board, 1 
MW, by the amount of time when the cruise is not connected to the shore power) by the energy coverage 
factor (see Equation 18). The emission reductions were attained by multiplying the emission reduction 
factors by the amount of energy that is produced by the ORC unit instead of the auxiliary generators. 
Lastly, the relative reduction in the CO2 emissions was calculated by comparing the CO2 emission 
reductions with the overall CO2 emissions from the ferry. These were attained by multiplying the CO2 
emission factor by the daily energy requirements for propulsion (137 MWh) and onboard use (14.667 
MWh). 

2.6. Economic investigations 

The economic performance of the proposed concept was evaluated by comparing it to the use of lithium 
batteries. The comparison was based on the LCOE to supply the auxiliary power on board. All the 
economic figures are expressed in US dollars. The LCOE ($/kWh) is defined as [28]: 
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𝑦𝑦=1

∑
𝐸𝐸𝑦𝑦

(1 + 𝐸𝐸)𝑦𝑦
𝑛𝑛
𝑦𝑦=1

  

(4) 

 

where the calculation considers that the system is operated for a number of years equal to n. The symbols 
𝐼𝐼𝑦𝑦,𝑂𝑂&𝑀𝑀𝑦𝑦,𝐹𝐹𝑦𝑦 and 𝐸𝐸𝑦𝑦 represent the investment cost, operation and maintenance costs, fuel expenditures, 
and the electricity generation at the year y. The symbol r is the discount rate considered for depreciation, 
assumed to be of 6 % [9], while 𝐼𝐼0 represents the initial investment cost. The electricity generation 
represents the annual energy requirement of the cruise for onboard use, while the fuel expenditures are 
equal to the price of the LNG required to run the auxiliary generators. The consumption of the LNG 
generators was assumed to be 160 g/kWh [27]. The procedure used to estimate the cost of the various 
components of the system is presented in section S5 in the supplementary material. 

The LCOE calculation is subject to multiple uncertainty factors, mainly due to the cost estimates. 
Therefore, the impact of the uncertainty factors on the estimated LCOE was assessed by means of local 
and global uncertainty analyses, the latter carried out using the Monte-Carlo method over 50 samples 
[29]. The list of the considered uncertainty factors and their ranges are shown in Table 2. The battery 
life-time was estimated considering a number of equivalent cycles between 5,000 and 10,000 [30] and 
a battery usage corresponding to four equivalent cycles per day. The batteries were assumed to have a 
discharge depth of 100 %. The impact of the battery life-time on the LCOE was estimated through a 
local sensitivity analysis, while the battery life-time was assumed to be five years in the other 
investigations.  

The LCOE calculation was carried out assuming a life-time of the system between five and 25 years, to 
cover both retrofit solutions and the installation on a newly built ferry.  

It was assumed that the ORC operational life was limited to the ship expected life-time. This means that 
the ORC value was set to zero at the end of the ship operational life, even for retrofit cases for which 
the ship life-time was lower than the ORC expected life-time (25 years). 

Table 2. Uncertainty ranges of the parameters used in the LCOE calculation. 

Parameter Lower bound Upper bound 
ORC system 
TES and recovery heat exchanger cost -30 % +30 % 
Thermal oil cost [$/kg] 6 10 
Battery systems 
Battery system total cost [$/kWh] 600 900  
Life-time [yr] 3 7 

 

2.7. Model validation 

All the models used in the present work were validated either against experimental data or other works 
published in literature. Details regarding the validation of the numerical models are presented in section 
S6 in the supplementary material.  

3. Results 

3.1. Comparison of storage concepts 

Figure 3 depicts the impact of the selected thermal oil maximum temperature on the performance of the 
two proposed systems. The reader is referred to Tables S4 and S5 in the supplementary material for the 
optimized design variables for the ORC and exhaust recovery heat exchanger.  

First, it may be noticed that a decrease in the maximum oil temperature results in an increase of the 
required storage volume. This is connected to the fact that lower oil temperatures lead to optimized 
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ORC units with lower thermal efficiencies, and thus a higher flow of thermal oil is required to produce 
the selected target power output.  

Second, the results indicate that when decreasing the oil temperature, the energy coverage increases, 
then reaches a maximum corresponding to an oil temperature of around 310 °C, and then decreases. 
This is due to the interaction between two phenomena. As mentioned before, the ORC unit requires 
higher flow rates when the oil temperature is lower. On the other hand, setting a lower value for the oil 
maximum temperature enables the generation of a higher mass flow of oil in the recovery heat 
exchangers, making it possible to increase the average load at which the ORC operates. Nonetheless, 
after a certain threshold, around 310 °C for the considered case, the increased availability of thermal oil 
does not counterbalance the lower ORC efficiency, and thus the energy coverage factor starts to decline. 

The same trend appears when looking at the trend for the estimated LCOE of the system, which was 
calculated using a five- year time-span and by setting 3,000 $/kWh, 8 $/kg, and 12 $/mmBTU to the 
price of the ORC unit, of the thermal oil, and the LNG, respectively. The estimated LCOE decreases 
when decreasing the maximum oil temperature from 340 °C to 310 °C and then starts to increase. In 
this case, a decrease of the oil maximum temperature has a positive impact on the LCOE, because the 
increased cost of the storage tank is more than compensated by the increase in energy production by the 
ORC. However, when the decrease in oil temperature no longer results in increased energy production 
(oil temperatures below 310 °C), the LCOE starts to increase. 

 
Figure 3.  Impact of the oil maximum temperature on the performance of the two proposed storage 
concepts: a) storage volume; b) coverage of onboard energy demand; c) LCOE. 

 

As shown in Figure 3b, the two tank alternatives are capable of supplying a similar amount of energy 
during the voyage. Nevertheless, the use of a stratified tank results in a storage volume corresponding 
to around 60 % of the volume required when having two separate tanks, which results also in lower 
estimated LCOEs (see Figure 3c). Looking at the energy coverage, namely, the share of onboard energy 
requirements that the ORC is able to supply, the maximum estimated values are 82.6 % and 82.1 %, for 
the two-tank and the thermocline cases, respectively. In both cases, the maximum energy productions 
were attained for the case where the oil was heated up to 310 °C. The corresponding volume 
requirements were of 142.2 m3 and 82.1 m3, for the two-tank and the stratified tank configuration, 
respectively. The volume required for the recovery heat exchangers is not affected by the technology 
selected for the storage tank and was estimated to be approximately 6.4 m3 (3.2 m2 for each heat 
exchanger).  

From the environmental point of view, both configurations lead to a daily reduction of the ferry 
emissions of CO, CO2, SO2 and NOx by around 15.8 kg, 5.4 ton, 2.9 kg, and 29.1 kg, respectively. On 
a relative basis, the installation of the proposed system leads to a reduction of the CO2 emission by 8 
%. This value is in accordance with the findings from Bouman et al. [31], which suggested that the use 
of WHR units on board vessels could lead to a reduction of the CO2 emissions in the range from 1 % to 
20 %. 
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Figure 4 shows the impact of constraining the oil flow generated in the exhaust recovery heat exchanger 
in a range between 80 % and 100 % of the maximum attainable value. Table S6 in the supplementary 
material presents the optimized exhaust recovery heat exchanger design variables as a function of the 
generated oil flow. Each point in the figure represents the performance of an optimized exhaust recovery 
heat exchanger, where the amount of produced oil was constrained in the selected range. The results of 
the sensitivity analysis on the flow reduction factor indicate that reducing the oil flow rate leads to an 
almost linear reduction of the energy contribution from the ORC unit. On the contrary, both the volume 
requirements for the oil heater and the estimated LCOE of the system tend to decrease sharply and 
converge to a constant value or to increase slowly when the oil flow rate is reduced. The plots suggest 
that the selected value of 95 % represents a good trade-off enabling a significant reduction of the oil 
heater volume requirements. 

 
Figure 4.  Impact of reducing the design flow rate of the exhaust gas recovery heat exchanger on a) 
the volume of the recovery heat exchanger; b) coverage of onboard energy demand; c) LCOE. The 
results are attained for the stratified tank configuration, considering a maximum oil temperature of 
310 °C. 

 

Figure 5 represents the daily ORC production profile for the two considered cases. The different power 
outputs produced by the ORC system during the first three sailing periods are due to the different 
durations of the subsequent harbor stays (60 minutes, 50 minutes and 40 minutes, respectively). The 
limited production in the fourth sailing period is explained by the fact that the tank needed to be 
completely filled to be used to produce energy during the first harbor stay of the following day. The 
results indicate that both configurations are suitable for supplying the required power during the harbor 
stays and that small differences appear between the two considered tank solutions. This is confirmed 
by the similar energy productions, as shown in Figure 4b. 

The sensitivity analysis on the impact of the mixing ratio on the performance of the thermocline storage 
solution indicates a low incidence of this parameter on the storage tank volume and on the energy 
coverage factor. Varying the mixing ratio between 2 % and 8 % resulted in relative variations of the 
volume of the energy storage, on the annual energy production and of the estimated LCOE within 1 %. 
In addition, a sensitivity analysis on the number of discretization layers used in the stratified tank model 
was performed, and the results indicate that increasing the number of discretization layers from 300 (the 
value used in the calculations) to 450 leads to a relative variation in the estimated energy coverage lower 
than 2 %. 
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Figure 5.  ORC power production throughout the sailing route for both proposed configurations. 

 

3.2. Economic assessment 

The economic comparison between the proposed system and the battery configuration was carried out 
by considering the use of a thermocline storage and a maximum oil temperature of 310 °C; see Table 
3. The values represent the mean of the distributions computed through the uncertainty analysis. The 
displayed investment cost refers to the cost for purchasing and installing the ORC/battery system. When 
considering the battery system, the investment cost was included in the LCOE calculations in every 
year y, where the system had to be replaced due to its limited life-time. 

The results indicate that the battery system results in a lower LCOE when considering a five-year 
scenario, while the ORC LCOE is 30 % lower than the battery solution when a 20-year scenario is 
considered. The investment cost for the ORC system is roughly four times higher than the one of the 
battery system, while the annual expenditures (sum of fuel expenditures and maintenance costs) are 
lower for the ORC system ($84,800 compared to $472,880). Figure 6 depicts the cost breakdown of the 
ORC system. The ORC unit represents the highest share (64 %), and it is followed by the exhaust 
recovery heat exchanger (21 %), the thermal oil (10 %) and the storage tank (5 %). 

Table 3. Results of the economic estimations for the battery and ORC systems. For the ORC system, a 
total cost of 3,000 $/kWh was assumed, while a life-time of five years was assumed for the battery 
system. The LNG price was set to 12 $/mmBTU. 

Parameter Battery system ORC system 
5 years LCOE ($/kWh) 0.141 0.2291 
20 years LCOE ($/kWh) 0.140 0.1022 
Investment cost (k$) 1,125 4,523 
Annual fuel expenditures (k$) 472.88 84.80 
Annual maintenance cost (k$) 16.88 67.85 
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Figure 6.  Cost breakdown for the ORC system. 

 

Figure 7 depicts the results of the sensitivity analyses carried out for the estimated LCOEs. Figure 7a 
shows that the estimated LCOE for the ORC system is highly affected by the number of years for which 
the system is assumed to be operating. The longer the considered period, the lower the resulting LCOE. 
On the contrary, no variation is seen with respect to the battery system. This is because the battery 
system needs to be replaced every five years. Moreover, all the ORC solutions result in a lower LCOE 
than the battery system if a period of 15 or more years is considered. Figure 7b depicts the impact of 
the LNG price on the estimated 10-year LCOE. The plot shows that the battery system is the one which 
is most affected by this parameter, and that the ORC system is more promising when the LNG price is 
high. This results from the fact that the LNG price affects linearly the annual fuel expenditures, which 
are a predominant factor in defining the LCOE of the battery system. The ORC system requires, on the 
contrary, lower amounts of LNG (around 20 % the amount required by the battery system), and 
therefore it is less affected by LNG price fluctuations.  

Figure 8 shows the results of the local sensitivity analysis which was carried out for the uncertain 
parameters detailed in Table 5. The sensitivity analysis was carried out considering a life-time of 20 
years, referring to the installation of the systems on a newly built ferry. The figure suggests that the 
variation of the uncertain parameters (except the battery life-time) results in a relative variation of the 
expected LCOE within 10 %. The battery systems prove to be the most affected by uncertainty, with a 
variation of the expected LCOE by around 8 % with a variation of the battery specific cost of ± 20 %. 
Lastly, the impact of the estimated battery life-time is identified to have a significant impact on the 
economic results. A reduction of the estimated life-time from the baseline of five years to 3.33 years, 
results in an increase in the LCOE by 21 %. Similarly, an increase of the battery life-time by 33 % (6.66 
years), would result in a decrease of the LCOE by almost 8 %. 
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Figure 7.  Results of the sensitivity analysis on the expected LCOE for the various systems: a) impact 
of number of years of operation; b) impact of LNG price on the 10-year LCOE. The error bars 
represent the standard deviations computed through the uncertainty analysis. 
 

 
Figure 8.  Local sensitivity analysis: impact of the uncertain parameters on the estimated LCOE. 

 

4. Discussion 

The results of the study suggest that it is technically feasible to produce emission-free power during 
harbor stays with the proposed system. The use of a two-tank system is shown to lead to the highest 
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energy production. However, the need to have two separate storage tanks results in higher demands in 
terms of space.  

Corvus Energy [32] supplies containerized battery systems for vessels, claiming that a standard 40-foot 
container (roughly 67.6 m3) could be filled either with a battery package of 1,365 kWh or with a battery 
package of 819 kWh plus the required power electronics. Given that the considered ferry requires a 
battery system of 1,500 kWh plus the power electronics, it is expected that the battery system would 
require a space equivalent to almost two 40-foot containers. This means that the space requirement of 
the battery and ORC systems are similar.  

Further investigations need to be conducted in order to demonstrate the practical feasibility of installing 
the proposed stratified tank on board a vessel. In particular, there is a need to understand whether the 
ship motion would have a negative impact on the thermal stratification inside the tank. This issue could 
be partly addressed by including in the tank a physical separation layer between the hot and the cold 
zone [33]. Moreover, in order to keep the thermal stratification within the tank, a form factor needs to 
be applied for the tank. In this case, the use of the form factor results in a tank with a diameter of 3.5 m 
and a height of 7.1 m. On the contrary, the two-tank solution is not bound to any specific form factor, 
giving the freedom to design the tanks for optimal integration on the ferry.  

With respect the impact of the considered sailing profile on the feasibility of the proposed concept, the 
high energy coverage factors that were attained indicate that the concept could be suitable also for 
ferries characterized by shorter sailing phases, or by longer harbor stays. In fact, in the considered case, 
the ORC-TES system was capable of not only of covering the energy demand during the harbor stays, 
but also to provide a significant share of the electricity required on board during the sailing phases. 
Longer harbor stays, or shorter sailing phases would reduce the energy production during the sailing 
phases, but would not necessarily compromise the capability of fulfilling the energy needs during the 
harbor stays. 

Hybrid solutions featuring both an ORC and a battery system could be investigated; however, such 
systems would require even more space and result in a higher installation cost.  

In addition, it should be pointed out that it would be possible to use shore power to charge the TES by 
means, for example, of an electrical heater. This would enable further increase in the ORC production 
and decrease the cruise emissions. This possibility was not taken into consideration in this work, as the 
aim is to evaluate the feasibility of the concept even in areas/ harbors when shore power connection is 
not available. 

Lastly, more detailed numerical and experimental evaluations should be carried out in order to validate 
the proposed concept. In particular, the attained results are based on the use of numerical models that 
do not consider the dynamic behavior of the system (except for the TES). Dynamic effects are expected 
to have an impact on the overall performance of the system, especially when switching between the 
various operational modes. However, experimental data that are not available would be needed to 
develop models to carry out such studies. 

5. Conclusions 

The present paper investigated the implementation of a novel concept to ensure emissions-free power 
production for cruise ships during harbor stays. The proposed system includes the use of a thermal 
storage system and an organic Rankine cycle unit. The feasibility of the concept was investigated from 
both a thermodynamic and an economic perspective, based on a reference route of a cruise ship 
operating in the Baltic Sea. For the storage tank, two options were considered: a stratified tank and a 
two-tank system. Thermal oil was considered as the heat storage medium.  

The results of the thermodynamic investigations suggest that the use of a stratified storage tank enables 
the reduction of the volume of the storage unit by 40 % compared with a two-tank system. From the 
point of view of the attainable energy production, the two considered tank technologies show similar 
results. The estimated coverage factors are 82.6 % and 82.1 % for the two-tank and the stratified tank 
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cases, respectively. The attainable daily reductions of the ferry emissions of CO, CO2, SO2 and NOx are 
around 15.8 kg, 5.4 ton, 2.9 kg, and 29.1 kg, respectively. 

The results of the economic assessment suggest that the proposed system results in a lower levelized 
cost of electricity than the battery system, when considering an operational life-time of the ferry 
exceeding 15 years. Moreover, the use of the proposed system results in a reduction of the required fuel 
for the production of onboard electricity by around 80 %, making its economic feasibility less affected 
by potential fluctuations in the liquefied natural gas price. The concept is applicable also for other ship 
types whose sailing profiles are characterized by short harbor stays with a limited onboard energy 
demand. 

For future work it would be relevant to address the following aspects: i) evaluation of the impact of the 
ship motion on the thermal stratification in the stratified tank; ii) investigation of the feasibility of the 
proposed concept over a wider range of sailing profiles; and iii) study of possible hybrid solutions 
featuring both TES and battery systems.  
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Nomenclature 

Acronyms 

1D one dimensional 

CEPCI Chemical Engineering Plant Cost Index 

CO carbon monoxide 

CO2 carbon dioxide 

CSI Clean Shipping Index 

ESI Environmental Ship Index 

GHG greenhouse gases 

LCOE levelized cost of electricity, $/kWh 

LNG liquefied natural gas 

NOx nitrogen oxides 

ORC  organic Rankine cycle 

O&M operation and maintenance 

SO2 sulphur dioxide 

SOx sulphur oxides 

TES thermal energy storage 

WHR waste heat recovery 

Symbols 

A area, m2 

𝐸𝐸 electricity generation, $ 

F fuel expenditures, $ 

I investment cost, $ 

L length, m 
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Ntp number of tube passes 

Ntr number of tube rows 

P pressure, bar / pitch, m 

r ratio, discount rate 

t time, s 

V volume, m3 

Ẇ power, kW 

y year 

Greek symbols 

η efficiency 

Subscripts and superscripts  

exp expander 

hex heat exchanger 

l longitudinal 

sw seawater 

t tube/transversal 
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Abstract 

Liquefied natural gas is stored on board vessels in cryogenic conditions, and hence, fuel preheating is 
required before injection in the engine. The cooling effect associated with this preheating phase can be 
utilized to decrease the vessel’s overall fuel consumption. The objective of this paper is to identify 
different configurations to utilize the liquefied natural gas cold energy on board vessels and quantify 
their attainable potential fuel savings. The following applications were investigated: (1) reduction of 
the energy requirements of the onboard heating, cooling and air ventilation system; (2) use as the cold 
sink for an organic Rankine cycle unit for waste heat recovery; and (3) cooling of the main engine 
scavenge air. The evaluation is carried out for two reference vessels: a ferry featuring a low pressure 
fuel supply system, and a long-distance containership featuring a high pressure fuel supply system. The 
results of the study indicate that the highest fuel savings can be attained when the vessel is powered by 
a low pressure fuel supply system, reaching up to 2.4 %, and that the most promising solution for 
recovering the cold energy is its use in the organic Rankine cycle unit.  

Keywords: liquefied natural gas, organic Rankine cycle, vessel, engine air cooling, HVAC system, 
energy savings 

1. Introduction 

It is estimated that the shipping industry is responsible for around 2.4 %, 15 % and 13 % of the global 
anthropogenic pollutant emissions of carbon dioxide (CO2), nitrogen oxides (NOx) and sulphur oxides 
(SOx), respectively [1,2]. With the aim of fostering the development of green shipping, the International 
Maritime Organization (IMO) [3] recently introduced an updated legislation framework setting 
constraints on the emission of greenhouse gases (GHG), NOx [4], and SOx [5]. In addition, the IMO 
adopted an initial strategy for the reduction of GHG emissions from ships, setting the vision of reducing 
them by 50 % by 2050, compared to the emission levels of 2008 [6]. 

A previous study from Bouman et al. [7] suggested that the use of liquefied natural gas (LNG) could 
lead to a reduction of CO2 emissions from shipping in the range from 5 % to 30 %. According to a 
recent survey from DNG GL [8], there are currently 247 LNG-fuelled ships and an additional 110 LNG-
ready ships, excluding LNG carriers. These numbers are expected to increase in the near future [8]. On 
board these ships, LNG fuel is stored in cryogenic conditions [9] at temperatures between -165 °C and 
-138 °C, and a preheating process is necessary prior to its injection in the engine. This need to preheat 
the LNG makes it possible to recover its cold energy for internal uses, contributing to the fuel savings 
and emission reductions of the ship. 

Previous studies have investigated the prospects for LNG cold energy recovery in regasification 
terminals. One of the most attractive solutions to utilize the LNG cryogenic energy is for power 
generation [10]. Power cycles can utilize LNG cold energy as a heat sink, leading to higher conversion 
efficiencies. Possible configurations include Rankine cycles [11], Brayton cycles [12], combined cycles 
[13], and Kalina cycles [14].  
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Besides power generation, as detailed in the work from Khor et al. [15], LNG cold energy can be used 
for a variety of purposes. Possible applications include air separation [16], hydrocarbon liquefaction 
[16], cryogenic comminution [17], production of liquid CO2/dry ice [18], freezing and refrigeration 
[19], seawater desalination [20], and gas turbine inlet air cooling [16].  

The use of LNG cold energy on board a vessel was recently demonstrated through a proof-of-concept 
installation on the ferry Viking Grace, operating on the trans-Baltic route between Turku and Stockholm 
[21]. On this ferry, the cold energy made available by the LNG regasification process is recovered on 
board to reduce the fuel consumption of the heating, ventilation, and air cooling (HVAC) system. The 
practical solution used to recover the LNG cold energy for HVAC purposes is covered by a patent [22]. 

In the research field, a few recent works investigated the prospects of utilizing the LNG cold energy for 
power generation. Sung et al. [23] proposed a dual loop ORC system where the top cycle recovered 
waste heat from the engine exhaust gases, and the bottom cycle recovered heat from the jacket water 
and the LNG preheating process. The proposed system was estimated to be able to produce up to 5.2 % 
of the power of the main engine. Baldasso et al. [24] investigated the implementation of different ORC 
architectures for waste heat recovery on board LNG-fuelled vessels, including the possibility for LNG 
cold energy recovery. In particular, the study suggested the installation of ORC units featuring two 
condensation levels, enabling the utilization of the LNG cold energy. The results indicated that the use 
of LNG as a heat sink leads to an increase of the ORC power output by 6 % and 30 % in comparison to 
the standard ORC configurations, when considering the exhaust gases and the jacket water, respectively, 
as heat sources. Tsougranis et al. [25] assessed  the technical and economic feasibilities of installing an 
ORC unit utilizing both high temperature and cryogenic temperature waste heat on board a passenger 
vessel. The authors considered both single and double-stage ORC configurations and estimated an 
attainable thermal efficiency of 28.4 % and 35.7 %, for the two cases, respectively. Pasini et al. [26] 
evaluated the prospects for installing a supercritical Rankine cycle to recover LNG cold energy on board 
a LNG-fuelled ship and estimated a maximum energy recovery up to 2.2 % of the main engine power. 

Mazzoni et al. [27] evaluated the prospects for using the LNG cold energy to precool the inlet air to a 
gas turbine, and their results indicated that this solution could lead to an increase of the yearly-averaged 
gas turbine efficiency by up to 2 %. In addition, the results of this study showed that a portion of the 
cold energy released by the LNG is absorbed in the water condensation process, leading to a reduction 
of the potential for energy recovery. The investigated concept would be applied to LNG carriers, which 
are mostly powered by gas turbines [28].  

Contrary to LNG carriers, newly built LNG-powered ships are commonly powered by gas or dual-fuel 
engines [28]. In this context, the LNG cold energy could be utilized to cool the engine scavenge air with 
a subsequent increase in the propulsion system efficiency. To the best of the authors’ knowledge, this 
possibility has not yet been investigated in literature. Nevertheless, previous numerical and 
experimental investigations indicated that pre-cooling of the engine scavenge air could lead to an 
increment of the engine efficiency. Wang Pan et al. [29] carried out experimental investigations on a 
dual-fuel diesel-methanol engine and concluded that decreasing the air intake temperature results in an 
increase of the engine efficiency, and in a decrease of the NOx emissions, when the engine is operated 
on pure diesel fuel. These findings are in agreement with the results of the experimental investigations 
carried out by Birtok-Băneasă et al. [30], which suggested that a decrease of the intake air temperature 
leads to a decrease of the engine break-specific fuel consumption and of carbon oxide and unburnt 
hydrocarbon emissions. Cipollone et al. [31] investigated the performance of a novel engine layout, 
featuring an enhanced charge air cooling. The findings of the work suggested that using a refrigeration 
unit to cool the engine intake air could lead to energy savings up to 6 %, corresponding to 8 % savings 
of CO2 emissions. Also, Kahandagamage [32] investigated the impact of charge air temperature and 
humidity on the performance of a stationary diesel engine and concluded that both parameters positively 
correlate to the engine fuel consumption, but that the effect of the intake temperature is the most 
dominant. 

The objective of this paper is to identify different configurations to utilize the liquefied natural gas cold 
energy on board vessels and quantify their attainable potential fuel savings. The following applications 
were investigated: (1) reduction of the energy requirements of the onboard heating, cooling and air 
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ventilation system; (2) use as the cold sink for an organic Rankine cycle unit for waste heat recovery; 
and (3) cooling of the main engine scavenge air. The evaluation is carried out for two reference vessels: 
a ferry featuring a low pressure fuel supply system, and a long-distance containership featuring a high 
pressure fuel supply system. The sensitivity of each concept to weather conditions is also analyzed. 

By providing a detailed overview of the potential uses of LNG cold energy recovery on board ships, 
including their prospects in terms of fuel savings and disadvantages, the paper provides a solid 
contribution to the state-of-the-art. Specifically, to the best of the authors’ knowledge, this is the first 
paper assessing the prospects for pre-cooling the scavenge air of a marine engine by means of LNG 
cold energy recovery. No previous study assessed and compared the prospects for utilizing the LNG 
cold energy in terms of fuel savings for different applications on board ships. Previous studies 
investigating the prospects of using LNG cold energy for power generation focused on the estimation 
of the attainable power [23–26], but did not provide any comparison with the alternative uses of the 
LNG cold energy. Though a proof-of-concept installation recovering LNG cold energy for HVAC 
applications has been demonstrated on a ferry [21], to the best of the authors’ knowledge, no data is 
available in the open literature regarding the fuel savings attainable from such installation. The results 
presented in the paper provide the scientific basis needed for further research work and the subsequent 
commercial installations of LNG cold energy recovery on ships.   

The paper is structured as follows. Section 2 gives an overview of the technical aspects to be considered 
in LNG-fuelled ships. Section 3 enumerates the considered uses of LNG cold energy and describes the 
methods applied to estimate the prospects of their use. In section 4, the results are presented for each 
case study. Section 5 provides a discussion of the results and, finally, the conclusions are outlined in 
Section 6. 

2. Technical aspects related to LNG-fuelled ships 

This section provides an overview of the main components of typical propulsion systems installed on 
board LNG-fuelled vessels, i.e. the LNG tanks, fuel supply system and engine.  

2.1. LNG tank technologies 

LNG tanks can be integral to or independent of the hull structure [33]. Membrane-type tanks are the 
only allowed integral tank configuration for LNG. The membrane is supported, through insulation, by 
the adjacent hull structure. These tanks offer large LNG capacities, in the range from 100 m3 to 20,000 
m3, and have a maximum allowable working pressure of 0.7 bar gauge. Membrane-type LNG tanks are 
utilized by both LNG carriers and large ocean-going LNG-fuelled ships [34]. In this case, the LNG is 
stored in the tank at around -165 °C. 

Independent, self-sustaining LNG tanks are subdivided into types A, B, and C, with the latter being the 
most common tank type installed on board sea-going vessels [35]. Type C tanks are pressure vessels, 
with an operating and maximum allowable working pressure of around 5 bar and 20 bar, respectively. 
These tanks allow for direct supply of the LNG to low pressure engines, without the need to pump or 
compress further the LNG. The capacity of these tanks is generally limited to 2,000 m3 [33] as costs 
increase when designing larger volume pressurized tanks. In this case, LNG is stored at around -138 °C 
(its saturation temperature at around 5 bar). 

2.2. LNG-fuelled marine engines 

There are two main types of engines that can be used on board LNG-fuelled ships: dual-fuel engines 
and gas-only engines. Dual-fuel engines can be operated according to both the Otto and the Diesel cycle. 
In the first case, LNG is injected at low pressure (4-5 bar) and ignition is achieved by injecting a small 
amount of pilot fuel, which ignites following a Diesel cycle [35]. Engines operating according to this 
principle are capable of meeting the IMO Tier III NOx regulation without the use of emission abatement 
technologies, but are affected by the methane slip phenomenon, meaning that a small amount of 
methane/LNG by-passes the combustion process and is directly expelled in the exhaust. This type of 
engine is commonly installed on board cruise vessels. 
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LNG dual-fuel Diesel engines require injection of LNG at high pressure (300 bar) and the use of 
abatement technologies for meeting the Tier III NOx emission levels [36]. Nonetheless, they are 
characterized by higher efficiencies and by the elimination of the methane slip phenomenon.  

Lastly, engines running on pure gas are operated according to the Otto cycle, and ignition is achieved 
with a spark. Also in this case, LNG injection takes place at low pressure. 

2.3. LNG supply systems  

Different fuel supply systems for LNG-fuelled ships are available. In any case, the supply system needs 
to evaporate the LNG and pressurize it to the required engine injection pressure. Depending on the 
selected configuration, the LNG can be first evaporated and then pressurized, or first pressurized and 
then evaporated. Evaporation of LNG is generally carried out through a glycol-water intermediate loop 
system, connected with the engine cooling system [33].  

Figure 1 a) shows typical supply systems used with type-C and membrane tanks. When a type-C tank 
is installed, a pressure built-in unit (PBU) is commonly utilized to evaporate the LNG and return it to 
the tank, which is kept pressurized. When operating with a low pressure engine, the pressure inside the 
tank pushes the LNG, in liquid form, out of the tank. Before injection, the LNG is then evaporated in a 
dedicated LNG vaporizer.  

In non-pressurized LNG tanks (i.e. membrane tanks), the LNG can be either pressurized with a 
compressor (after the LNG vaporizer), or with an LNG pump located inside the tank [33]. The use of a 
pump enables the minimization of the energy consumption of the pressurization process, but technically 
is a more complex solution. When using high pressure two-stroke engines, pressurization is possible by 
using either a multi-stage compressor or a cryogenic pump [36]; however, the use of compressors is a 
viable solution only for LNG carriers, while the use of high pressure pumps is the most preferred 
configuration for commercial ships [35]. In this case, as shown in Figure 1.b, the LNG is extracted from 
the tank with a built-in pump, further pressurized by the high pressure pump and then converted into 
vapor in the transcritical LNG vaporizer. 

LP pump

HP pump

Vaporizer
Vaporizer

PBU

Type-C tank Membrane tank

To engine To engine
a) b)

 
Figure 1.  Typical LNG supply system on board vessels using: a) type-C and b) membrane tanks. 

2.4. Boil-off gas treatment 

A critical aspect to be considered in LNG-fuelled vessels is the treatment of the boil-off gas (BOG). 
BOG is the product of the evaporation of the most volatile hydrocarbons constituting the LNG, and 
occurs inside the tank. As a consequence of the phase change, the increase in the specific volume of the 
BOG fraction leads to an increase of the tank pressure itself. BOG evaporation rates are between 0.1 % 
and 0.25 % of the tank LNG content, depending on the tank technology and sailing conditions [35]. 
BOG can be released to the atmosphere, flared, used as fuel, or re-liquefied. Releasing the BOG to the 
environment is however not recommended as it contributes to global warming. A joint study carried out 
by Hanjin, GTT and DNV GL [37] on a 16,300 TEU LNG-fuelled containership capable of bunkering 
up to 11,000 m3 of LNG, suggested that the BOG could be successfully handled by using it to power 
the auxiliary engines and boilers on board the vessel.  

3. Methods 
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The following subsections detail the information about the two vessels considered in the study and 
present the approaches utilized to estimate the attainable fuel savings for each of the aforementioned 
applications. 

3.1. Vessels and fuel savings estimation 

Table 1 lists the main operating parameters of the two considered reference vessels. The containership 
data is based on the vessel MV SAJIR, which is a 15,000 TEU containership that normally serves a 
route from Asia to northern Europe via the Suez Canal. This specific containership was recently 
contracted to be converted to LNG operation [38]. Its average sailing load was retrieved from the third 
IMO GHG study (average engine load for a containership in 2012) [1,39], while its engine data was 
attained from the MAN CEAS tool [40] and is referred to the engine operating at 30 % load. The data 
for the ferry was provided by Fjord Line [41]. The data of the engine was retrieved from the 
manufacturer’s product guide [42]. The values for the fuel and exhaust gas flow rates refer to the whole 
propulsion system (two engines) operated at its average engine load.  

Table 1. Operating parameters of the reference vessels.  

Parameter Containership Ferry 
Engine type MAN 9S90ME-C10.5 part-load 

tuning 
2xWärtsilä 
7L46DF 

Engine rated power [kW] 54,900 8,015 
Average engine load [%] 30 85 
LNG flow [kg/h] 2,232 2,700 
Exhaust gas temperature [°C] 210 365.4 
Exhaust gas flow rate [kg/s] 52.5 22.8 
Jacket water temperature after engine 
[°C] 

85 91 

Jacket water temperature before engine 
[°C] 

71 74 

LNG supply system High pressure Low pressure 
LNG tank Membrane Type-C 
LNG temperature [°C] -165 -138 
LNG pressure [bar] 1 5 

 

It was assumed that, in both vessels, the hotel power was supplied by on-board auxiliary generators 
powered by LNG, with a specific gas consumption of 160 g/kWh [43]. In all cases, LNG was assumed 
to be extracted by the tank in liquid state and to behave as pure methane. Its properties were retrieved 
using Coolprop 4.2.5 [44].  

3.2. Fuel savings using LNG cold energy for HVAC applications 

The HVAC system on board a vessel is generally designed to maintain a stable indoor temperature of 
22 °C to 25 °C, with a relative humidity (RH) of 45 % to 55 % [45]. The most common HVAC systems 
on board cruise ships are based on the use of a centralized air-handling unit (AHU), which supplies the 
various compartments of the ship with fresh air for cooling/heating and ventilation [45]. The cooling 
and humidification of the air in the AHU is performed by using chilled water at an average temperature 
of  around 7 °C [46]. This water is produced in chillers that use seawater as the cooling medium in the 
condenser and usually operate as a two-stage system with a flash tank.  

Current implementations for using LNG cold energy recovery to decrease the energy consumption of 
marine HVAC systems aim at decreasing the consumption of the HVAC chillers by suppling cold 
energy from the LNG to the AHU by means of an intermediate water-glycol system. Figure 2 shows a 
simplified sketch of how the cold energy utilization is implemented on board the vessel M/S Viking 
Grace, as described by Wärtsilä [47]. The same implementation scheme and temperature levels were 
considered in this work.  
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Figure 2.  Integration of LNG cold energy use for marine HVAC applications, adapted from Wärtsilä 
[47].   

 

Assuming an adiabatic behavior (no heat losses to the ambient) of the cold energy recovery heat 
exchanger, the heat transfer rate to the HVAC system (�̇�𝑄HVAC) from the evaporation of the LNG is 
computed as follows:  

 �̇�𝑄HVAC =  �̇�𝑚𝐿𝐿𝐿𝐿𝐿𝐿 (ℎ𝑜𝑜𝑜𝑜𝑜𝑜 −  ℎ𝑖𝑖𝑖𝑖) (1) 
where ℎ𝑜𝑜𝑜𝑜𝑜𝑜 and ℎ𝑖𝑖𝑖𝑖 represent the LNG specific enthalpy at the outlet and inlet of the cold energy 
recovery heat exchanger, respectively. The temperature of the LNG at the outlet of the heat exchanger 
was fixed to – 5 °C; this ensured a minimum pinch point of 5 °C in the heat exchanger. The pressure 
losses in the heat exchanger and in the water-glycol loop were neglected.  

The fuel savings attainable by reducing the consumption of the HVAC chillers were estimated by 
computing the electrical savings (𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠) due to the decreased need for HVAC cooling. The electrical 
savings were then converted into fuel savings taking into account the auxiliary generators’ LNG 
consumption (K) set to 0.16 kg/kWh (see Section 3.1), and hence, the electrical and fuel savings were 
computed as follows: 

 
𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠 =  

�̇�𝑄HVAC
𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

 
(2) 

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 [𝑘𝑘𝑠𝑠/ℎ] =  𝐾𝐾 ∙  𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠 (3) 
 

where 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 is the coefficient of performance of the HVAC chillers, which is mostly dependent on 
the installed chiller technology and seawater temperature. The COP of marine chillers is dependent on 
the technology of the selected chiller and the ambient temperature. Giles [48] reported that most of the 
newly installed marine chillers for HVAC have a COP above 5, while older machines have a COP of 
around 3. Similarly, Pigani et al. [46] estimated COPs of 5.26, 6.34 and 7.46 for marine chillers 
operating with a seawater temperature of 32 °C,  25 °C and 18 °C, respectively. Consequently, in this 
work the values of 3 and 5 were used for comparison with the other potential uses of LNG cold energy. 

3.3. Fuel savings using LNG as a cold sink for an ORC unit 

The prospects for utilizing the LNG in the condenser side of an ORC unit were investigated by using 
the ORC numerical model previously described in Andreasen et al. [49]. For the LNG, both a high 
pressure and a low pressure supply system were considered.  

For the low pressure injection case, the possibility to include an LNG expansion process was considered. 
In this configuration, the LNG was first pressurized by means of a pump, then evaporated in the ORC 
condenser and lastly expanded in the LNG expander. This implementation scheme was previously 
investigated for LNG regasification applications as described in the work of Gómez et al. [10]. Figure 
3 shows a sketch of the overall system featuring the ORC unit and the LNG expansion device. 
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To engine  
Figure 3.  Sketch of the ORC configuration used for LNG cold energy on board vessels. The LNG 
turbine is utilized only when a low pressure supply system is employed for the LNG. 

 

The power output of the overall system (�̇�𝑊Net) was computed as follows: 

 �̇�𝑊Net =  ��̇�𝑊exp,ORC + �̇�𝑊exp,LNG � ηgear ηgen − �̇�𝑊𝑝𝑝,𝑂𝑂𝑂𝑂𝐻𝐻 − �̇�𝑊p,LNG (4) 
 

where �̇�𝑊exp,ORC , �̇�𝑊exp,LNG , �̇�𝑊𝑝𝑝,𝑂𝑂𝑂𝑂𝐻𝐻 , �̇�𝑊p,LNG represent the power of the ORC expander, LNG expander, 
ORC pump, and LNG pump, respectively. The parameters ηgear and ηgen represent the efficiency of 
the gearbox and the electric generator. The relative share of power produced by the ORC unit, which is 
100 % for the high pressure injection cases, was computed as 

 
𝐶𝐶𝑂𝑂𝐶𝐶share(%) =  100 ·

�̇�𝑊exp,ORC ηgear ηgen − �̇�𝑊𝑝𝑝,𝑂𝑂𝑂𝑂𝐻𝐻 

��̇�𝑊exp,ORC + �̇�𝑊exp,LNG �ηgear ηgen − �̇�𝑊𝑝𝑝,𝑂𝑂𝑂𝑂𝐻𝐻 − �̇�𝑊p,LNG
 

(5) 

 

The power output attainable by implementing the proposed system highly depends on the selected heat 
source and working fluid, and therefore various alternatives were investigated.  

The main engine exhaust gases, jacket cooling water, seawater, and an intermediate glycol-water system 
to be used for HVAC cooling were considered as possible heat sources for the ORC unit.  

These heat sources were selected for the following reasons. The exhaust gases represent an abundant 
high temperature waste heat source, which is generally used for the production of service steam or 
additional power on board ships [50]. The jacket water, with a temperature in the range between 85 °C 
and 95 °C, represents a stable waste heat source, having a flow rate and temperature constant throughout 
the engine loads [39]. The seawater is commonly utilized for power generation in regasification 
terminals and represents a freely available heat source [16]. Lastly, the use of an intermediate water-
glycol circuit as the heat source enables the installation of an ORC unit both producing electricity and 
supplying cooling to the ship HVAC system. The possibility to use the main engine scavenge air or the 
lubricant oil as a heat source was not considered in this study, because these heat sources are 
characterized by significant variations both in temperature and available waste heat along the engine 
loads, making them a less attractive source for waste heat recovery [39]. 

The selection of a proper working fluid represents one of the main design aspects of an ORC unit. In 
this study, a pre-selection was carried out in order to limit the number of working fluid candidates. The 
pre-selection criteria were the following: i) commercial availability [51–53]; ii) thermal stability up to 
230 °C; iii) null ozone depletion potential (ODP); iv) 100-year time horizon global warming potential 
(GWP) < 125; and v) National Fire Protection Association (NFPA) toxicity index < 2. R1233zd(E) and 
R1234yf were considered for the jacket water, seawater and glycol-water cases, because these fluids 
were proposed as replacements for R134a and R245fa, which are commonly used in this temperature 
range [54].  
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Table 2 lists the pre-selected working fluids. The flammability and toxicity indexes were obtained 
according to the standard NFPA 704 [55] and were retrieved from Ref [56]. Thermal degradation 
temperatures were retrieved from Invernizzi et al. [57] and Pasetti et al. [58], while the melting points 
were attained from Coolprop 4.2.5 [44]. 

Table 2. List of the pre-selected working fluids. 

Fluid GWP Degradation 
Temperature [K] 

Melting 
Temperature [K] 

NFPA values for 
Flammability/Toxicity 

cyclopentane < 25 513 - 548 179.26 3/1 
iso-pentane 4 ± 3 500 - 588 113.26 4/1 
n-butane 4 563 - 583 134.76 4/1 
n-pentane 4 ± 2 573 - 588 143.15 4/1 
R1233zd(E)* 1 n.a. 166.15 0/2 
R1234yf* 4 n.a. 123.15 4/1 

*not considered for exhaust gas case 

The maximum attainable ORC power output for each configuration and selected working fluid was 
estimated by carrying out an optimization procedure using a combination of particle swarm (10,000 
individuals and 100 iterations) and pattern search (500 iterations), both using the Matlab optimization 
toolbox [62].  

When carrying out the ORC optimization procedure, the maximum and minimum allowable pressures 
were set to 30 bar and 0.045 bar, respectively, following the indications by Rayegan et al. [59], Drescher 
and Brüggeman [60], and MAN Energy Solutions [50]. In order to avoid problems during operation 
near the critical point, the ORC design was limited to subcritical cycle configurations with a maximum 
reduced pressure of 0.8. Lastly, because of the need to avoid thermal deterioration and freezing of the 
working fluid, the maximum and minimum ORC temperatures were set 10 °C below and above the 
working fluid thermal degradation and freezing temperatures, respectively. The latter, being dependent 
on the condensation pressure, was estimated by assuming that the melting line of the various fluids 
could be approximated with a straight line connecting the triple point to the melting point, provided at 
1 bar. 

Tables S1 and S2, in the supplementary material, show the list of fixed and optimized parameters in the 
ORC optimization procedure. The jacket water and exhaust gases temperatures are listed in Table 1, 
while the seawater and the glycol-water system were assumed to be cooled from 15 °C to 10 °C, and 
from -5 °C to 0 °C, respectively. The glycol-water mixture was assumed to have a 40 % content of 
glycol based on volume and a constant specific heat of 3.474 kJ/kg K. The isentropic efficiencies of the 
ORC turbine and gas expander were assumed to be equal, 0.85. The work from Meroni et al. [61] 
previously suggested that such isentropic efficiency can be achieved by most organic fluids when 
considering the use of a multi-stage axial turbine connected to a gearbox.  

For the jacket water, seawater and glycol-water cases, the model was set up to cool down the heat source 
to its minimum temperature. For the exhaust gases case, the heat source flow rate was obtained directly 
from the engine data, and no constraint was set on the heat source boiler outlet temperature. When 
considering different LNG flows at the condenser, a constant ratio between the LNG and exhaust gases 
flow rates was assumed. 

The fuel savings attainable by implementing an ORC unit using the LNG cold energy as a cold sink 
were estimated by computing the reduced fuel consumption of the auxiliary generators: 

 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑘𝑘𝑠𝑠
ℎ �

=  𝐾𝐾 ∙ �̇�𝑊Net 
(6) 

For the glycol-water case, the attainable savings were instead given by adding the reduced auxiliary 
consumption due to the ORC power production, to the reduced consumption of the HVAC chillers: 
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𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑘𝑘𝑠𝑠
ℎ �

=  𝐾𝐾 ∙ ��̇�𝑊Net +  
�̇�𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

� 
(7) 

where �̇�𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 corresponds to the heat transfer rate from the glycol-water circuit to the ORC unit. A COP 
of 5 was assumed in this case, as it was assumed that the ORC unit would be installed only on newly 
built vessels. 

3.4. Fuel savings using LNG cold for engine air pre-cooling 

The engine scavenge air is commonly cooled before injection to the engine in order to improve the 
engine performance. Using the LNG cold energy allows further cooling of the scavenge air and thus an 
increase in the engine efficiency. Figure 4 shows a sketch of the air supply system to a marine engine, 
which features an additional scavenge air cooler where the scavenge air is cooled using the LNG cold 
energy.  

Scavenge air 
cooler #1  

To engine

Scavenge air 
cooler #2  

Air 
compressor Scavenge air 

receiver  

Cooling 
water

LNG

1

2 3

 
Figure 4.  Scavenge air supply system featuring an additional air cooler where the scavenge air is 
cooled using the LNG cold energy. 

 

In order to assess the fuel savings that can be attained by further cooling the engine scavenge air, it was 
necessary to determine the engine performance variation as a function of the scavenge air temperature, 
and estimate the scavenge air temperature reduction which could be attained by using the LNG cold 
energy recovery. 

With respect to the former, a data analysis of the performance of the engine MAN 9S90ME-C10.5-GI 
with part-load tuning was carried out. The engine data was retrieved from the MAN CEAS calculation 
tool [40], describing the engine performance considering external air temperatures of 10 °C, 25 °C and 
45 °C, and engine loads between 30 % and 100 %. The maximum and minimum scavenge air 
temperatures in the receiver were 11 °C and 48 °C, respectively.  

Figure 5 shows the collected 288 data points. The data indicates, when fixing the external air conditions 
and the engine load, there is a nearly linear correlation between engine specific gas consumption (SGC) 
and scavenge air temperature reduction. Setting the reference point for the calculations as the maximum 
scavenge air temperature of each engine load for a given external air temperature, allows establishing a 
linear correlation between the reduction of the engine SGC and the reduction of the scavenge air 
temperature: 

 𝑆𝑆𝑆𝑆𝐶𝐶red =  0.083535 ∆𝑇𝑇𝑠𝑠𝑠𝑠 + 0.00245 (8) 
where ∆𝑇𝑇 stands for the temperature difference, and the subscripts red and sa refer to reduction and 
scavenge air, respectively. The proposed equation describes the behavior of the data with R2 = 0.996 
and is included as a dashed line in Figure 5. The correlation is proven to describe effectively the engine 
performance when fixing the external air temperature and engine loading conditions. The scattering of 
the data in the plot is due to the low resolution in the scavenge air temperature (no decimal terms are 
available from the MAN CEAS calculation tool). It should be noted that all the 288 data points are 
displayed in the figure, but most of them overlap. 
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Figure 5.  Relationship between scavenge air temperature reduction and SGC reduction. The blue 
circles represent the data points attained from the CEAS calculation tool, while the dashed line 
represents the linear approximations used in the paper. 

 

The scavenge air temperature reduction, which could be attained by cooling the engine scavenge air 
with the LNG cold energy recovery, was estimated using a numerical model derived from the one 
described in Mazzoni et al. [27]. The heat exchanger model features a detailed physical model for the 
humid air, making it suitable to estimate the amount of heat that is transferred from the LNG stream to 
the scavenge air and to predict the occurrence of water condensation during the process. Water 
condensation occurs when humid air reaches its dew point due to cooling. Below this temperature, the 
model considers both sensible and latent heat transfers. The heat exchanger model, which was initially  
solved by using the ε-NTU approach [62], was adapted to impose a minimum temperature difference 
of 20 °C between the two streams.  

In order to have an indication of the attainable fuel savings in different sailing conditions, the prospects 
for further cooling the engine scavenge air by means of the LNG cold energy were investigated both in 
ISO conditions (ambient temperature of 25 °C and relative humidity of 30 %) and tropical conditions 
(ambient temperature of 45 °C and relative humidity of 60 %). Information about the engine LNG flow 
rate and the scavenge air characteristics in the two operating conditions were retrieved from the MAN 
CEAS calculation tool [40] and are reported in Tables S3 and S4 in the supplementary material.  

The air relative humidity (RH) was provided for the ambient conditions (indicated with 1 in the sketch 
of Figure 4), and hence it was necessary to recalculate it for the conditions in which the air enters the 
LNG heat exchanger (indicated with 2 in the sketch of Figure 4).  

The fuel savings which can be attained by implementing the LNG scavenge air cooling on board the 
containership were thus estimated by using a three-step procedure: i) the air conditions at the inlet of 
the scavenge air #2 were estimated by using equations (9) - (14); ii) ∆𝑇𝑇𝑠𝑠𝑠𝑠 was estimated using the heat 
exchanger model; and iii) 𝑆𝑆𝑆𝑆𝐶𝐶red was estimated using equation (8).  

3.5. Validation of the numerical models 

The ORC model was previously verified against other studies published in literature. The verification 
of the model proved its suitability to predict, given the characteristics of the heat source and cold sink, 
the cycle first and second law efficiencies with a maximum relative deviation of 3.3 % [49]. 

The calculations of the humid air properties were checked against the examples presented in Ref. [63]. 
The estimations of the LNG heat exchanger were verified against the model presented in Mazzoni et al. 
[27] and with the use of a psychrometric chart. The comparison with the work presented in Mazzoni et 
al. [27] showed that the model used in this work is suitable to estimate the LNG outlet temperature and 
overall heat transfer rate with a maximum deviation of 2.7 % and 5.6 %, respectively. No discrepancies 
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were found between the calculations carried out with the psychrometric chart and the results of the 
numerical model. 

4. Results 

The following subsections provide the estimated fuel savings attained by implementing the various uses 
of the LNG cold energy recovery. First, the results are provided for the reference vessels. Second, 
generalized estimations as a function of the main engine LNG flow rate are provided. 

4.1. Fuel savings using the HVAC solution 

Figure 6 shows the estimated heat transfer rate and fuel savings on board the two reference vessels when 
using the LNG cold energy recovery to reduce the consumption of the ship HVAC system. The results, 
plotted as a function of the COP of the HVAC chillers, indicate that the highest savings can be attained 
when the COP of the chillers is the lowest, i.e. when the ship is operated in warm seas, or is not equipped 
with the latest technology for the chillers. 

When comparing the results for the two reference vessels, it appears that the highest savings can be 
attained when installing the system on board the ferry, despite the fact that it is characterized by the 
lowest LNG flow (see Table 1). This is because a higher amount of cold energy can be extracted when 
the LNG is supplied to the engine at low pressure. In this case, in fact, the HVAC system is cooled 
down using not only the sensible, but also the latent heat of vaporization of the LNG.  

When assuming a COP of 5 for the ship HVAC chillers, the estimated fuel savings are 13.56 kg/h and 
9.56 kg/h for the ferry and the containership, respectively. These savings correspond to 0.50 % and 0.43 
% of the LNG consumption for the ships’ main engines, respectively. When considering a COP of 3, 
the savings increase to 0.84 % and 0.71 % of the LNG consumption for the ferry and the containership 
main engines, respectively. 

 
Figure 6.  Heat transfer rate and fuel savings attainable by using the LNG cold energy to provide 
cooling to the ship HVAC system for the two reference vessels. The estimations are provided as a 
function of the COP of the HVAC chillers. 

 

4.2. Fuel savings using different ORC configurations 

Figure 7 shows the power outputs attainable by implementing an ORC unit on board the containership 
(high pressure LNG supply system) as a function of the selected working fluid and considered heat 
source. The results indicate that the higher the temperature of the selected heat source, the higher is the 
attainable power output. For the exhaust gases case, the temperature drop of the exhaust gases in the 
waste heat recovery boiler is in the range from 9.6 °C to 10.0 °C, depending on the selected working 
fluid. This indicates that further heat recovery could be possible (i.e. by means of a steam Rankine cycle 
or an ORC unit using seawater as the cold sink).  
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The maximum power outputs are obtained when selecting butane, butane, iso-pentane and n-pentane as 
the working fluid, for the glycol-water, seawater, jacket water, and exhaust gases case, respectively. 
The estimated power outputs are 29.5 kW, 36.6 kW, 69.4 kW and 121.9 kW, for the four cases, 
respectively. In addition, the glycol-water configuration delivers a cooling effect between 204 kW and 
272 kW to the HVAC system. The estimated savings, expressed in relative terms to the containership 
main engine LNG consumption, are 0.50 %, 0.26 %, 0.50 % and 0.87 % for the four cases, respectively.  

 
Figure 7.  Attainable power output by installing an ORC unit on board the containership (high 
pressure LNG supply system). 

 

Figure 8 shows the attainable power output by installing the system comprising an ORC and an LNG 
expansion device on board the ferry as a function of the selected working fluid and considered heat 
source. Also in this case, a higher temperature of the heat source results in a higher power production. 
For the exhaust gases case, the temperature drop of the heat source in the waste heat recovery boiler 
ranges between 30.1 °C to 35.6 °C, depending on the selected working fluid. The high differences in 
the optimized power output for the exhaust gases case are due to the limitations set by the degradation 
temperatures of the working fluids.  The highest power outputs are attained using either n-pentane or 
n-butane, because these fluids are the ones with the highest degradation temperatures (see Table 2).  

The maximum power outputs are obtained when selecting the working fluid as butane, butane, iso-
pentane and n-pentane, for the glycol-water, sea-water, jacket water, and exhaust gases case, 
respectively. The estimated power outputs are 108.0 kW, 121.7 kW, 194.4 kW and 400.8 kW, for the 
four cases, respectively. In addition, in the glycol-water configuration, a cooling effect between 372 
kW and 385 kW is delivered to the HVAC system. The estimated savings, expressed in relative terms 
to the containership main engine LNG consumption, are 1.09 %, 0.72 %, 1.15 % and 2.37 % for the 
four cases, respectively.  

The optimized power outputs for the exhaust gases cases are in agreement with the results presented in 
Tsougranis et al. [25]. The authors of the previous study investigated the installation of an ORC unit 
harvesting heat from the main engines of a ferry and using the LNG cold energy as the cold sink. Two 
configurations were considered: i) a single-stage ORC without LNG expander and ii) a reheated ORC 
with LNG expander. The estimated power outputs using propane as the working fluid were 2.7 % and 
3.3 % of the ferry propulsion power, respectively. The ORC power output estimated in this study 
corresponds to 2.9 % of the ferry propulsion power, when n-pentane is considered as the working fluid, 
which is in agreement with the aforementioned work from Tsougranis et al. [25]. 
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Figure 8.  Attainable power output by installing an ORC unit on board the ferry (low pressure LNG 
supply system). The values above the columns represent the relative share of power produced by the 
ORC unit. 

 

Comparing the results of the investigations carried out for the ferry and the containership, it emerges 
that the implementation of the recovery system leads to higher power productions when considering a 
vessel equipped with a low pressure LNG supply system (the ferry, in this case). This conclusion is 
explained by three reasons. First, when a low pressure supply system is installed, it is possible to install 
an LNG expander, which has a power production as high as 86 % the power of the whole system 
(referring to the glycol-water case when cyclopentane is selected as the working fluid). Second, when 
considering a high pressure supply system, the LNG is heated in transcritical conditions, and it is not 
possible to recover its latent heat. Third, when considering the exhaust gases case, it is important to 
consider that this waste heat source is available at a substantially higher temperature in the ferry (365.4 
°C) compared to the containership (210 °C). 

4.3. Fuel savings with engine scavenge air cooling 

Figure 9 depicts the scavenge air temperature reductions, which could be attained by implementing the 
LNG scavenge air cooler. The results are based on the data for the engine MAN 9S90ME-C10.5 with 
part-load tuning and are displayed as a function of the engine load and external air conditions. The plots 
indicate that by implementing this solution, the engine scavenge air could be further cooled by 6.7 °C 
to 8.9 °C, when the engine operates in ISO conditions, and by 1.7 °C to 7.3 °C, when the engine operates 
in tropical conditions. The corresponding reduction in specific gas consumption (computed through 
Equation 8) is in the range from 0.56 g/kWh to 0.74 g/kWh for ISO conditions and from 0.14 g/kWh to 
0.61 g/kWh for tropical conditions. In tropical conditions, as much as 39 % of the heat is used to 
condense the water vapour contained in the air, while this percentage decreases to a maximum of 7 % 
in ISO conditions. 

The scavenge air temperature reduction appears not to be constant along the engine loads. This can be 
attributed to a variety of reasons: the variation of the air to fuel ratio in the engine, the tuning of the 
engine itself, and the variation of the air conditions at the inlet of the LNG cooler. In particular, the 
discontinuity that appears between 30 % and 40 % load in tropical conditions is due to the activation of 
the auxiliary blowers [64], which support the scavenging process at low engine loads. The activation of 
the auxiliary blowers results in an increase of the temperature of the scavenge air after the traditional 
scavenge air cooler and in a decrease of its relative humidity, which in tropical conditions drops from 
98 % (at 40 % load) to 68 % (at 30 % load). As a consequence, the amount of heat used to condense the 
water vapor decreases drastically, resulting in a higher temperature reduction in the scavenge air. The 
scavenge air temperature reduction is higher in tropical conditions rather than in ISO conditions, when 
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the engine is operated at 30 %. This results from the activation of the auxiliary blowers, which leads to 
a decrease of the water vapor condensation and from the lower air-to-fuel ratio in the engine, which is 
necessary when operating in tropical conditions. 

 
Figure 9.  Scavenge air temperature reduction as a function of engine load and external air conditions. 
The numbers represent the fraction (in percentage) of energy that is transferred as latent heat. 

 

Figure 10 shows the attainable LNG fuel savings by installing the LNG scavenge air cooler as a function 
of the engine load and external air conditions. The results suggest that higher savings are attainable 
when the engine is operated in ISO conditions, due to the fact that large amounts of heat are used to 
condense the water vapor entrained in the exhaust gases when the engine is operated in tropical 
conditions. The attainable fuel consumption reductions, expressed in relative terms with respect to the 
main engine fuel consumption, are in the range from 0.41 % to 0.54 % and from 0.10 % to 0.44 % for 
the ISO and tropical conditions, respectively. 

 
Figure 10.  Fuel savings attainable by implementing the LNG scavenge air cooler as a function of the 
engine load and external air conditions. 

 

4.4. Comparison of the studied applications 

Table 3 shows the estimated LNG fuel savings, expressed in percentage of the LNG consumption of 
the ship main engines, attainable by implementing the various uses of LNG cold energy on board the 
two reference vessels. The savings are estimated for the average sailing load of the ships, detailed in 
Table 1.  

The results indicate that the prospects for fuel savings using the LNG cold energy are higher for the 
ferry. This is because the ferry features a low pressure LNG supply system, which results in a higher 
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cold energy availability. Looking at the attainable savings from the three applications, the results 
indicate that the largest savings can be achieved by using the LNG cold energy in an ORC unit using 
the exhaust gases as the heat source. In this case, the estimated fuel savings are of 2.37 % and 0.87 % 
for the ferry and the containership, respectively. The savings attainable by using the LNG cold energy 
to decrease the consumption of the ship HVAC system are dependent on the COP of the HVAC chillers. 
When assuming a COP of 5 from the HVAC chillers, the resulting fuel savings are lower than those 
attainable by implementing an ORC unit (except when considering the containership with seawater as 
the heat source). The implementation of an ORC unit absorbing heat to an intermediate glycol-water 
system that supplies cold energy to the ship HVAC system results in fuel savings that are comparable 
to the use of an ORC unit which harvests heat from the engine jacket cooling water. Lastly, using the 
LNG cold energy recovery to pre-cool the engine scavenge air results in savings comparable to those 
of the HVAC case. In addition, the savings attainable by further cooling the engine scavenge air are 
highly affected by external air conditions, which has a direct impact on the amount of water vapor 
condensation occurring in the additional scavenge air cooler. This does not appear in the results of Table 
2, because the containership is operated at 30 % load, where scavenging is supported by auxiliary 
blowers, as discussed in section 4.3. 

Table 3. Estimated LNG fuel savings attainable by implementing the various uses of the LNG cold 
energy recovery for the two reference vessels. The savings are expressed as a percentage of the main 
engine fuel consumption. 

LNG cold energy use Ferry Containership 
HVAC (COPHVAC = 3) 0.84 % 0.71 % 
HVAC (COPHVAC = 5) 0.50 % 0.43 % 
ORC (glycol-water, COPHVAC = 5) 1.09 % 0.50 % 
ORC (seawater) 0.72 % 0.26 % 
ORC (jacket water) 1.15 % 0.50 % 
ORC (exhaust gases) 2.37 % 0.87 % 
Scavenge air cooling (ISO conditions) - 0.41 % 
Scavenge air cooling (tropical conditions) - 0.44 % 

 

5. Discussion 

The present evaluation aims at estimating the attainable fuel savings by implementing various possible 
applications for the LNG cold energy recovery on board commercial vessels; however, the feasibility 
and attractiveness of the various alternatives should not be evaluated merely from the energy savings 
perspective. Other aspects, i.e. the sensitivity of the fuel savings to the ship sailing conditions, the 
technical feasibility of the proposed concepts, and their economic attractiveness should be taken into 
account as well.  

When considering the possibility to utilize the LNG cold energy to reduce the energy consumption of 
the HVAC chillers, it is important to note the efficiency curves of the chillers themselves and to take 
into consideration that an actual energy saving can be realized only if a cooling load is required on 
board. Given that the COP of the chillers is directly connected to the cooling water temperature used to 
condense the refrigerant fluid, it follows that using the LNG cold energy for HVAC purposes tends to 
be more attractive when the ship is sailing in warm climates. In this case, in fact, the cooling water is 
available at a higher temperature and consequently the ship chillers operate with lower COPs. The 
estimated savings were here computed by assuming a constant value for the COP of the chillers, while 
these generally have varying efficiencies as a function of the load at which they operate. Nonetheless, 
assuming a constant COP does not lead to significant deviations in the results, because generally 
multiple chillers operating in parallel are installed. This ensures that the overall system is operating near 
the peak performance point, regardless of the required cooling load. Finally, the requirement for HVAC 
cooling is dependent on the external air conditions, and therefore, the use of LNG cold energy might 
not be fruitful all year long. For example, the energy requirements are substantially lower in the Nordic 
countries (where the cooling load could be zero for several months) compared to tropical areas. 
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When comparing the different uses of the LNG cold energy, the results indicate that for both reference 
vessels, the highest savings can be attained by implementing an ORC unit using the ship exhaust gases 
as the heat source and the LNG cold energy as the cold sink. The exhaust gases are generally used either 
for the generation of service steam or for power production by means of either an ORC or a steam 
Rankine cycle unit using seawater as the cold sink. Nonetheless, the analysis on the proposed exhaust 
gases to an LNG ORC unit indicates that a limited amount of energy is extracted from the exhaust gases, 
and so therefore, this solution could be used in combination with the other technical solutions for waste 
heat recovery. In addition, it is important to highlight that the higher attainable savings are not due to a 
higher degree of recovery of the LNG cold energy, but rather to this configuration exploiting the exergy 
content of both the exhaust gases and the LNG.  

The savings attainable by using the LNG cold energy to cool down further the main engine scavenge 
air appear to be highly dependent on the external air conditions. The savings drop significantly when 
the external air is characterized by a high relative humidity, because in this case a large fraction of the 
heat is used to condense the water vapor contained in the scavenge air, rather than to cool the air itself. 
For this specific use, the estimations were limited to the high pressure supply system and two-stroke 
LNG dual-fuel engine. However, it is expected that even higher levels of water condensate could be 
generated when considering a low pressure supply system connected with a four-stroke LNG engine. 
The reasons for this are that a higher amount of LNG cold energy is available when considering a low 
pressure supply system, and that the air-to-fuel ratio is lower in four-stroke engines. Therefore, a higher 
percentage of the heat transfer could potentially take place as latent heat when considering a low 
pressure supply system for the LNG. 

From a technical perspective, the ORC system represents the most challenging alternative and requires 
the largest number of components to be installed. Conversely, the use of the LNG cold energy for 
HVAC purposes, or for cooling the engine scavenge air, requires only the installation of a heat 
exchanger and possibly an intermediate glycol loop for transferring the cold energy to where it is 
required. Consequently, it is expected that the ORC configuration would also result in the highest 
installation cost. On the other side, there are also other benefits connected with the installation of the 
ORC unit. The production is affected in a minor way by the variation of the external weather conditions, 
and the electricity can be used for a variety of purposes, meaning that the LNG cold energy can always 
be recovered in a useful and efficient manner. This is not valid for the other cases, because the recovery 
can be inefficient when the air humidity is high (engine air cooling case), or there could be no use for 
the recovered energy (HVAC case, when no cooling is required). 

Conclusions 

The present study investigates and compares different potential uses of liquefied natural gas cold energy 
on board commercial ships. The analysis was carried out for two reference vessels: a containership 
equipped with a high pressure liquefied natural gas supply system connected with a two-stroke dual-
fuel engine, and a ferry equipped with a low pressure liquefied natural gas supply system connected 
with a four-stroke dual-fuel engine. The following uses were identified for the liquefied natural gas cold 
energy utilization: (1) reduction of the cooling load of the chillers used for the heating, ventilation and 
air cooling system on board, (2) use as the cold sink for an organic Rankine cycle power system, and 
(3) cooling of the main engine scavenge air to enhance the engine performance. The various solutions 
were compared with regards to the attained fuel savings, if implemented on board the two reference 
vessels. 

The results of the study suggest that the attainable fuel savings, expressed in relative terms compared 
to the main engine consumption, are in the range from 0.50 % to 2.37 % for the ferry (low pressure fuel 
supply system) and from 0.26 % to 0.87 % for the containership (high pressure fuel supply system). 
The higher attainable savings for the ferry are due to the higher specific cooling capacity available from 
the liquefied natural gas when it is supplied to the engine at low pressure.  

For both vessels, the highest savings can be attained by implementing an organic Rankine cycle power 
system harvesting heat from the exhaust gases and rejecting it to the liquefied natural gas. When 
considering the use of the liquefied natural gas cold energy to supply cooling to the ship heating, cooling 
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and ventilation system, the results indicate that the fuel savings are in the range from 0.43 % to 0.84 % 
of the main engine fuel consumption, depending on the estimated coefficient of performance of the ship 
chillers and reference vessel.  

Lastly, the results suggest that the prospects for using liquefied natural gas to cool further the main 
engine scavenge air are highly affected by ambient conditions. As much as 39 % of the overall heat 
transferred between the scavenge air and the liquefied natural gas stream is spent on condensing the 
water vapor contained in the scavenge air, when the vessel is operated in tropical conditions. This share 
drops to around 9 % when the vessel is operated in ISO conditions. 
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Nomenclature 

Acronyms 

AHU air handling unit 
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BOG boil-off gas 

COP coefficient of performance 

CO2 carbon dioxide 

EL electrical 

GHG greenhouse gases 

GWP global warming potential based on a 100-year time horizon 

HVAC heating, ventilation, and air cooling 

IMO International Maritime Organization 

LNG liquefied natural gas 

LHV lower heating value 

NFPA National Fire Protection Association 

NOx nitrogen oxides 

NTU number of transfer units 

ODP ozone depletion potential 

ORC organic Rankine cycle 

PBU pressure built-in unit 

SGC specific gas consumption 

SOx sulphur oxides 

Symbols 

�̇�𝑚 mass flow rate, kg/s 

ℎ specific enthalpy, kJ/kg K 

K auxiliary fuel consumption, kg/kWh 

P pressure, bar 

�̇�𝑄 heat flow, kW 

RH relative humidity 

T temperature, K 

𝑤𝑤 specific humidity 

�̇�𝑊 power, kW 

Greek symbols 

η efficiency 

∆ absolute difference 

Subscripts and superscripts 

avg average 

exp expander 
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gear gearbox 

gen generator 

in inlet 

LNG liquefied natural gas 

ORC organic Rankine cycle 

out outlet 

p pump 

red reduction 

sa scavenge air 
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Abstract: When considering waste heat recovery systems for marine applications, which are 
estimated to be suitable to reduce the carbon dioxide emissions up to 20 %, the use of organic 
Rankine cycle power systems has been proven to lead to higher savings compared to the traditional 
steam Rankine cycle. However, current methods to estimate the techno-economic feasibility of such 
system are complex, computationally expensive and require significant specialized knowledge. This 
is the first article that presents a simplified method to carry out feasibility analyses for the 
implementation of organic Rankine cycle waste heat recovery units on board liquefied natural gas-
fuelled vessels. The method consists of a set of regression curves derived from a synthetic dataset 
obtained by evaluating the performance of organic Rankine cycle systems over a wide range of 
design and operating conditions. The accuracy of the proposed method is validated by comparing 
its estimations with the ones attained using thermodynamic models. The results of the validation 
procedure indicate that the proposed approach is capable of predicting the organic Rankine cycle 
annual energy production and levelized cost of electricity with average accuracies of 4.5 % and 2.5 
%, respectively. In addition, the results suggest that units optimized to minimize the levelized cost 
of electricity are designed for lower engine loads, compared to units optimized to maximize the 
overall energy production. The reliability and low computational time that characterize the 
proposed method, make it suitable to be used in the context of complex optimizations of the whole 
ship’s machinery system.  

Keywords: organic Rankine cycle; liquefied natural gas; waste heat recovery; regression model; 
predictive model; ship; techno-economic feasibility; machinery system optimization 

 

1. Introduction 

The increasing awareness of the environmental impact of the shipping industry is pushing the 
development of novel solutions to reduce the emission of pollutants from ships. In this context, the 
International Maritime Organization (IMO) recently introduced a novel legislation framework 
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constraining the emissions of nitrogen oxides (NOx) [1] and sulphur oxides (SOx) [2], and set the 
vision to reduce the greenhouse gas (GHG) emissions by 50 % compared to the emissions levels of 
2008 by 2050 [3]. 

Several alternative solutions can in theory lead to a reduction of the emissions from shipping, 
one of them being the use of liquefied natural gas (LNG) [4]. Compared to the use of traditional heavy 
fuel oils (HFO), the use of LNG leads to substantial reductions in the NOx and SOx emissions [5]: the 
former can be reduced up to 85 % thanks to the lean combustion process, while the latter are almost 
completely eliminated, because LNG does not contain sulphur. Additionally, a significant potential 
to reduce the environmental impact of ships lies in the possibility to recover the waste heat released 
by the ship’s engine system. According to the work from Bouman et al. [6], the implementation of 
waste heat recovery (WHR) solutions on board a vessels can result in a reduction of the carbon 
dioxide (CO2) emissions by up to 20 %. 

Waste-to-heat recovery solutions are particularly attractive for cruise ships [7,8], because such 
ships require significant amount of heat for internal uses; while waste-to-power solutions are the 
most commonly investigated for containership and tankers, among others [9].   

The organic Rankine cycle (ORC) power system has been identified as a promising solution for 
waste-to-power recovery applications on board vessels [9], because it enables the attainment of 
higher design power outputs [10] and improved off-design efficiencies [11] in comparison with the 
traditional steam Rankine cycle technology. 

Most of the previous works dealing with the optimal design of ORC power cycles for maritime 
applications have been following a model-driven approach, meaning that they rely on the use of 
numerical models based on the laws of thermodynamics, and validated by comparison with 
experimental data, when available. Such models are then used to investigate the performance of the 
unit under different design and off-design conditions. 

The development of suitable numerical models to predict the performance and optimal design 
of ORC units for maritime applications is however a challenging task, because the designer needs to 
account for a multitude of aspects, including the availability of multiple waste heat sources, the ORC 
off-design performance, the ship sailing profile, the impact of the WHR unit on the engine’s 
performance, and the presence of dynamic instabilities, among others. 

In this regard, Soffiato et al. [12] described a procedure to integrate the use of multiple waste 
heat sources on board a LNG-carrier. Baldi et al. [13] discussed multiple optimization approaches 
and concluded that the ship sailing profile needs to be accounted for during the ORC design 
procedure in order to maximize the annual energy production. Michos et al. [14] highlighted the 
impact of the additional backpressure supplied to the exhaust line of a marine engine by the 
implementation of a WHR unit, while Baldasso et al. [15] suggested that constraining the maximum 
backpressure on the exhaust side of the ORC WHR boiler leads to a significant reduction of the 
attainable power output from the recovery unit. Lastly, Rech et al. [16] pointed out the importance of 
carrying out dynamic simulations to ensure that the system is correctly sized and is capable of 
reaching steady-state operation under a wide range of engine operating conditions. 

The downsides of the approach followed by the aforementioned works lie in the model 
complexity, and in the computational time required to carry out the simulations, which increases as 
more aspects are taken into account. These approaches are therefore commonly used in a limited 
number of case studies, but are not suitable to carry out preliminary estimations of the potential for 
installing ORC-based WHR units on board a wide range of vessels. 

To cover this need, another range of studies are available in literature. Other authors, in fact, 
aimed at deriving simplified methodologies to estimate the performance of ORC units. Among these 
works, Liu et al. [17] proposed an equation to estimate the thermal efficiency of an ORC unit based 
on the working fluid evaporation, condensation and critical temperatures. Kuo et al. [18] correlated 
the Jakob number with the attainable ORC thermal efficiency, while Wang et al. [19] used the Jakob 
number in predictive models to estimate the ORC thermal and exergy efficiencies. Larsen et al. [20] 
proposed the use of multiple regression models to predict the ORC thermal efficiency given the 
boundary conditions of the process. Lecompte et al. [21] focused on the cycle second law efficiency 
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and derived a simplified correlation to estimate its maximum value for a given waste heat source. 
Lastly, Palagi et al. [22] developed surrogate models based on a neural network approach to carry 
out multi-objective optimization of a small scale ORC unit, showing that the computational time 
could be reduced by two orders of magnitude in comparison with the traditional optimization 
approach. 

These works pose a solid foundation for the rapid estimation of the prospects for installing an 
ORC unit, but have two limitations: (i) they aim at estimating the unit efficiency, rather than its power 
output, which is the key performance indicator in case of WHR applications; and (ii) they are suitable 
for design conditions estimations only; thus they do not consider the off-design performance of the 
unit, which is  of key importance when considering the maritime application, because the waste heat 
availability changes according to the engine load. 

To the best of the authors’ knowledge, only one previously published work describes a 
simplified method to the estimate the off-design performance of an ORC unit: Dickes et al. [23] carried 
out experimental and numerical investigations on a 2 kWel ORC system featuring a scroll expander 
and proposed a set of equations to characterize the optimal off-design operation of the ORC system. 
As the equations were derived based on a specific unit, their general applicability is, however, not 
guaranteed. In addition, the off-design characterization of ORC units featuring volumetric expanders 
is not comparable to the one of units featuring turbo-expanders (i.e. units tailored for maritime 
applications). 

This work aims at deriving a set models for the quick and accurate prediction of the annual 
energy production and economic attractiveness of ORC units optimized for marine applications, 
considering LNG as fuel. The models were derived by numerical regression of a synthetic database 
of optimized ORC units and their effectiveness was tested in several test cases where the estimations 
of the simplified approaches are compared with the solutions of the thermodynamic simulations. 

The main novel contributions of the work are: (i) the derivation of off-design performance curves 
applicable to ORC units of different sizes and operating at different design conditions, and (ii) a 
method to combine design and off-design performance curves for the ORC optimal design point that 
maximizes either the annual energy production, or the economic effectiveness estimated by means of 
the levelized-cost-of-electricity (LCOE). 

The proposed method is not computationally intensive, and is therefore suitable to be used in 
the context of large optimization problems, such as ship routing optimizations, and holistic 
optimization and evaluation of a ship machinery system [24]. It is expected that the proposed method 
could support industry, decision makers, and researchers in the identification of the most feasible 
cases to integrate WHR units as part of the ship’s machinery system. 

The article is structured as follows: section 2 describes the applied methods. The attained results 
are presented in section 3 and discussed in section 4. Finally conclusions are outlined in section 5. 

2. Methods  

The overall method, to carry out simplified evaluations for the prospects for installing ORC units 
on board LNG-fuelled vessels, was built by implementing the following steps: (i) a dataset of ORC 
design power and part-load performance was generated; (ii) regression models were developed 
based on the calculated data, and (iii) the reliability of the proposed regression models was tested in 
two case studies comparing  the outputs of the thermodynamic models with outputs of the simplified 
regression curves. The following subsections detail the approach used for each step. 

2.1. ORC models 

The evaluations were carried out considering a simple non-recuperated ORC unit recovering 
heat from the exhaust gases of the ship’s main engine and using the seawater as heat sink. The power 
generated by the turbine is then converted into electricity in a generator. Figure 1 shows the sketch 
of the considered unit layout. 
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Figure 1. : A sketch of the considered ORC layout. 

 The estimation of the ORC design power output was carried out using the numerical model 
described in Andreasen et al. [25]. The model was previously validated by comparing its estimations 
with the results of other numerical studies published in literature, indicating its suitability to estimate 
the ORC first and second law efficiencies with a maximum relative deviation of 3.3 %. 

The ORC net power output (ẆNet) was calculated as follows: 
�̇�𝑊𝑁𝑁𝑁𝑁𝑁𝑁 =  �̇�𝑊𝑁𝑁𝑒𝑒𝑒𝑒 𝜂𝜂𝑔𝑔𝑁𝑁𝑔𝑔𝑔𝑔 𝜂𝜂𝑔𝑔𝑁𝑁𝑔𝑔 − �̇�𝑊𝑒𝑒 − �̇�𝑊𝑒𝑒,𝑠𝑠𝑠𝑠 , (1) 

where ηgear and ηgen are the efficiencies of the gearbox and the electric generator, while the 
subscripts exp, p and sw stand for expander, pump and seawater. 

The ORC design model was used to identify the ORC cycle parameters maximizing the cycle net 
power output for every given heat source/sink combination. Table 1 lists the decision variables 
considered in the optimization procedure. A minimum superheating degree of 5 °C was imposed to 
ensure full evaporation of the working fluid, while wide the ranges were selected for the ORC mass 
flow rate and condensation temperature were selected so that the optima always lies in between the 
boundaries.    

Table 1. ORC design model: decision variables in the optimization procedure. 

Decision variable Lower 
bound 

Upper 
bound 

Turbine inlet pressure [bar 1 0.8 Pcrit 
ORC superheating [°C] 5 50 
ORC mass flow rate [kg/s] 0.2 60 
Condensation temperature [°C] 5 60 

 
Additionally, the maximum and minimum allowed cycle pressures were set to 3,000 and 4.5 kPa, 

according to the recommendations by Rayegan et al. [26], Drescher and Brüggeman [27], and MAN 
Energy Solutions [28]. Cyclopentane was selected as working fluid in all cases, because it was 
previously shown to be a suitable working fluid candidate for maritime applications [11,15], and its 
properties were retrieved using Coolprop 4.2.5 [29]. Table 2 shows the parameters that were kept 
fixed during the optimization procedure. The properties of the exhaust gases were assumed to be 
equal to those of air at 100 kPa and no constraint was imposed on the minimum boiler feed 
temperature [9]. 
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Table 2. ORC design model: fixed parameters. 

Parameter Value 
Heat source inlet temperature [°C] 170-320 
Heat source mass flow rate [kg/s] 5-120 
Cooling water inlet temperature [°C] 5-30 
Cooling water temperature increase [°C] 5 
Minimum pinch point in the boiler [°C] 15-25 
Minimum pinch point in the condenser [°C] 5-10 
Turbine isentropic efficiency [-] 0.85 
Pump isentropic efficiency [-] 0.7 
Gearbox efficiency [-] 0.98 
Electric generator efficiency [-] 0.98 
Pressure drop in the heat exchangers [bar] 0 

 
All the optimizations were carried out using a combination of particle swarm (swarm size = 

1,000, number of generations = 50) and pattern search (500 iterations) available in the Matlab 
optimization toolbox [30]. 

The off-design performance of the ORC units was estimated by using the numerical model 
described in Baldasso et al. [15], whose estimations were validated in comparison with the 
experimental campaign carried out during the PilotORC project [31]. The comparison between the 
numerical estimations and the experimental values indicated that the model is suitable to predict the 
ORC power output, pressure levels, and mass flow rate with an accuracy within 5 %.  

The ORC units were assumed to be operated with a sliding pressure strategy during part-load 
operation, and both the superheating at the turbine inlet and the cooling water mass flow rate were 
kept constant. 

2.2. Economic evaluations 

The economic performance of the ORC unit was evaluated by means of the levelized cost of 
electricity (LCOE) of the generated electricity, computed as [32]:  

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  
𝐼𝐼0 + ∑

𝐼𝐼𝑦𝑦 + 𝐿𝐿&𝑀𝑀𝑦𝑦 + 𝐹𝐹𝑦𝑦
(1 + 𝑟𝑟)𝑦𝑦

𝑔𝑔
𝑦𝑦=1

∑
𝐿𝐿𝑦𝑦

(1 + 𝑟𝑟)𝑦𝑦
𝑔𝑔
𝑦𝑦=1

, (2) 

where the calculation considers that the system is operated for a number of years equal to n = 
25. The symbols 𝐼𝐼𝑦𝑦, 𝐿𝐿&𝑀𝑀𝑦𝑦, 𝐹𝐹𝑦𝑦 and 𝐿𝐿𝑦𝑦 represent the investment cost, operation and maintenance costs, 
fuel expenditures, and the electricity generation at the year y. The symbol 𝐼𝐼0 represents the initial 
investment cost. The electricity generation represents the annual energy production from the ORC 
unit, while the fuel expenditures were set to zero as the ORC is operated using the waste heat from 
the main engine. The annual O&M costs were set to 1.5 % the ORC capital cost, while the discount 
rate (r) was set to 6 %. 

 Different estimation techniques are possible for the quantification of the investment cost related 
to the purchase of the ORC unit. The most common techniques are based on the estimation of the cost 
of the various components, which is dependent on their size, materials and operating pressure [33]. 
These approaches require however a preliminary sizing of the components. Cost estimation can 
therefore represent a complex task. Here, we included a simplified costing approach based on the 
size of the ORC unit. The work from Lemmen [34] includes a list of real and estimated specific costs 
for the installation of ORC units whose size is ranging from 200 kW to 8,000 kW. Figure 2 reports the 
ORC specific costs connected with the installation of ORC units for WHR applications, which were 
reported by Lemmens [34], and the regression curve which was used in this work. 
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Figure 2. : ORC specific cost as a function of its size. The data was retrieved from Lemmens [34]. 

The costs presented in the previous work were available in €2014 and were here converted into 
US dollar ($2015) using the Chemical Engineering Plant Cost Index (CEPCI) and a Euro-to-US dollar 
conversion factor of 1.1. The attained regression curve describing the variation of the ORC specific 
cost as a function of its capacity is the following: 

𝐿𝐿𝑂𝑂𝐿𝐿𝑠𝑠𝑒𝑒𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑐𝑐𝑠𝑠𝑁𝑁($) = 19,358 · �̇�𝑊𝑁𝑁𝑁𝑁𝑁𝑁
−0.2703, (3) 

2.2. Data generation and regression models 

The regression surfaces for the estimation of the ORC design point power output were obtained 
by fitting the results of a dataset attained by running 200 independent ORC design optimizations, 
based on random design parameters. Two regression surfaces were attained: 

● Design regression model #1, where the sampled parameters were the heat source 
inlet temperature and mass flow rate, as well as the cooling water inlet temperature. 

● Design regression model #2, where also the boiler and condenser pinch point 
temperatures (ΔTpp,boil and ΔTpp,cond) were included as sampled parameters in the 
optimization routines. 

In both cases, the samples of the ORC design parameters were generated using the Sobol 
method [35] to ensure a good coverage of the sampling space, and the sampled parameters were 
constrained to be within the boundaries described in Table 2. Only the samples leading to ORC 
units with a power output in the range 250 kW to 2,500 kW were considered in the regression 
procedure, this ensured that the accuracy of the attained regression curves was not affected by 
the presence of outliers.  

With respect to the boundaries defined for the heat source temperature, mass flow rate and 
the cooling water temperature, a comparison with data retrieved from the MAN CEAS 
calculation tool [36], suggests that the engine waste heat characteristics are within the considered 
ranges, when considering engines in the range from 5 MW to 50 MW operating with different 
tuning techniques and sailing both in cold and warm waters. 

The off-design performance of every optimized ORC configuration was evaluated in 20 
different and randomly generated off-design conditions. Each half of the randomly generated 
off-design points were imposed a temperature of the exhaust gases higher and lower than the 
design point, respectively. For all the off-design simulations, the exhaust gas mass flow rate was 
within 25 to 100 % of the ORC design mass flow rate. The heat source temperature was allowed 
a deviation of +/- 80 °C compared to the design value. The sea water temperature was kept 
constant in all the off-design simulations.  

A single regression model was attained for the characterization of the ORC off-design 
performance, considering an ORC load ranging for 10 % to 100 %, and based on the ORC designs 
used for both design models (fixed and variable pinch point temperatures). 
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Figure 3 provides a graphical overview of the procedure used to derive the regression 
models. The symbols included in the sketch are explained in section 3.1 (Tpp refers both to the 
condenser and boiler pinch point temperature). 

 

Generation of design 
point samples

(Tex,in, ṁex, ṁcool,in, Tpp)

Design values ranges
min(Tex,in).. max(Tex,in)
min(ṁex).. max(ṁex)

...

ORC design 
optimization 

(thermodynamic model)

ORC optimization 
variables
(Table 1)

Optimized ORC 
designs

Design regression 
models

Ẇnet = f (Tex,in, ṁex, 
ṁcool,in, Tpp)

Random samples for 
off-design operation

(Tex,rel, ṁex.rel)

Off-design evaluations
(thermodynamic model)

Off-design performance

Off-design regression 
models

Ẇrel = f (Tex,rel, ṁex,rel)
 

Figure 3. : Procedure used to derive the ORC performance regression models. 

The statistical robustness of a regression curve is ensured if the residuals follow a normal 
distribution and their mean is equal to zero. In addition, there should be no correlation between the 
residuals themselves and the parameters used to build the regression curve, nor the data points that 
are being estimated (the ORC net power output and its off-design performance). The validity of the 
mentioned aspects for the proposed regression surface models was checked with the scatter plots 
shown in the following sections. 

2.3. Case studies and optimization approach 

The accuracy of the proposed regression surface models was checked in two test cases. The first 
case study considers the installation of an ORC unit on board an LNG-fuelled feeder ship powered 
by a 10.5 MW MAN 7S60E-C10.5-GI engine with LP SCR tuning. In the second case study, an ORC 
unit on board a medium size LNG-fuelled container vessel powered by a 23 MW MAN 6S80ME-C9.5-
GI engine with part-load tuning was considered. The two vessels were assumed to operate according 
to the load profiles shown in Figure 4, for 4,380 and 6,500 hours annually, respectively.  

 
Figure 4. : Considered annual engine load profiles: (a) Feeder; (b) Container vessel. 
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These are typical data for the two considered types of vessels. For both case studies, an average 
sea water temperature of 15 °C was assumed. 

 Table 3 reports the exhaust mass flow rate and temperature for the two engines as a function of 
the load. The data was retrieved from the MAN CEAS engine calculation tool [36]. 

The ORC maximum annual energy production and minimum LCOE required to produce the 
electricity by means of the ORC unit, were computed both using thermodynamic model and 
regression model. Both the thermodynamic calculations and the estimations using the regression 
models were carried out following the procedure shown in Figure 5.  

Table 3. Characteristics of the exhaust gases of the two engines as a function of the engine load [36]. 

 MAN 7S60E-C10.5-GI MAN 6S80ME-C9.5-GI 
Engine load 

[%] 
Mass flow rate 

[kg/s] 
Temperature 

[°C] 
Mass flow rate 

[kg/s] 
Temperature 

[°C] 
100 22.5 251 52 251 
90 19 266 47 239 
80 18.2 245 44.9 207 
70 16.3 243 40.3 206 
60 14.3 248 35.7 211 
50 12.1 258 30.6 221 
40 9.9 271 25 239 
30 7.5 280 22.7 205 

 
When using the thermodynamic model, the ORC design parameters and design point were 

selected as optimization parameters, while only the latter was optimized when using the simplified 
approach based on the regression curves. For the estimation of the accuracy of the regression model 
#2, three alternative pinch point temperature combinations were considered: (i) ΔTpp,boil = 25 °C and 
ΔTpp,cond = 10 °C; (ii) ΔTpp,boil = 20 °C and ΔTpp,cond = 8 °C; and (iii) ΔTpp,boil = 15 °C and ΔTpp,cond = 5 °C. 
 

Engine data and 
sailing profile

Fixed parameters 
(Table 2)

ORC design 
model

Optimization 
parameters 

(Table 1) + design 
load

ORC off-design 
model

Annual energy 
production/LCOE

Optimization 
procedure

 

Engine data and 
sailing profile

Design regression 
model Design load

Off-design 
regression model

Annual energy 
production/LCOE

Optimization 
procedure

 
(a) (b) 

Figure 5. : Procedure used to optimize the ORC annual energy production/LCOE: (a) thermodynamic 
models; (b) regression models. 

3. Results 

This section presents the results obtained throughout the study. First, the set of regression 
equations is presented. Second, the results of the estimations of model #1 (fixed pinch point values) 
and thermodynamic models are compared. Third, the comparison focuses on model #2 (variable 
pinch point values) and the thermodynamic evaluations. Both comparisons analyze the ORC annual 
energy production and LCOE. 
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3.1. Regression models 

The fitted regression models to estimate the ORC design power output are given in Eq. 4 and 
Eq. 5, for case? #1 and model #2, respectively; note that the pinch point temperature differences are 
included as parameters in Eq. 5. Equation 6 displays the regression model employed to fit the ORC 
off-design performance, i.e., extending both models #1 and #2.  

�̇�𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑎𝑎 + 𝑏𝑏 ·
�̇�𝑚𝑁𝑁𝑒𝑒 · 𝑇𝑇𝑁𝑁𝑒𝑒,𝑠𝑠𝑔𝑔

1,000
+ 𝑐𝑐 · �̇�𝑚𝑁𝑁𝑒𝑒 ·

�𝑇𝑇𝑁𝑁𝑒𝑒,𝑠𝑠𝑔𝑔 − 𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑔𝑔�
10,000,000

3

 (4) 

�̇�𝑊𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑎𝑎 + 𝑏𝑏 · �̇�𝑚𝑒𝑒𝑒𝑒·𝑇𝑇𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
1,000

+ 𝑐𝑐 · �̇�𝑚𝑁𝑁𝑒𝑒 · �𝑇𝑇𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖�
10,000,000

3
+ 

+𝑑𝑑 ·
�̇�𝑚𝑒𝑒𝑒𝑒·𝑇𝑇𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖·𝛥𝛥𝑇𝑇𝑝𝑝𝑝𝑝,𝑏𝑏𝑐𝑐𝑖𝑖𝑐𝑐

10,000
+ 𝑒𝑒 ·

�̇�𝑚𝑒𝑒𝑒𝑒·𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖·𝛥𝛥𝑇𝑇𝑝𝑝𝑝𝑝,𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐

100
, 

(5) 

�̇�𝑊𝑔𝑔𝑁𝑁𝑐𝑐 =  
�̇�𝑊𝑐𝑐𝑜𝑜𝑜𝑜

�̇�𝑊𝑁𝑁𝑒𝑒𝑁𝑁
= 𝑎𝑎 + 𝑏𝑏 · ��̇�𝑚𝑁𝑁𝑒𝑒,𝑔𝑔𝑁𝑁𝑐𝑐 + 𝑐𝑐 · �̇�𝑚𝑁𝑁𝑒𝑒,𝑔𝑔𝑁𝑁𝑐𝑐 · 𝑇𝑇𝑁𝑁𝑒𝑒,𝑔𝑔𝑁𝑁𝑐𝑐

2 , (6) 

The off-design regression curve estimates the ORC relative net power output (Ẇrel) in 
comparison with the design point conditions. The selected predictors are the relative exhaust gases 
mass flow rate (ṁex.rel) and temperature (Tex,rel), defined as follows:  

�̇�𝑚𝑁𝑁𝑒𝑒,𝑔𝑔𝑁𝑁𝑐𝑐 =  
�̇�𝑚𝑒𝑒𝑒𝑒,𝑐𝑐𝑜𝑜𝑜𝑜

�̇�𝑚𝑒𝑒𝑒𝑒,𝑐𝑐𝑒𝑒𝑑𝑑
, (7) 

𝑇𝑇𝑁𝑁𝑒𝑒,𝑔𝑔𝑁𝑁𝑐𝑐 =  
𝑇𝑇𝑁𝑁𝑒𝑒,𝑠𝑠𝑔𝑔,𝑐𝑐𝑠𝑠𝑠𝑠 

𝑇𝑇𝑁𝑁𝑒𝑒,𝑠𝑠𝑔𝑔,𝑑𝑑𝑁𝑁𝑠𝑠 
, (8) 

Where the subscripts ‘des’ and ‘off’ refer to design and off-design conditions, respectively. Table 
4 shows the regression coefficients and standard errors for the two proposed regression curves. The 
standard errors of each of the coefficients are smaller than the coefficient themselves, suggesting that 
all the coefficients were identified with high accuracy. The ‘a’ coefficients for design model #1 and #2 
have relatively high standard error compared to the other parameters. The corresponding P-values 
are equal to 0.043 (model #1) and 0.045 (model #2). The P-values represent the result of the P-test 
aiming at understanding whether a regression parameter is significant to the prediction. Given that 
all the P-values are below 0.05, it can be concluded that all the selected parameters are highly 
significant (as should be expected). 

Table 4. Regression coefficients and standard errors of the proposed regression models. 

 Design model #1 Design model #2 Off-design model 
 Value Standard error Value Standard error Value Standard error 

a 11.2332 5.5082 11.6575 5.7680 -0.1372 0.0021 
b 10.0910 0.5773 39.6980 1.3410 0.1420 0.0035 
c 19.2098 0.1247 18.3483 0.1411 1.0439 0.0022 
d - - -10.6565 0.4166 - - 
e - - -0.6786 0.0687 - - 

 

Table 5 shows the adjusted R2 value, standard error and average relative error in the prediction 
for the proposed regression curves. For both equations, the R2 value approaches unity, while the 
average error is within 4.61 %. The F-significances  of all the models approach zero. 

Table 5. Statistical parameters of the proposed regression models. 

Equation 
Adjusted 

R2 
Standard error F-significance 

Average rel. error (%) 

Design model #1 0.9979 27,44 kW 2.2·10-180 1.94 
Design model #2 0.9978 29,09 kW 3.5·10-179 1.76 
Off-design model 0.9881 0.0251 [-] 0 4.61 
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For the three regression models, the mean of the residuals is below 1·10-13, hence validating the 
assumption that the mean of the residuals is close to zero. In addition, the residuals appeared to 
follow a normal distribution, except for the presence of some tails (see Figure 6). The computed R2 
obtained with a straight trend line are 89.7 %, 92.7 %, and 96.1 %, for the three models, respectively. 

 
Figure 6. Normal probability plot of the standard residuals: (a) design regression model #1; (b)  design 

regression model #2; (c) off-design regression model (R = 0.897; 0.960). 

Figures 7, 8 and 9 show the scatter plots of the regression’s standard residuals as a function of 
the prediction and the regression parameters (predictors). The plots indicate that the 
homoscedasticity assumption (the variance of the residuals should not vary as a function of the 
predicted value, nor the predictor) can be considered acceptable for the off-design regression curve 
(Figure 9), but is possibly not valid/less convincing in the case of  the design point regression models 
(Figures 7 and 8).  

The figures indicate that the spread of the residuals increases, for example, as the predicted ORC 
net power output increases. A further analysis of the residuals suggests that the absolute error in the 
prediction increases as a function of the ORC net power output, while the relative deviation remains 
mostly constant. According to the indications from Gujarati and Porter [37], a violation of the 
homoscedasticity assumption does not lead to the attainment of biased regression parameters, but 
rather to an inaccurate estimation of the standard errors of such parameters. 

  

 
Figure 7. Design regression model #1, standard residuals distribution according to the target data and 

regression parameters. 
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Figure 8. Design regression model #2, standard residuals distribution according to the target data and 

regression parameters. 

 
Figure 9. Off-design regression model, standard residuals distribution according to the target data and 

regression parameters. 

Figure 10 depicts the predicted values against the data used for the regression for the two cases, 
and illustrates the fit between data and predictions. The design point models appear to predict the 
thermodynamic model in a very accurate way, while there is a larger spread of the results in the off-
design model, due to the complexity of the phenomena taking place during off-design operation of 
the unit. 

 

 
Figure 10. Predicted values against regression data: (a) design regression model #1; (b) design regression 

model #1; (c) off-design regression model. 
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3.2. Comparison with the thermodynamic evaluations (Model #1 – fixed pinch points) 

The results of the overall ORC optimization using the thermodynamic simulation model and the 
regression curves (model #1) are shown in Table 6. The results indicate that the simplified approach 
based on the regression model #1 accurately predicts the optimal design and economic performance 
of the ORC unit on board the two considered vessels. The maximum deviations are 4.48 %, 9.20 %, 
7.93 % and 6.17 % for the ORC design point, ORC design power output, annual production and 
LCOE, respectively. From the perspective of the computational time, the thermodynamic 
optimization requires around 1 hour of simulation time, while the simplified approach requires less 
than 1 second. 

Table 6. Comparison between the solutions attained using the thermodynamic models and the regression 
curves (model #1). 

 Thermodynamic 
models 

Regression 
curves 

Difference 
(%) 

Feeder – Energy maximization 
ORC design load (%) 90 90.0 0.0 
ORC design power (kW) 621.8 639.4 2.83 
ORC annual production 
(MWh) 

2115.4 2205 4.21 

LCOE ($/kWh) 0.0932 0.091 -2.04 
Feeder – LCOE minimization 
ORC design load (%) 75 78.4 4.48 
ORC design power (kW) 430.66 470.3 9.20 
ORC annual production 
(MWh) 

1731.50 1869 7.93 

LCOE ($/kWh) 0.087 0.086 -1.15 
Container vessel – Energy maximization 
ORC design load (%) 100 100.0 0.00 
ORC design power (kW)  1,409.4  1452.1 3.03 
ORC annual production 
(MWh) 

4,333 4,172 -3.72 

LCOE ($/kWh) 0.0827 0.088 6.17 
Container vessel – LCOE minimization 
ORC design load (%) 35.73 35.0 -2.05 
ORC design power (kW) 587.73 596.5 1.49 
ORC annual production 
(MWh) 

3559.60 3611 1.44 

LCOE ($/kWh) 0.053 0.053 -0.38 
 
Figure 11 shows the computed ORC power production as a function of the main engine load for the 
considered cases. Even in this case, the regression models are proved to be capable of accurately 
reproduce the part load operation of the optimized ORC units along the various engine loads. The 
greatest deviations appear in Figure 10c (feeder optimized for minimum LCOE), where the ORC 
power production is slightly overestimated when the engine is operated at loads above 60 %. This is 
due to an overestimation of the ORC design point, which is found to be at an engine load of 75 % in 
the thermodynamic simulations, and at an engine load of 78.4 % when using the regression models. 

Regarding the optimal design of ORC units, finally, it emerges that units that are optimized to 
minimize the LCOE are designed for lower engine loads, compared to units that are optimized to 
maximize the overall energy production. In particular, the design load that minimizes the system 
LCOE is of 75 % and 35 % for the feeder and the container vessel, respectively. Designing the unit for 
a lower engine load ensures that the ORC is operated in the design point for a higher amount of time, 

216 Appendix A - Publications



 13 of 19 

 

and hence a lower cost of the produced energy, compared to when the unit is mostly operated in 
part-load conditions, with lower conversion efficiencies. 
 

 
Figure 11. ORC power output as a function of the engine load estimated by the thermodynamic model and 

by the regression model #1: (a) feeder – maximization of energy production; (b) container vessel – 
maximization of energy production; (c) feeder – minimization of LCOE; (d) container vessel – 
minimization of LCOE. 

3.2. Comparison with the thermodynamic evaluations (Model #2 – variable pinch points) 

Tables 7 and 8 show the results of the overall ORC optimizations using the thermodynamic 
simulation tool and the regression model #2. Table 4 displays the solutions attained when maximizing 
the ORC annual energy production, while Table 5 depicts the results attained when minimizing the 
LCOE of the system. Different cases were considered, where the minimum pinch points temperatures 
both in the boiler and the condenser are varied. This allows to check the suitability of the regression 
model #2 to capture the impact of the minimum pinch point temperatures on the attainable 
performance of the unit. The results suggest that the maximum deviations for the the engine load for 
which the ORC should be designed, ORC design power output, annual production and LCOE are 
4.47 %, 11.14 %, 10.01 % and 6.71 %. As it could be expected, the inclusion of more model parameters, 
namely the pinch points, decreases the accuracy of the estimations. The average deviations in the 
estimated annual productions and LCOE are 4.48 % and 2.5 %, indicating that even regression model 
#2 is suitable to carry out preliminary estimations for the optimal design and performance of ORC 
units tailored for LNG-fuelled vessels. 

It emerges that the optimal design load of the engine for which the ORC should be designed is 
not affected by the selected pinch point values. Additionally, as expected a decrease in the pinch 
points is connected with an increase of the annual energy production from the ORC. The ORC 
production curves as a function of the engine load are not reported for this case, because a comparison 
between the results attained using model #1 and model #2 for the case where the pinch points are set 
to 20 °C (for the boiler) and 8 °C (for the condenser), indicated that the power production curves 
given by the two regression models are overlapping. 
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Table 7. Comparison between the solutions attained using the thermodynamic models and the regression 
curves (model #2): energy production maximization cases. 

 
Thermodynamic 

models 
Regression 

curves 
Difference 

(%) 
Feeder (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design load (%) 90.0 90.0 0.0 
ORC design power (kW) 575.2 609.5 6.0 
ORC annual production (MWh) 1,961  2,102  7.2 
LCOE ($/kWh) 0.095 0.093 -2.6 
Feeder (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design load (%) 90.0 90.0 0.00 
ORC design power (kW) 621.8 640.4 2.98 
ORC annual production (MWh) 2,115  2,208  4.37 
LCOE ($/kWh) 0.093 0.091 -2.15 
Feeder (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 90.0 90.0 0.00 
ORC design power (kW) 678.9 673.1 -0.85 
ORC annual production (MWh) 2,300  2,321  0.90 
LCOE ($/kWh) 0.091 0.090 -1.53 
Container vessel (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design load (%) 100.0 100.0 0.00 
ORC design power (kW) 1,300.0 1,380.6 6.20 
ORC annual production (MWh) 4,050 3,996 -1.32 
LCOE ($/kWh) 0.083 0.089 6.71 
Container vessel (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design load (%) 100.0 100.0 0.00 
ORC design power (kW) 1,409.4 1,460.6 3.63 
ORC annual production (MWh) 4,333 4,196 -3.15 
LCOE ($/kWh) 0.083 0.088 5.93 
Container vessel (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 100.0 100.0 0.00 
ORC design power (kW) 1,542.0 1,545.9 0.25 
ORC annual production (MWh) 4,656 4,441 -4.62 
LCOE ($/kWh) 0.082 0.086 4.99 
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Table 8. Comparison between the solutions attained using the thermodynamic models and the regression 
curves (model #2): LCOE minimization cases. 

 
Thermodynamic 

models 
Regression 

curves 
Difference 

(%) 
Feeder (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design load (%) 75.0 78.4 4.28 
ORC design power (kW) 397.1 446.9 11.14 
ORC annual production (MWh) 1,598  1,776  10.01 
LCOE ($/kWh) 0.089 0.087 -1.95 
Feeder (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design load (%) 75.0 78.4 4.47 
ORC design power (kW) 430.7 473.8 10.02 
ORC annual production (MWh) 1,732  1,883  8.74 
LCOE ($/kWh) 0.087 0.086 -1.38 
Feeder (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 75.0 78.4 4.47 
ORC design power (kW) 474.3 502.6 5.95 
ORC annual production (MWh) 1,902  1,997  5.02 
LCOE ($/kWh) 0.085 0.085 -0.71 
Container vessel (ΔTpp,boil = 25 °C; ΔTpp,cond = 10 °C) 
ORC design load (%) 35.5 35.0 -1.39 
ORC design power (kW) 539.8 566.8 4.77 
ORC annual production (MWh) 3,273 3,431 4.63 
LCOE ($/kWh) 0.054 0.054 -1.12 
Container vessel (ΔTpp,boil = 20 °C; ΔTpp,cond = 8 °C) 
ORC design load (%) 35.7 35.0 -2.05 
ORC design power (kW) 587.7 600.4 2.15 
ORC annual production (MWh) 3,560 3,635 2.11 
LCOE ($/kWh) 0.053 0.053 -0.56 
Container vessel (ΔTpp,boil = 15 °C; ΔTpp,cond = 5 °C) 
ORC design load (%) 36.5 35.0 -4.26 
ORC design power (kW) 649.2 636.3 -2.03 
ORC annual production (MWh) 3,922 3,852 -1.81 
LCOE ($/kWh) 0.052 0.052 0.38 

4. Discussion 

The procedure followed to derive the proposed regression curves is typical of the data driven 
modelling approach, which is now gaining interest due to the increasing data availability and the 
development of more and more sophisticated machine-learning algorithms. The proposed 
algorithms are attained by implementing a supervised machine learning approach, where both the 
model outputs (i.e. the ORC power output) and the model input (i.e. the characteristics of the main 
engine exhaust gases) are known.  

A more rigorous implementation of the data driven modelling approach to derive the regression 
curves would have required to split the available dataset into training and test sets. This is because 
regression algorithms are generally developed based on a portion of the overall data (train set), and 
then their accuracy is tested on the remaining portion of the data (test set). This allows to prove the 
reliability of the proposed algorithm to predict the model output also for data outside the space 
covered by the data used for its development.  

This was considered not to be required for our case, because the accuracy of the proposed 
approach, which combines design and off-design regression models, was verified through several 
case studies, whose inputs parameters were not used when generating the regression curves. 
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In any case, the authors do not recommend the use of the proposed regression models when 
using such curves outside their validation space (i.e. increased temperatures of the exhaust gases, or 
reduced flow rates). 

In addition, as a way to reduce the model complexity, several assumptions were made which 
could influence the attained results. In particular, the evaluations were limited to one fluid, the 
backpressure effect on the engine was neglected, and the pressure drops in the heat exchangers were 
not accounted for. The decision not to consider the impact on the backpressure effect was mainly 
connected to two reasons: (i) the findings from Michos et al. [14] indicated that such parameter has a 
weak impact on the overall estimated savings; and (ii) the acceptable backpressure level to the engine 
varies both with the selected engine and the considered engine load, making it a complex feature to 
include in simplified regression models. 

With respect to the approach used to estimate the cost of the unit, it should be mentioned that 
large uncertainties are expected, because the cost of the unit is not uniquely identified by its overall 
size, but is influenced also by other parameters, such as the operating pressures, the selected materials 
and the configuration of the installation in the engine system. The attained economic results are 
therefore to be considered as preliminary and are meant to give a first estimate. 

5. Conclusions 

This paper presented an accurate and time-efficient approach to estimate the potential of 
installing ORC power systems for waste heat recovery on board ships. The proposed method is based 
on the use of regression equations and requires as input parameters the characteristics of the main 
engine exhaust gases and the vessel sailing profile. The method is accurate, yet not computationally 
intensive, and is therefore suitable to be used in the context of large optimization problems. Both the 
statistical relevance and the accuracy of the proposed equations were analyzed. Compared to the 
thermodynamic evaluations, maximum deviations of 7.93 % and 6.17 % in the estimated ORC annual 
energy production and LCOE are obtained when considering the regression model #1 (fixed ORC 
pinch points). The deviations increase to 10 % for the annual energy production, and 6.7 % for the 
LCOE, for the regression model #2, when the unit’s pinch points are included as parameters in the 
regression curves. The regression equations were built upon the assumption that the unit with the 
maximum power output in design point is also the one leading to the maximum annual energy 
production. The use of the regression equations in several test cases demonstrates that this 
assumption does not significantly affect the accuracy of the annual estimations.  

The simplicity of the proposed method, combined with its accurate estimations, short 
computational time (less than one second) and very few (often known and easily measurable) input 
parameters, makes it a suitable tool to estimate the potential for WHR on board vessels in a wider 
context. In addition, the method can be used without any prior knowledge in thermodynamics and 
in the ORC technology. 
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Nomenclature 

Acronyms: 

CEPCI Chemical Engineering Plant Cost Index 

CO2  carbon dioxide 
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GHG Greenhouse gases 

HFO  heavy fuel oil 

IMO  International Maritime Organization 

LNG  liquefied natural gas 

NOx  nitrogen oxides 

SOx  sulphur oxides 

WHR waste heat recovery 

Symbols: 

E  electricity generation, kWh 

F  fuel expenditures, US $ 

I  investment cost, US $ 

LCOE levelized cost of electricity, $/kWh 

O&M  operation and maintainance 

P  pressure, bar 

r  discount rate 

Ẇ  power, kW 

Subscripts and superscripts: 

crit  critical 

des  design 

ex  exhaust 

exp  expander 

gear  gearbox 

gen  generator 

in  inlet 

off  off-design 

p  pump 

rel  relative   

sw  seawater 

y  year 
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Abstract: 

Gas-fuelled shipping is expected to increase significantly in the coming years. Similarly, much effort is 
devoted to the study of waste heat recovery systems to be implemented on board ships. In this context, the 
organic Rankine cycle (ORC) technology is considered one of the most promising solutions. The ORC 
favorably compares to the steam Rankine cycle because of its simple layout and high efficiency, achievable 
by selecting a working fluid with desirable properties. This paper aims at assessing the fuel savings 
attainable by implementing ORC units on board vessels powered by liquefied natural gas (LNG). The study 
compares the performance of six different ORC configurations both in design and off-design operation, and 
provides guidelines with respect to the most promising heat sources and sinks to be utilized by an ORC unit 
in order to maximize the annual fuel savings. In addition, this paper describes a novel ORC layout rejecting 
heat to two heat sinks. The results indicate equivalent fuel savings up to 8.9 % when harvesting heat from 
the exhaust gases, and that the novel configuration ensures an increment of the ORC design power output 
up to 41 % when utilizing the jacket cooling water as heat source.  

Keywords: 

Organic Rankine cycles, waste heat recovery, liquefied natural gas, part-load, fuel savings 

1. Introduction 

Most of the vessels in the world are currently powered by diesel engines fueled by Heavy Fuel Oil 

(HFO). HFOs are cheap fuels, but they contain high levels of asphalt, carbon residues, sulfur and 

metallic compounds [1]. The International Maritime Organization (IMO) recently introduced an 

updated legislation framework setting constraints for emissions of greenhouse gases, NOx and SOx 

[2 - 6]. In order to comply with the new regulation, a number of possible solutions have been 

investigated, including the development of new propulsion systems [7]. Nonetheless, the 

introduction of techniques such as the Selective Catalytic Reduction (SCR) and the Exhaust Gas 

Recirculation (EGR) might be required in order to fulfil the NOx emission constraints [8 - 9]. In this 

context, the possibility of utilizing Liquefied Natural Gas (LNG) as a marine fuel is gaining 

increasing interest. The use of LNG as a shipping fuel is not a novel idea, since LNG carries have 

been running on LNG for more than 40 years [10]. In addition, the proved reliability of the dual fuel 

marine engines [11] and the environmental benefits of using LNG as a fuel [12] are pushing toward 

a wider adoption of this solution in the shipping industry. Concurrently, increasing attention is 

devoted to the study of waste heat recovery (WHR) units that can convert the waste heat available 

on board into power, leading to lower fuel consumptions and emissions of pollutants. The use of 

Steam Rankine cycles (SRC) as a WHR unit on board vessels is a well-established solution, leading 

to fuel savings up to 10 % [13]. An alternative to the SRC is the use of an organic Rankine cycle 

(ORC) unit. The ORC operates similarly to an SRC, but the working fluid is an organic compound 

that enables the attainment of a good thermal match between the cycle and the heat source. At 

present, only a few ORC units on board vessels running on heavy fuel oil exist worldwide [14 - 15]. 

Larsen et al. [16] compared the implementation of traditional SRC, ORC and Kalina cycles on 
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board large ships and reported that the ORC was the most promising technology, leading to an 

increment by 7 % of the onboard power production. Andreasen et al. [17] investigated the off-

design performance of a traditional dual SRC and of an ORC unit and concluded that the ORC 

process enabled higher performance at low engine loads due to a limited use of turbine throttling 

compared to the SRC process. When designing a WHR unit for the utilization of the main engine 

exhaust gases, particular care has to be taken in order to avoid corrosion problems due to the 

possible formation of sulfuric acid in the WHR boiler. MAN Diesel & Turbo [18] suggested that the 

dew point temperature for sulfur condensation is around 135 °C, when utilizing a fuel with an 

average sulfur content of 2.9 %. The risk for sulfur corrosion is reduced in LNG-fuelled vessels, as 

sulfur is present only in the pilot fuel oil.  

The LNG fuel is stored on board in liquid state at – 162 °C [19] and a preheating process is 

necessary prior to the injection of the fuel in the engine. The exploitation of the LNG cold energy 

has been already investigated in the past, but most of the studies focused on the utilization of the 

cryogenic energy in LNG regasification terminals [20]. Regarding on board implementations, Sung 

et al. [21] studied a dual loop ORC unit tailored for dual fuel engines. The upper ORC loop 

recovered heat from the exhaust gases, while the bottom loop harvested energy from the jacket 

cooling water and the LNG preheater. The results suggested that the high temperature cycle 

contributed to 82.3 % of the power production and that the thermal efficiency of the low 

temperature loop could be as high as 22.7 %. Soffiato et al. [22] investigated the use of low 

temperature ORC systems on board LNG carriers and concluded that two-stage ORC 

configurations, due the higher complexity, could reach higher net power outputs compared to 

single-stage configurations. Senary et al. [23] analyzed the implementation of a single loop SRC on 

board a LNG carrier and estimated a possible reduction of the CO2 and NOx emissions by 16.9 % 

and 36.3 % respectively. The review of the state-of-the-art presented above highlights that the 

implementation of ORC units on board vessels represents a viable solution to decrease the emission 

of pollutants and the fuel consumption. Nevertheless, the majority of the existing works focuses on 

HFO-fuelled vessels, while there is a lack of studies investigating the achievable fuel saving on 

board LNG-fuelled vessels. In addition, there is a lack of studies investigating the part load 

performance of cryogenic ORC units exploiting the LNG cold energy on board vessels. 

The objective of this paper is to assess the fuel savings achievable by implementing an ORC unit on 

board an LNG-fuelled vessel.  The performance of cryogenic ORC units exploiting the LNG cold 

energy on board vessels is investigated both at design and off-design conditions, enabling the 

estimation of the unit performance at different load points. A novel double-condenser ORC 

configuration rejecting heat both to the seawater and the LNG preheating is presented, optimized 

and discussed. The work is innovative in the sense that previous works were limited to design point 

investigations and thus it was not possible to estimate the achievable annual fuel savings. In 

addition, the novel double-condenser ORC configuration differs from the previously investigated 

solutions as it suggests the utilization of the LNG low temperature heat as a way to boost the 

performance of the traditional ORC cycle, rather than in a stand-alone cycle. 

The paper is structured as follows: Section 2 explains the applied methods. Section 3 presents and 

discusses the results. Finally, the conclusions are outlined in Section 4. 

2. Methods 

This study investigated the implementation of WHR units on board a hypothetical vessel equipped 

with a 7G95ME-C9.5 GI MAN Diesel & Turbo dual fuel two-stroke marine engine with low 

pressure SCR tuning. The choice of an engine with low pressure SCR tuning ensured higher 

temperatures of the exhaust gases and thus an increased power production from the ORC unit. The 

low pressure SCR tuning was simply used to simulate a WHR tuning, meaning that a SCR system 
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was not considered as part of the machinery system. The CEAS engine calculation tool [24] from 

MAN Diesel & Turbo was utilized to retrieve the engine data. Table 1 shows information regarding 

the engine operation and the availability of the considered energy streams. SPOC denotes the 

specific pilot oil consumption, while SGC is the specific gas consumption. The LNG fuel mass flow 

rate was derived from the engine SGC, while the jacket water (JW) mass flow rate was calculated 

from the provided volumetric flow rate. The engine is supplied with gas at 250 – 300 bar depending 

on the load [25]. The JW heat is not fully available for the ORC unit, as 400 kW are assumed to be 

utilized by the onboard fresh water generators, at all engine loads. The need for HFO preheating is 

strongly reduced for ships powered by dual fuel engines, but still there is a need for some service 

steam for heating purposes. However, these requirements were not considered, as this study focused 

on the comparison between different ORC configurations.  

Table 1.  Main engine performance and waste heat sources at different engine loads 

Load 

[%] 

Power 

[kW] 

SPOC 

[g/kWh] 

SGC 

[g/kWh] 
exm  

[kg/s] 

exT  

[°C] 

JW heat 

[kW] 

Tjw 

[°C] 
jwm  

[kg/s] 

LNGm  

[kg/s] 

100 36,820 5.8 135.8 79.1 261 4,380 85 69.47 1.39 

75 27,615 7 129.7 60.9 253 3,570 85 69.47 0.99 

50 18,410 9.2 127.1 42.6 268 2,760 85 69.47 0.65 

25 9,205 14.6 129 22.4 285 1,940 85 69.47 0.33 

The study assumed that the vessel operates with full boil-off gas re-liquefaction and that the gas was 

supplied to the engine with a high-pressure pump and a gas vaporizer. Six different ORC 

configurations, subdivided into two cases, were considered for on board implementation. The first 

three configurations (case A) utilized the main engine exhaust gases and the jacket cooling water as 

heat sources, while the last three configurations (case B) harvested heat only from the jacket cooling 

water. Regarding the heat sinks, the following possibilities were investigated: 1) seawater, 2) 

seawater and LNG preheating, and, 3) LNG preheating. Configurations of case A feature also an 

internal recuperator, which enables to increase the boiler feed temperature and thus to limit the 

sulfuric acid formation in the WHR boiler [18]. The boiler feed temperature lower limit was set to 

110 º C for this study. The influence of this assumption on the results is discussed in Section 3. 

Figure 1 shows a sketch of the various configurations. 

Fig. 1.  Sketch of the considered ORC configurations: a) cases A; b) cases B; The dotted lines 

represent the additional components included for cases A2 and B2. 
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In configurations A2 and B2, a fraction of the working fluid mass flow rate was supplied to the 

second expander instead of going through the seawater condenser. The second expander ensured the 

production of higher net power outputs compared to the cases featuring only the seawater condenser 

(A1 and B1) and enabled the exploitation of the energy released by the LNG during the preheating 

process. The cases A3 and B3 were investigated since they have the potential for high efficiency.  

One of the most important factors in the performance of ORC systems is the selection of a suitable 

working fluid. A wide range of working fluids have investigated in literature for moderate [26 - 29], 

low [22 - 23, 26, 28 - 30], and cryogenic temperature [20, 31 - 32] ORC systems. The possible 

working fluid candidates were limited to commercially available fluids [33 - 35] not affected by 

thermal stability issues in the considered temperature range [36]. In addition, R1233zd(E) and 

R1234yf were investigated for the case B configurations, since they were proposed as replacement 

fluids for R134a and R245fa [37]. Table 2 shows the list of the selected fluids for the various 

configurations. Flammability and toxicity indexes are provided according to the standard NFPA 

704, critical temperatures and melting points were retrieved from Coolprop [38].  

Table 2.  List of the selected working fluids 

Fluid Configuration Tc [K] GWP ODP Thermal 

stability [K] 

Melting 

point [K] 

Flamm/

Tox 

cyclopentane all 511.72 < 25 0 513 - 548 179.26 3/1 

isobutane all 407.84 20 0 n.a. 134.85 4/0 

ipentane all 460.35 43 1 500 - 588 113.26 4/1 

butane all 425.12 4 0 563 - 693 134.76 4/1 

n-pentane all 469.7 42 0 573 - 588 143.15 4/1 

MM A1 518.75 n.a. n.a. 573 214 4/1 

toluene A1 591.75 n.a. n.a. > 588 178.15 3/2 

R134a B1-2-3 374.25 1300 0 n.a. 176.48 0/1 

R245fa all 427.16 1030 0 523 - 573 166.48 2/0 

R1233zd(E) B1-2-3 435.75 1 0 n.a. 166.15 0/2 

R1234yf  B1-2-3 367.85 4 0 n.a. 123.15 4/1 

When optimizing the various ORC configurations, the maximum and minimum allowable pressures 

were set to 30 bar and 4.5 kPa respectively, following the indications by Rayegan et al. [39], 

Drescher and Brüggeman [40], and MAN Diesel & Turbo [41]. Moreover, the work was limited to 

subcritical cycle configurations, with a maximum limit of 0.8 in reduced pressure, in order to avoid 

problems during operation near the critical point. The freezing temperature at the condenser 

pressure was estimated by assuming that the melting line of the various fluids can be approximated 

with a straight line connecting the triple point to the melting point, provided at 1 bar. In order to 

avoid having very high viscosities at the inlet of pump 2, a minimum operational limit of 10 degrees 

above the estimated freezing point was considered. The ORC cycle performance was calculated by 

means of an updated version of the ORC model previously validated in Andreasen et al. [42] 

(maximum relative deviation of 3.27 % compared to other studies in literature). The ORC unit was 

designed for main engine load of 75 % and the ORC net power output was set as the objective 

function in the optimization procedure. The cycle net power output was calculated as follows: 

  swpppgengearttNet WWWWWW ,2121
   ,      (1) 

Where Ẇp,sw, Ẇp,1, Ẇp,2, Ẇt,1 and Ẇt,2 represent the power absorption of the seawater pump and ORC 

pumps and the power production of the ORC turbines, respectively. While ηgear and ηgen represent 

the efficiencies of the gearbox and of the electrical generator. The decision variables of the 

optimization process were the turbine inlet pressure, the superheating degree at the turbine inlet, the 
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working fluid condensation temperature in the LNG condenser (configurations A2, A3, B2, B3) and 

the fraction of mass flow supplied to the LNG condenser (configurations A2 and B2). The pressure 

losses in the heat exchangers were neglected. The expanders and the pumps were modelled with 

fixed values of the isentropic efficiency. Table 3 lists the parameters that were fixed in the 

optimization procedure.  

Table 3.  List of the fixed parameters in the ORC optimization 

Parameter Case A Case B Unit 

Heat source  

Main heat source Exhaust gases Jacket water - 

Main heat source temperature  253 85 °C 

Mass flow  60.9 69.47 kg/s 

Secondary heat source Jacket water -  

Secondary heat source temperature  85 - °C 

Mass flow rate 69.47 - kg/s 

Heat exchangers  

Minimum boiler superheating  5 5 °C 

Minimum boiler feed temperature 110 - °C 

JW preheater outlet temperature  80 - °C 

Boiler pinch point temperature ∆Tpp,boil 20 5 °C 

LNG condenser pinch point temperature ∆Tpp,LNG 10 10 °C 

Recuperator pinch point temperature ∆Tpp,rec 10 - °C 

Sea water condenser  

Condensation temperature  30 30 °C 

Sea water inlet temperature  15 15 °C 

Sea water temperature increase 5 5 °C 

Sea water pump head  2 2 bar 

Sea water pump efficiency 0.7 0.7 - 

LNG condenser  

LNG inlet temperature -165 -165 °C 

LNG pressure  300 300 bar 

LNG mass flow  1 1 kg/s 

Expander, pump and generator  

Turbine isentropic efficiency ηis,t 0.85 0.85 - 

Pump isentropic efficiency ηis,p 0.7 0.7 - 

Electric generator efficiency ηgen 0.98 0.98 - 

Gearbox efficiency ηgear 0.98 0.98 - 

This work included also the development of part-load models of the thermodynamic cycle. The 

purpose of these models is to investigate the behavior of the different ORC configurations when the 

main engine load decreases. The input parameters of the part-load models were the main engine 

load, defined by the power and temperature of the waste heat sources, and the ORC design 

parameters, represented by the design efficiency of the various components and the UA values of 

the heat exchangers. The part-load performance was estimated for the main engine load ranging 

from 75 to 25 %, since no data were available about the engine operation at lower loads. The 

variation of the turbine isentropic efficiency was estimated using the relationship presented by 

Schobeiri [43], while the relationship between the mass flow rate and the pressures was assumed to 

be governed by the Stodola equation [44]. These correlations were originally derived for multistage 

axial steam turbines, but were previously utilized to estimate the behavior of ORC turbines in 
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geothermal power plants [45], solar systems [46] and WHR applications from both diesel engines 

[47] and gas turbines [48]. The performance of the electric generator was derived from the 

procedure presented by Haglind and Elmegaard [49], while the pump part-load efficiency was 

obtained from a technical datasheet of Grundfos [50]. The seawater pump efficiency was assumed 

constant. The boiler (subdivided into pre-heater, evaporator and super-heater), internal recuperator 

and LNG condenser were modelled in part-load by correcting the UA values with a relationship 

proposed by Incropera [51]: 

 

n

des

des
m

m
UAUA 















,          (2) 

Equation (2) was derived assuming that the overall heat transfer coefficient is governed primarily 

by the heat transfer on one of the heat exchanger’s sides. Therefore, it can directly be applied to the 

exhaust gas boiler and the LNG condenser, where the thermal resistance of the gas side (exhaust or 

LNG) is the dominating factor for the overall heat transfer coefficient. Manente et al. [45] employed 

a similar procedure for the estimation of the part-load performance of an ORC unit harvesting heat 

from a geothermal brine and selected the ORC fluid as the dominating heat transfer fluid. 

Consistently, the ORC fluid was selected herein as the limiting heat transfer fluid in the jacket 

cooling water preheater and superheater. This work considered shell and tube heat exchangers and 

the exponent n in Eq. (3) was set to 0.80 or 0.60 depending on the fluid location (inside or outside 

the tube banks). It was assumed that the LNG preheater is a multi-pipe heat exchanger due to the 

high operating pressure. Table 4 shows the selected dominating heat transfer fluid and exponents n 

for the various heat exchangers.  

Table 4.  Considered mass flows and exponents n for the heat exchangers calculations 

Heat exchanger Limiting heat transfer fluid n 

Preheater/evaporator/superheater (case A) Exhaust gases 0.60 

Preheater/superheater (case B) ORC fluid 0.80 

Evaporator (case B) Jacket cooling water 0.60 

LNG condenser LNG 0.80 

Recuperator ORC fluid 0.60 

The seawater condenser was modeled as a constant pressure heat exchanger in all the cases. The 

part-load calculations were limited to the working fluid with the best design-point performance. The 

following control criteria were considered for the off-design operation of the ORC configurations: 

▪ For configurations A1 and A2, the boiler feed temperature and the fluid superheating at the inlet 

of the turbine were kept constant by controlling the rotational speed of pump 1. A throttling 

valve between the exhaust gas boiler and the turbine was activated in case the pressure at the 

turbine inlet dropped below a value corresponding to the saturation pressure at 115 °C. This 

prevented the fluid to enter the exhaust gas boiler in two-phase condition.  

▪ In configurations A2 and B2, the LNG condenser pressure was kept constant by controlling the 

rotational speed of pump 2 and by activating a throttling valve between the two turbines. 

▪ For configuration A3, pump 1 was considered as one component with variable rotational speed. 

The rotational speed was controlled in order to maintain a constant exhaust gas boiler feed 

temperature. In this case, the throttling valve was used to enforce a 20 % linear decrease of the 

boiler pressure from the design point value at 75 % main engine load the lowest load point 

corresponding to 25 % main engine load. This ensured efficient part-load operation. 

▪ The temperature of the jacket water at the outlet of the heat recovery boiler was kept constant in 

configurations B1, B2 and B3. 
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▪ For configurations B1 and B2, the fluid superheating at the inlet of the turbine was kept constant 

by controlling the rotational speed of pump 1. Throttling valves were activated in case the 

superheating dropped below the design value. 

▪ In configuration B3, the rotational speed of pump 1 was controlled in order to maintain a 

constant temperature at the inlet of the turbine, as this resulted in higher part-load performances 

compared to operation with a constant superheating degree. 

The annual fuel saving potential of every configuration was assessed considering that the engine 

operates according to a typical load profile of a containership, see Fig. 2. The study was limited to 

the LNG fuel consumption: the pilot oil consumption, accounting for 4 – 10 % the fuel input, was 

neglected. Two scenarios were investigated for the use of the ORC power. In the first case, it was 

assumed that the ORC power could be directly utilized for propulsion, enabling the operation of the 

main engine at reduced loads. The electrical generator efficiency was here set to unity, as the ORC 

power output was utilized as mechanical power. The fuel savings were calculated as follows: 

)(

)(
1(%)

ORCwithoutnconsumptioannualengineMain

ORCwithnconsumptioannualengineMain
savingFuel  ,   (3) 

The behavior of the main engine and of the ORC unit below 25 % load were derived by 

extrapolating the obtained off-design performance curves. The ORC maximum power production 

was fixed to its design value, in order to avoid issues related to the mechanical and thermal 

limitations of its components. The extrapolation of the engine operational data below 25 % was 

considered acceptable since the engine load, even considering the contribution of the power 

provided by the ORC unit, was never below 23 %. In the second scenario, it was assumed that the 

power produced by the ORC was utilized to partly replace the electricity production of the onboard 

auxiliary engines. It was assumed that the energy demand on board the vessel was always higher or 

equal to the ORC power production and that the average consumption of the auxiliary engines was 

160 g/kWh [52]. The incidence of the presence of the pilot oil on the fuel consumptions was 

assumed to be negligible and thus the savings were estimated by considering that the generators 

were supplied by pure LNG. The equivalent fuel saving, representing the ratio between the LNG 

saved in the auxiliary engines and the total consumption in the main engine, was calculated as: 

)(
(%)

ORCwithoutnconsumptioannualengineMain

enginesauxiliaryinsavingAnnual
savingfuelEquivalent  ,  (4) 

Fig. 2.  Typical main engine load profile of a containership 
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Fig. 3.  Net power output in the various ORC configurations of case A 

3. Results and discussion 

Tables 5 shows the results of the design case optimization for the configurations of case A. Table 6 

shows the results for the configurations of case B. Figures 3 and 4 show a comparison of the net 

power output obtained with the various configurations. The use of an ORC unit exploiting the main 

engine exhaust gases and jacket cooling water (configuration A1) resulted in a net power output in 

the range 1,478 – 1,679 kW with a thermal efficiency from 16.3 % to 18.3 %.  

Table 5.  Optimization results for the ORC configurations case A 

Fluid Ẇnet 

[kW] 

ηth 

[-] 

Pboil 

[bar] 

TIT 

[°C] 

ṁt1 

[kg/s] 

Pcond,1 

[bar] 

Pcond,2 

[bar] 

TLNG,cond 

[°C] 

ṁt2 

[kg/s] 

Configuration A1 

R245fa 1679.58 16.66 29.21 206.89 33.35 1.78 - - - 

MM 1651.45 16.90 5.51 177.90 24.63 0.07 - - - 

butane 1641.33 16.26 30.00 200.33 17.50 2.83 - - - 

ipentane 1630.04 18.35 27.00 206.27 15.64 1.09 - - - 

n-Pentane 1566.94 18.23 20.35 203.18 14.49 0.82 - - - 

isobutane 1513.89 14.50 29.03 191.15 19.89 4.05 - - - 

cyclopentane 1504.33 18.02 9.59 205.05 13.76 0.51 - - - 

Toluene 1478.36 17.7 1.83 204.70 13.82 0.05 - - - 

Configuration A2 

R245fa 1781.42 17.54 29.21 209.28 32.76 1.78 0.051 -41.57 1.69 

butane 1753.04 17.22 29.91 202.09 17.24 2.83 0.060 -57.37 0.76 

ipentane 1716.95 19.11 25.52 206.40 15.42 1.09 0.045 -39.27 1.00 

n-Pentane 1664.08 18.56 17.67 200.94 14.81 0.82 0.046 -31.69 1.03 

isobutane 1631.95 15.53 29.03 193.70 19.56 4.05 0.060 -66.73 0.72 

cyclopentane 1592.23 18.64 9.04 206.49 13.83 0.51 0.046 -21.39 1.04 

Configuration A3 

n-Pentane 243.35 32.55 26.96 233.00 1.39 - 0.250 0.56 - 

ipentane 243.29 34.20 27.01 233.00 1.35 - 0.237 -8.41 - 

cyclopentane 227.45 29.34 14.16 233.00 1.38 - 0.247 12.02 - 

butane 224.36 33.78 29.29 233.00 1.22 - 0.612 -13.08 - 

isobutane 219.07 35.64 29.03 233.00 1.20 - 0.652 -22.50 - 

R245fa 217.21 31.57 29.21 233.00 2.55 - 0.486 -1.85 - 
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Table 6.  Optimization results for the ORC configurations case B 

Fluid Ẇnet 

[kW] 

ηth 

[-] 

Pboil 

[bar] 

TIT 

[°C] 

ṁt1 

[kg/s] 

Pcond,1 

[bar] 

Pcond,2 

[bar] 

TLNG,cond 

[°C] 

ṁt2 

[kg/s] 

Configuration B1 

cyclopentane 241.58 7.62 1.97 79.44 6.83 0.51 - - - 

R1233zd(E) 232.56 7.34 5.35 76.80 14.30 1.55 - - - 

n-Pentane 231.66 7.31 2.96 76.66 7.24 0.82 - - - 

R245fa 229.83 7.25 6.42 77.06 14.24 1.78 - - - 

ipentane 229.71 7.25 3.73 76.77 7.62 1.09 - - - 

butane 228.90 7.22 8.45 76.91 7.47 2.83 - - - 

isobutane 224.53 7.08 11.41 77.20 8.20 4.05 - - - 

R134a 220.02 6.94 22.51 80.00 16.12 7.70 - - - 

Configuration B2 

butane 314.15 9.91 8.52 79.77 7.02 2.83 0.052 -59.48 0.74 

ipentane 311.99 9.84 3.77 77.26 7.25 1.09 0.045 -39.23 1.00 

R1233zd(E) 310.99 9.81 5.40 79.28 13.50 1.55 0.046 -42.89 1.66 

cyclopentane 310.24 9.79 1.98 79.46 6.63 0.51 0.045 -21.60 1.03 

R245fa 309.38 9.76 6.48 79.98 13.36 1.78 0.045 -43.43 1.65 

isobutane 309.19 9.75 11.50 79.52 7.70 4.05 0.08 -62.56 0.76 

n-Pentane 308.66 9.74 2.99 77.06 6.91 0.82 0.047 -31.33 1.02 

R134a 291.49 9.20 22.71 80.00 15.34 7.70 0.369 -46.05 1.59 

R1234yf 288.27 9.09 22.18 80.00 17.85 7.84 0.368 -50.30 1.85 

Configuration B3 

ipentane 122.89 21.60 4.05 80.00 1.00 - 0.045 -39.25 - 

n-Pentane 120.96 20.39 3.24 80.00 1.02 - 0.045 -31.96 - 

butane 118.18 22.95 9.06 80.00 0.85 - 0.109 -47.56 - 

isobutane 116.44 22.59 12.08 80.00 0.91 - 0.192 -47.63 - 

R245fa 115.69 21.86 6.95 80.00 1.67 - 0.049 -42.41 - 

R1233zd(E) 115.01 21.82 5.81 80.00 1.69 - 0.050 -41.44 - 

cyclopentane 112.22 19.61 2.20 80.00 1.04 - 0.045 -21.62 - 

When the cycle featured an additional turbine, using also the cold energy of the LNG preheating 

process (configuration A2), the net power output increased up to 1781 kW. The implementation of 

the second turbine resulted in a net power output increment of around 6 %. Due to the constraint in 

Fig. 4.  Net power output in the various ORC configurations of case B 

233



Fig. 5.  Part-load performance of the ORC configurations case A 

the minimum ORC pressure, MM and toluene were not considered for configurations A2 and A3. 

The exploitation of the jacket cooling water only (configuration B1) resulted in ORC units 

producing a net power output in the range 210 – 243 kW, while the implementation of the second 

turbine (configuration B2) resulted in an increase of the net power output up to 314 kW. In this 

case, the increase of power production was between 26.9 % and 41.3 %. The implementation of 

configurations using only the LNG pre-heating in the condenser (A3 and B3) resulted in lower 

power productions in comparison to the other cases, but enabled the attainment of high thermal 

efficiencies. If the cycle utilized both the engine exhaust gases and jacket water cooling 

(configuration A3), the thermal efficiency could be as high as 35.6 %, while an efficiency of 22.9 % 

could be obtained utilizing the jacket water and the LNG pre-heating (configuration B3). The lower 

power production of the configurations A3 and B3 is related to limited amount of fuel mass flow, 

which sets a constraint on the ORC mass flow rate. Figures 5 and 6 depict the results of the part-

load investigations for the configurations of case A and B, respectively.  

 

The results indicated that the ORC behavior was highly influenced by the considered heat sources. 

The ORC power output decreased almost linearly when the selected heat source was the jacket 

cooling water. Conversely, it had a non-linear trend when the heat source included also the exhaust 

Fig. 6.  Part-load performance of the ORC configurations case B 
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gases. Moreover, the net power output of the ORC configurations utilizing only the jacket water 

decreased much more sharply, reaching around 17 % of the design power output when the engine 

load was 25 %. On the contrary, when the main engine operated at 25 % load, the net power output 

was still above 40 % of the design value for case A configurations. This is strictly related to the way 

the various waste heat sources vary: the JW temperature is constant throughout the engine load, 

while the exhaust gases temperature increases as the engine operates at lower regimes (see Table 1), 

enabling to keep the ORC power production high. Comparing the solutions that feature only the 

seawater condenser with those utilizing a double condenser configuration, it appeared that the 

inclusion of the additional equipment resulted in an increment of the cycle power production over 

the whole load range of the main engine. However, the net power output difference between the two 

configurations decreases with the load. This is related to the fact that the fraction of mass flow rate 

supplied to the additional turbine depended on the amount of LNG required by the main engine, 

which decreased when the engine operated at low loads.  

Table 7 shows the results of the annual simulations for the various configurations. The highest 

savings could be obtained by implementing configurations A1 or A2. When the ORC power 

production was directly utilized for propulsion, the fuel saving was 6.9 % for configuration A1 and 

7.3 % for configuration A2. When the ORC production was utilized to replace the auxiliary engines, 

the fuel saving increased to 8.5 % and 8.9 %, for configurations A1 and A2 respectively. This 

difference is mainly due to two reasons. First, the power production from the ORC is higher when 

its energy output is utilized for electrical generation, because the load of the main engine is not 

reduced. Second, the thermal efficiency of the auxiliary engines is generally lower than the 

efficiency of the main engine. The estimated fuel saving for these cases (configurations A1 and A2) 

was between 1,075 and 1,391 ton/year. The estimated fuel saving for the configurations utilizing the 

main engine exhaust gases is aligned with previous studies in literature for HFO-fuelled ships: 

Larsen et al. [16] estimated a fuel saving of 5 %, while Baldi et al. [45] estimated a fuel saving 

potential of 7 % when neglecting the auxiliary heat needs on board.  

The cases A1 and A2 were also simulated with a constraint on the minimum feed boiler temperature 

of 120 °C and 130 °C. The additional simulations showed a strong correlation between the 

minimum feed boiler temperature and the obtainable savings. For these cases, the equivalent fuel 

savings dropped by 3.2 – 5.9 % and 9.1 – 10.6 % respectively. The configurations utilizing only the 

jacket cooling water as heat source (case B) enabled lower fuel savings, up to 1 % for the first 

scenario and to 1.2 % for the second scenario. The annual fuel savings were estimated in the range 

124 - 186 ton for cases B1 and B2, depending on the selected configuration and on the use of ORC 

power production. 

Table 7.  Results of the annual simulation for the two selected scenarios 

 Use for propulsion Use for auxiliary engines 

Configuration ORC 

production 

[MWh] 

Fuel 

saving 

[ton] 

Fuel saving 

[%] 

ORC 

production 

[MWh] 

Fuel 

saving 

[ton] 

Equivalent 

Fuel saving 

[%] 

A1 8,048 1,075 6.9 8,283 1,325 8.5 

A2 8,497 1,136 7.3 8,691 1,391 8.9 

A3 981 131 0.8 960 154 1.0 

B1 923 124 0.8 898 144 0.9 

B2 1,191 160 1.0 1,163 186 1.2 

B3 511 68 0.4 498 80 0.5 
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4. Conclusions 

This study investigated the fuel saving potential of six different ORC configurations on board LNG-

fuelled ships. The selected heat sources were the exhaust gases and the engine jacket cooling water, 

while the seawater and the cold energy released by the LNG during its preheating were considered 

as possible heat sinks. In addition, a novel ORC configuration that rejects heat to two heat sinks was 

described and discussed. The design of ORC configurations was optimized in order to maximize the 

net power output when the main engine operates at 75 % load and, subsequently, part-load 

performance curves were obtained. Two scenarios were proposed for the use of electrical power 

generated by the ORC unit. In the first one, the power was directly utilized for propulsion and thus 

fuel savings were achieved due to the reduction of the main engine load. In the second scenario, the 

ORC power output was utilized to fulfil the electricity demand on board, leading to a decrement of 

the fuel consumption of the auxiliary generators.  

The results of the ORC unit design optimization showed that the highest net power outputs could be 

obtained when the unit harvests heat from both the exhaust gases and the jacket cooling water. In 

this case, the ORC unit produced a net power output of 1,478 – 1,679 kW with a thermal efficiency 

between 16.3 % and 18.3 %. By adopting a second turbine, which allowed the exploitation of the 

cold energy of LNG preheating, the power production increased up to 1,781 kW. The exploitation 

of the jacket cooling water heat resulted in lower net power outputs, in the range 210 – 243 kW, 

which could be increased up to 314 kW by adding the second ORC turbine. At part-load operation, 

the configurations utilizing both the exhaust gases and the jacket cooling water showed the highest 

performance. When the engine operates at 25 % load, the net power output of the ORC units 

utilizing both heat sources was around 40 % of the design value, while the net power output 

decreased to 17 % of its design value when utilizing only the jacket cooling water. The estimated 

fuel savings were between 6.9 % and 8.9 % using both heat sources and decreased to 0.8 – 1.2 % 

using only the jacket cooling water. The highest savings were attained using the ORC net power 

output for on board electricity supply, due to the low efficiency of the onboard generators and to the 

higher power production in the ORC unit.  

Additional fuel savings are expected by optimizing the ORC unit including part-load considerations 

and by simultaneously optimizing the ORC unit and the main engine tuning [47, 53]. Future work 

includes more detailed analysis regarding the minimum allowable boiler feed temperature and the 

optimization of the cycle performance by taking into account the turbine design and performance. 

Nomenclature 

Abbreviations 

Ex  exhaust gases 

in inlet 

JW jacket water 

LNG liquefied natural gas 

ORC organic Rankine cycle 

out outlet 

TIT turbine inlet temperature 

Symbols 

ṁ mass flow rate, kg/s 

P pressure, bar 

T Temperature, °C 
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UA overall heat transfer coefficient, kWm2/K 

Ẇ power, kW 

Greek symbols 

η efficiency 

∆ difference 

Subscripts 

boil boiler 

cond condenser 

des design 

gear gearbox 

gen generator 

is isentropic 

p  pump 

pp pinch point 

rec recuperator 

sw seawater 

t turbine 
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