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As the mitigation of climate change becomes increasingly important, global energy production 

calls for generation methods that cause less greenhouse gas emissions. For many applications 

biomass combustion, or wind or solar power are great solutions, but not for transport. In the 

transport sector high energy density and continuity are important demands, that some fuels or 

power sources can’t meet. 

 

Liquefied Natural Gas LNG is a fuel becoming more and more common in mobile applications. 

When combusted, it generates 30 % less carbon dioxide emissions than other fossil fuels and 

containing no sulphur. LNG itself is not combustible and it must be regasified back to natural 

gas by adding heat. In this process the LNG bounds 800 kJ/kg of heat, so it could be used as a 

heat sink for many processes. 

 

This ”LNG cold” is already being utilized on larger scale sites such as LNG terminals, but 

hasn’t yet become common on smaller scales. In this master’s thesis, the applicability of some 

technologies utilizing the LNG regasification stage is analyzed on a cruise ship – Here the scale 

is smaller, and the maritime environment presents challenges that are not present on land 

applications. The technologies discussed are direct cooling, power generation with direct 

expansion and an ORC-system where the LNG evaporator doubles as the condenser, and 

freshwater generation with a freeze desalination system. The calculations are based on 

measurements conducted on an actual cruise vessel during a study of energy efficiency. This 

way the calculations are directly connected to a real-world scenario. The example vessel’s fuel 

gas flow defines the availability of the heat sink that is the basis of the calculations throughout 

this thesis. Based on the results obtained, LNG regasification utilization seems like an attractive 

investment especially for cooling, where it would supplement existing refrigeration cycles. 

However, none of the discussed systems can replace existing solutions entirely.  
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Ilmastonmuutoksen hillinnän kasvattessa edelleen merkitystään energiantuotannossa on 

kasvava tarve siirtyä vähemmän kasvihuonekaasupäästöjä aiheuttaviin energianlähteisiin. 

Monissa sovelluksissa tuuli- ja aurinkovoima tai biomassa ovat kasvavissa määrin hyviä 

ratkaisuja, mutta liikenne ja kuljetus eivät kuulu näihin. Näissä korkea energiasisältö sekä 

tuotannon yhtäjaksoisuus ovat tärkeitä vaatimuksia, joita osa polttoaineista ja energianlähteistä 

ei pysty täyttämään. 

 

Nesteytetty maakaasu LNG on yleistyvä polttoaine etenkin liikkuvuutta vaativissa 

sovelluksissa. Palaessaan maakaasu synnyttää noin 30 % vähemmän hiilidioksidipäästöjä kuin 

muut fossiiliset polttoaineet, eikä se sisällä ollenkaan rikkiä. Itsessään se ei kuitenkaan ole 

syttyvää, vaan ennen käyttöä se on höyrystettävä takaisin maakaasuksi lisäämällä siihen 

lämpöenergiaa. Tässä prosessissa kaasu sitoo noin 800 kJ/kg lämpöä, joten sitä voitaisiin 

käyttää lämpönieluna monille eri prosesseille. 

 

LNG:n kylmää hyödynnetään jo suuremman mittakaavan laitoksissa kuten LNG-terminaaleissa 

mutta pienemmässä mittakaavassa teknologia ei ole yleistynyt. Tässä diplomityössä arvioidaan 

erilaisten LNG:n faasimuutosta hyödyntävien teknologioiden soveltuvuutta risteilyalukselle, 

jossa mittakaava on pieni ja meri luo toimintaympäristön, joka eroaa huomattavasti 

”normaalista” maalla toimimisesta. Valitut teknologiat ovat kylmän suora hyödynnys 

jäähdytykseen, sähköntuotanto suorapaisunnalla sekä ORC-prosessilla jossa LNG-

lämmönvaihdin toimii myös lauhduttimena, sekä makean veden tuotanto merivedestä 

jäädyttämällä. Työssä suoritetun laskennan pohjana toimii risteilyalus, jolla on kerätty dataa 

energiatehokkuusmittauksia suoritettaessa. Näin laskenta saadaan kytkettyä suoraan 

reealimaailman tilanteeseen. Esimerkkialuksen polttoainevirtaus määrittää käytettävissä olevan 

LNG kylmän määrän, joka toimii mitoittavana parametrina läpi laskennan. Tulosten perusteella 

LNG:n höyrystämisen hyödyntäminen vaikuttaa hyvin potentiaaliselta ratkaisulta etenkin 

suorajäähdytykseen, missä järjestelmä osin korvaisi nykyiset kylmäkoneet. Mikään 

käsitellyistä järjestelmistä ei kuitenkaan kykene korvaamaan olemassaolevia ratkaisuja täysin.  
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SYMBOLS AND ABBREVIATIONS 

 

Roman alphabet 

 

A  surface area   [m2] 

cp  specific heat capacity  [J/(kgK)] 

C  salinity   [kgsalt/kgsolution] 

h  enthalpy   [J/kg] 

LHV  fuel heat content  [J/kg] 

p  pressure   [Pa], [bar] 

P  power   [W] 

qm  mass flow   [kg/s] 

qv  volumetric flow  [m3/s]  

Q  heat transfer power  [W] 

S  annual savings  [USD/a] 

tPB  payback period  [a] 

T  temperature   [K], [°C] 

U  overall heat transfer coefficient [W/(m2K)] 

Z  investment cost  [USD] 

 

Greek alphabet 

η  efficiency   - 

Δ  change, difference  - 

 

Subscripts  

 

avg  average 

c  cold/colder 

eva  evaporator 

h  hot/hotter 

HX  heat exchanger 

i  inlet/in 

lm  logarithmic mean 

LNG  liquefied natural gas 

o  outlet/out 



  

 

 

ORC  organic Rankine cycle 

p  pump 

s  isentropic 

t  turbine, expander  

x  atomic/molecular number 

 

Abbreviations 

 

AAV  ambient air vaporizer 

AE  auxiliary engine 

BOG  boil-off gas 

CAPEX  capital expenditure/expenses 

COP  coefficient of performance 

ECA  emission-controlled area 

EG  exhaust gas(es) 

EGB  exhaust gas boiler 

GHG  greenhouse gas 

GWP  global warming potential 

GT  gross tonnage 

HFO  heavy fuel oil 

HH  Henry Hub 

HT  high temperature (engine waste heat) 

HVAC  heating, ventilation, and air conditioning 

IFO  intermediate fuel oil 

IFV  intermediate fluid vaporizer 

IMO  International Maritime Organization 

LFO  light fuel oil 

LNG  liquefied natural gas 

LT  low temperature (engine waste heat) 

ME  main engine 

MGO  marine gas oil 

NG  natural gas 

NOx  nitrous oxides/emissions 



  

 

 

OPEX  operational expenditure/expenses 

ORC  organic Rankine cycle 

ORV   open rack vaporizer 

SCV  submerged combustion vaporizer 

SOx  sulphur oxides/emissions 

STV  shell and tube vaporizer 
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1 INTRODUCTION 

Climate change is a global problem of constantly increasing importance. The world is striving 

to reduce emissions of greenhouse gases, that are the main cause of climate change. The main 

culprit is carbon dioxide CO2, mainly generated from the combustion of carbon-based fuels. 

Especially fossil fuels like oil and coal are problematic, not only because of their relatively high 

carbon content, but also the fact that the carbon in them has been stored underground for 

millions of years. As they are combusted, this carbon is released into the atmosphere, resulting 

in a greenhouse effect that causes temperatures to rise globally. (IPCC 2014, 4-6.) Fossil fuels 

have dominated the energy sector ever since the industrial revolution and currently they account 

to about 85 % of the global primary energy consumption (BP 2019, 10.). 

 

One fossil fuel is however better than the rest, natural gas (NG). It is a fossil fuel consisting 

mainly of methane (CH4) with a high heat content, containing no sulphur, and generating 30 % 

lower CO2 emissions than oil when combusted (Ushakov et al. 2019, 1-3.). In a gaseous form 

it demands large volumes, but its volume can be reduced to about 1/600th of the original by 

converting it to a liquid state by removing heat from it – and generating liquefied natural gas 

(LNG). (Mokhtabad et al. 2014, 3-5.) This fuel is compact and has a high energy content, 

making it a good alternative for replacing other fossil fuels. The downside: the cryogenic 

temperatures of about -162 °C are necessary to maintain the liquid state, which induces 

challenges during transport and storage. 

 

To combust LNG, it must be turned back into natural gas by a regasification process, where 

heat is added to the fluid. Generally, this is done with dedicated heat exchangers using the 

ambient as a heat source for the process. With this solution all the exergy, or cold energy, in the 

LNG is dumped to the surroundings and wasted. This process could be used as a high-quality 

heat sink for a variety of processes: for example, to provide cooling or refrigeration, or to 

enhance the efficiency of existing processes. Utilization options like these have been installed 

on many LNG receiving terminals that have large LNG mass flows, but on smaller scale 

applications they have not yet become common. 

 

In this thesis, some possible utilizations of this process are examined on a scale of a cruise 

vessel. The cruise business is a growing industry, that functions as a part of the maritime 
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transport sector. Nearly 95 % of the world’s international transport happens by sea, and the 

industry is responsible for about 3 % of global CO2 emissions (Royal Academy of Engineering 

2013, 8-9.). This means that the maritime sector has a high significance for the entire world. 

The first cruise vessel with a LNG cold recovery system is being built at the time of writing this 

thesis, placing this study to the forefront of technical development in the industry. 

 

The selected technologies to utilize the LNG regasification process are cooling and 

refrigeration, electric power generation with a direct expansion- and an ORC system, and a 

seawater freeze desalination system. The demands for each of these are defined based on 

existing values, a system is defined and calculated, and the results are analyzed to provide a 

basic understanding of the overall performance of each system. The actual calculations are done 

based on values measured from an actual cruise vessel during a study on energy efficiency. 

 

Before the calculations, the maritime industry and the demands associated with it are presented. 

The competitivity of LNG is simultaneously analyzed in comparison to both the current 

dominating system of internal combustion engines and fuel oils, and to possible competing 

solutions now and in the near future. After this the lifecycle of LNG is briefly presented, 

followed by the introduction of the case vessel. The calculations are then presented individually 

in chapters containing a technology description, a system definition, and calculation results 

placed into context of the utilization method. Lastly, the results are summarized and analyzed 

on an industry-wide perspective and the overall accuracy of the calculations is examined.  

 

The purpose of this thesis is to provide insight on how well technological concepts used for 

utilizing LNG regasification on larger scale sites on land can be adapted to the maritime 

environment, and a significantly smaller scale. The results obtained are designed to give an 

estimated scale at which a system would perform, as accurate and precise system-design is not 

viable for a thesis this conceptual.  
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2 THE CHALLENGES OF POWER GENERATION IN A MARITIME 

ENVIRONMENT 

Technologies onboard ships face multiple challenges and special requirements not faced on 

land. In this chapter the main factors affecting the technology choices are presented, and then a 

selection of power generation methods is listed, and their applicability to this environment 

analyzed. It should be noted that natural gas is mainly excluded from this chapter since it is 

discussed in detail later on in this thesis.  

 

2.1 General demands 

In principle a ship has one primary function: to overcome resisting forces from water and air, 

and to move forward. This only demands propulsion, that was first created by oars, then sails, 

then coal, and more recently changing mainly to the current combination of oil-based fuels and 

internal combustion engines. (Royal Academy of Engineering 2013, 11-12.) 

 

When additional requirements concerning legislation, efficiency, and passenger comfort are 

brought to the same picture, the equation gets more complicated. A modern-day cruise vessel 

is an incredibly complicated and massive machine; a floating city that needs to be completely 

self-reliant for long periods of time. This means that the ship must be capable of providing the 

demands of propulsion, heating, cooling, electric power, and fresh water; to name a few key 

examples. And all of this must be done in a very limited space, and as safely and efficiently as 

possible. In this section, the most important demands are discussed. 

 

2.1.1 Safety 

Onboard ships safety is possibly an even higher priority than on land, because for example fires 

and explosions have the potential to immobilize or even destroy the entire vessel, jeopardizing 

humans and property onboard. Due to size limitations of ships hazardous materials would need 

to be placed in the vicinity of humans, creating additional risks to the crew and passengers 

onboard. Non-flammable or -toxic materials are therefore preferred on ships for all possible 

applications. Unnecessary high-pressure systems are avoided if possible, and enclosed and 

placed safely if deemed necessary. Safety regulations exist for many specific vessel types, for 

example (Maritime Safety Committee 2015) specifies regulations for ships using natural gas or 

other low-flashpoint fuels. For example, fuel gas systems onboard modern cruise vessels use 
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double-walled piping with nitrogen, an inert gas, in the outer annulus to reduce the risk of 

undesired gas combustion. Alternatively, the same result can be accomplished with the 

provision of sufficient ventilation in or near natural gas-related systems. (Takasuo 2019; The 

Maritime Safety Committee 2015, 76-77.)  

 

Besides potentially causing direct, local, and instant harm to humans, ships also have the 

potential to cause harm for humans and marine life indirectly, regionally, and non-instantly in 

case of an accident such as a fuel leakage. This is why additional measures, such as two layered 

hulls or double-hulls, are installed to provide measures to protect the environment from leaks 

of ship fuel, harmful cargo materials, or other substances. (Babicz 2015, 376.) The main 

document regarding safety in shipping is the International Convention on Safety of Life at Sea 

(SOLAS), first adopted in 1974 and amended several times since (IMO 2019a; Babicz 2015, 

572.). 

 

One of the main safety principles for passenger vessels in the industry is “safe return to port” 

(SRtP). This principle states that the ship must be capable of returning ashore under its own 

propulsion power even in case of a fire, or a flooding of an individual watertight compartment 

of the ship’s design. (Babicz 2015, 536.) This results in multiple separate watertight 

compartments being designed and built with redundant systems onboard, and sometimes even 

installing a specific “take-me-home” drive system with only the SRtP-principle in mind (Ibid, 

600.). 

 

2.1.2 Overall efficiency and continuity 

Designing a ship is a complicated issue and usually a compromise between many factors. As 

an example, a cruise ship has to carry as many passengers as possible to be as profitable as 

possible. More passenger capacity generally means a larger overall size, which in turn causes a 

higher demand for power and therefore for fuel; both for propulsion and other consumption 

onboard. Since the ship can’t become infinite in size, the optimal performance point must be 

chosen based on available technologies, and builder or shipowner preferences on what factors 

are seen as essential for the specific vessel. 
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The optimal system can be found by the following definitions of efficiency as examples: Weight 

and physical dimensions should be minimal to provide better space occupancy. The system 

should not be harmful to people or the environment either in normal operation or in case of an 

accident. The system should not be excessively expensive to acquire (capital expenses, 

CAPEX) or to operate (operational expenses, OPEX). Fulfilling even these demands with one 

specific power generation method is difficult.  

 

Continuity is also a key requirement for a modern ship; in a scheduled modern world a days-

long delay caused by a lack of propulsion would cause significant economic losses. This is one 

reason why the chosen generation method should be reliable, and also another reason why 

redundant components are often installed onboard; for example, pumps are often installed so 

that failure of a single component doesn’t disable the entire affiliated system (Babicz 2015, 

503.). The demand for continuity also impacts the design of entire systems: In case exhaust gas 

boilers (EGB’s) aren’t available or producing sufficiently, the installed fired boilers take over 

or support the heat/steam production, and the ship’s systems are split into two or more engine 

rooms each hosting multiple engines to provide redundancy in case one engine fails (Takasuo 

2019); to list a couple examples. The continuity demand strongly overlaps with the “safe return 

to port” -principle. 

 

2.1.3 Emissions  

Emissions from a marine diesel engine are a mixture of nitrogen and its oxides, carbon dioxide 

and monoxide, sulphur oxides, hydrocarbons, smoke, and water vapor (Babicz 2015, 230.). 

International and local legislation and restrictions have caused the requirements for the 

cleanliness of power generation, or in fact all operations onboard all ships. For power generation 

the main substances being regulated are nitrous oxides (NOx), and sulphur oxides (SOx). Several 

regulations have been placed both globally and on local levels in the form of Emission Control 

Areas (ECA’s). These regional regulations limit the emissions of certain substances in a region, 

as is illustrated in figure (2.1).  

 

Figure (2.1) illustrates global SOx-emissions restrictions. The latest and strictest international 

regulations imposed by the main governing body in the industry, the International Maritime 

Organization (IMO), called tier III regulations take effect in the beginning of 2020. According 
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to these regulations, all ship fuels bunkered and used onboard must contain less than 0,5 % 

sulphur by weight globally, and 0,1 % in ECA’s. This same directive also regulates particulate 

matter emissions. (IMO 2019b) 

 

 

Figure 2.1. Global and local emission control areas (ECA’s) for SOx Source: DNV-GL 2018, 55. 

 

Low-sulphur fuels is one of the two ways to comply with the regulations, the other one being 

the use of exhaust gas scrubbers that result in the same final emissions (Babicz 2015, 231.). 

This is allowed in the main guiding document of marine emissions, MARPOL (IMO 

International Convention on the Prevention of Pollution from Ships) annex VI, which states 

that solutions limiting emissions to levels of low-sulphur fuels are acceptable (IMO 2016, 5.). 

The exhaust gas scrubbers clean the sulphur from the exhaust gases using water, that is taken 

from and discharged back into either the surrounding body of water (open loop scrubbers), or 

a bunkered storage (closed loop scrubbers). (Babicz 2015, 573-575.) Some areas restrict the use 

of the less expensive open loop scrubbers regardless of the water cleansing used prior to 

discharge (Einemo 2019), and closed loop scrubbers require storage for the water, chemicals 

added, and the collected matter.  
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NOx-limitations currently apply to vessels built starting 2016 and sailing North American and 

Caribbean waters. IMO has also placed the same limitations on vessels operating within the 

Baltic and North Sea ECA’s that will be built starting 2021, also including engine retrofits and 

larger scale conversions. (DNV-GL 2018, 56.) It is estimated that the newest regulations can’t 

be met with improved combustion technologies alone, but additional systems or technologies 

such as NOx-reduction by a catalytic reaction (Babicz 2015, 230.) or exhaust gas recirculation 

(Ibid, 232.) must be installed (Ibid, 231.). 

 

Besides SOx and NOx, greenhouse gas (GHG) emissions are also being addressed, albeit to a 

less binding extent. An energy efficiency design index (EEDI), that is defined as the ships 

environmental burden in proportion to its benefit for society, is required for all new vessels, 

and a ship energy efficiency management plan for all vessels. (IMO 2016, 7.; Royal Academy 

of Engineering 2013, 20-21.) 

 

 

2.1.4 Corrosive and unstable conditions 

The constant presence of water, small organisms, salts, and other elements brings additional 

challenges for maritime transport. The risk for both physical corrosion, erosion, and organic 

fouling is constantly present on a more severe level than most land applications. (Royal 

Academy of Engineering 2013, 10-12.) 

 

When operating at sea, waves can cause additional impacts and movement leading to problems. 

When dealing with liquids, sloshing can cause unexpected forces that can even overturn a vessel 

if not considered (Babicz 2015, 359.). This can also be a problem with pumps and other 

components, if the equipment is not adequately designed: for example, changes in the surface 

levels of tanks can cause pumps to cavitate, inflict water hammers in pipelines, or lead to 

unexpected drying of boiler surfaces and therefore unnecessary thermal stresses (Takasuo 

2019). 

 

All vital instrumentation onboard must also be prepared to withstand sudden and repeated 

changes in acceleration. This is ensured mainly by classification societies that approve systems 

and components installed onboard: generally they are non-profits, that provide services, 

certifications, and guidelines for shipbuilding and use to protect the interests of ship- and cargo-
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owners by ensuring that the vessels and their cargo reach their intended destination. Globally 

there is a wide variety of classification societies; DNV-GL, Lloyds Register and the American 

Bureau of Shipping are among the most well-known. (Babicz 2015, 112.) 

 

2.2 Current system – fuel oils and internal combustion engines 

The modern marine power generation system mainly consists of internal combustion engines, 

that use different grades of fuel oils derived from crude oil as their primary fuel. These liquids 

include the basic categories of residual fuel oils and distillate fuel oils. The former are residues 

from the oil refining process, while the latter are the desired end-result from said process. 

Residual fuel oils include heavy, intermediate, and light fuel oils (HFO, IFO, LFO) while 

marine gas and diesel oils (MGO, MDO) are categorized as distillate fuels. These include many 

sub-categories based on their chemical and physical properties, such as chemical composition, 

viscosity, and density. (ISO 8217-2017) Currently these fuel-types hold almost the entire 

market as can be seen from figure (2.2) showing a prediction of the marine fuel mix until 2050.  

 

 

Figure 2.2. Predicted fuel mix for the maritime sector until 2050 in [EJ/year]. Source: DNV-GL 2018, 13. 

 

Fuel oils and internal combustion engines have many technical and economic benefits that have 

made them the best solution for marine applications for a long time. The first main advantage 

is their relatively low price. HFO being a residual from the oil refining process makes it 

affordable for the industry and therefore is the most used fuel (Babicz 2015, 374.). The price-

aspect of marine fuels is discussed further in chapter (3). The second benefit of fuel oils is their 

relatively high energy density. In figure (2.3) different fuels are mapped both by their 
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volumetric and gravimetric energy densities. An optimal fuel would be located on the top right-

hand corner. Liquid fossil fuels have a great volumetric energy density but fail to match the 

gravimetric density of gaseous fuels. This means an addition in the mass of the fuel but a smaller 

occupied volume, which is an important factor in the maritime industry because of the 

associated space limitations. 

 

 

Figure 2.3. Gravimetric and volumetric energy densities of different liquid and gaseous fuels. Prefix C = 

compressed and L = liquefied. Source: DNV-GL 2018, 70.  

 

Another advantage of internal combustion engines and oils is the fact that they have dominated 

energy production especially in transportation for decades. In 2012, fossil-based fuels were 

essentially powering the entire transportation sector according to data provided by the U.S. 

Energy Administration (The Maritime Executive, 2015). Mature technologies often have – or 

at least are perceived to have – higher overall reliability, and availability of resources for 

research and maintenance.  

 

The number and size of engines varies widely between designs, but generally there are two 

types of engines onboard: main and auxiliary engines (ME, AE). Main engines, or more 

generally prime movers, provide the propulsive power that moves the vessel forwards and are 

often the largest power generation related components onboard both by output power and 

weight. (Babicz 2015, 477.) This is why they are often located as close to the bottom of the 

vessel as possible to lower the center of gravity. Auxiliary engines are responsible for 
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generating electrical power for systems onboard and have a smaller capacity and weight. They 

can also be called the main sources of electric power (Ibid, 366.). A schematic picture of power 

generation related components on a containership, resembling the layout on a cruise ship, is 

shown in figure (2.4). 

 

 

Figure 2.4. Schematic illustration of the locations of a ship’s: 1. Main engine(s), 2. Auxiliary engine(s), 3. 

Auxiliary boiler(s), 4. Auxiliary engine EGB(s), 5. Main engine EGB(s). Source: Alfa Laval 2019. 

 

Internal combustion engines used onboard cruise ships are generally slow (speed up to 400 rpm) 

or medium speed (400-1200 rpm) diesel engines. These engines can function either on two- or 

four stroke principles. (Babicz 2015, 176.) 

 

In terms of efficiency, internal combustion engines are far from perfect – even though compared 

with other mature technologies they can be considered efficient. Generally, the thermal 

efficiency of slow- and medium-speed marine engines hovers around 40 % (Takaishi et al. 

2018, 21.) meaning that 60 % of the energy in the fuel ends up elsewhere than the engines 

designed output. This 60 % is lost primarily as waste heat, but also as noise and vibrations that 

exit the engine. The utilization of waste heat streams is a relatively easy way to improve the 

overall efficiency of the engines and the ship. Waste heat from the engines exits in three main 

flows: exhaust gases (EG), and high (HT) and low temperature cooling (LT). High temperature 

heat is generally collected from the engine’s jacket water cooling, and low temperature heat 

from lubricating oil cooling. Both of these can also utilize different stages of charge air cooling.  
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(Babicz 2015, 103. & 229-230.) The collected heat can be utilized as heat sources for a variety 

of processes. An illustration of the energy flows within the case vessel defined in chapter (4) of 

this thesis is presented in appendix (1). To demonstrate the temperature ranges associated with 

each heat source, the values for HT- and LT -heat in two dual-fuel Wärtsilä marine engines of 

different capacities are presented in table (2.1).  

 

Table 2.1. Average temperatures associated with two different engines of different outputs. Sources: Wärtsilä 

2019a (3-13), Wärtsilä 2019b (3-6). 

Engine W10V31DF W6L34DF 

Rated output [kW] 5 500 2 880 

HT cooling system [°C] 96 96 

LT cooling system [°C] 40 38 

 

The largest engine waste heat stream is the exhaust gases, that often have temperatures of 

300…400 °C after the engines (Wärtsilä 2019a (3-11); Wärtsilä 2019b (3-3). The heat from 

them is recovered with exhaust gas boilers (EGB), that generate steam or hot water for 

consumption (Babicz 2015, 52. & 229-230.). The limiting factor in exhaust gas waste heat 

recovery is the temperature at the boiler outlet: Fuels that contain sulphur, such as HFO, are at 

risk of causing sulphuric acid corrosion. At a low enough temperature the acidic compounds 

containing sulphur condense on surfaces and cause corrosion. This limits the degree of heat 

recovery in EGB’s, as the temperature must be kept above the sulphuric acid dew point. (Raiko 

et al. 2002, 348-349.) Auxiliary boilers are often installed onboard for steam generation (Babicz 

2015, 35.), for example in case the supply from the EGB’s is not sufficient for the demand. One 

potential time for this is staying in port when the main engines are generally shut down. These 

use similar fuels as the installed engines such as HFO, MGO, or LNG.  

 

2.3 Alternative power sources for the present and future 

The mitigation of climate change and other negative environmental effects have caused 

unprecedented pressure on all power generation to become cleaner, and the maritime sector 

hasn’t been an exception. International restrictions have driven the industry into seeking 

improved efficiency, and alternative power sources to replace polluting fossil fuels. (Royal 

Academy of Engineering 2013, 3-4.) In this section, a selection of alternate power sources is 
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briefly discussed and their applicability to the maritime environment stated. Of the sources 

discussed, solar, wind, and battery power are mainly candidates for supplementing the current 

system for improved efficiency, while biofuels, emerging fuels, and nuclear power are more 

likely to replace the system entirely. 

 

2.3.1 Solar and wind power 

Solar panels have several flaws making them a poor choice for marine applications. As an 

example: according to data from SunPower, 2016, a panel with a comparably high efficiency 

of over 21 % for currently available commercial systems, a wattage per surface area would be 

about 210 W/m2, making a 150 kW system of 435 panels 709 m2 in area, and over 8 000 kg in 

weight, assuming modularity of a 340 W panels. These figures are based on the best 

performance of the panels and would be likely to less favorable in a real-world system.  

 

In comparison, the case vessel defined in chapter (4) has an approximate surface area of 3 500 

m2 (for a single deck above water-level), capable of accommodating a theoretical maximum of 

750 kW (6,8 % of total AE’s capacity) of solar power, weighing about 20 000 kg. The IMO’s 

Global Maritime Energy Efficiency Partnership (GloMEEP), 2019, estimates a likely capacity 

factor for marine solar would be only about 0,1-0,3 causing a need for large battery systems to 

compensate for this intermittency. GloMEEP, 2019 also estimates that the potential of solar 

panels is limited to reducing auxiliary engine power consumption by 0,5-2 %. The added 

problems of the panels being exposed to the corrosive maritime climate possibly reducing 

component lifetime if not kept in mind (Chengqing et al. 2010, 1.), possibly causing wind stress 

to structures, and other similar factors further limit the applicability of solar panels to ships.  

  

Wind power, in the same format of power generation as on land, will not be a candidate for 

power generation on ships. The large wind turbine on a floating and moving platform is not 

only inefficient due to the changing wind conditions but also dangerous as the turbine would 

affect the center of gravity of the vessel, increasing the risk of capsizing. Wind could be utilized 

directly for propulsion sails like in the past, or as a more “modern” solution of rotor sails. 

 

Rotor sail is a vertical spinning cylinder that is installed on top of a ship to create additional 

thrust in certain conditions. The concept visualized in figure (2.5) is based on the Magnus-effect 
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used on the Flettner-rotor that was first utilized on ships in the 1920’s (Royal Academy of 

Engineering 2013, 47.): the rotating cylinder causes the air flow coming from the side to move 

at different velocities on different sides of the cylinder. According to Bernoulli’s principle, a 

lower flow speed creates a higher pressure on the other side, and the difference simultaneously 

generating a force; resembling an airplane wing. Because the cylinder is installed vertically, the 

force generated pushes the ship forward. The strength of the effect is heavily dependent on the 

speed and direction of the wind, with the best results yielded at a 90-degree angle to the 

direction of movement. The concept has been around for a long time, but only the recent 

developments in material and flow modeling technologies have made large enough rotor sails 

possible. Lately rotor sails have been installed onboard Maersk Pelican as the first 

containership, and on Viking Grace as the first passenger ship (Norsepower 2019a). 

Independent measurements conducted on Viking Grace and confirmed by ABB, NAPA, and 

Chalmers proved the concept and confirmed yearly fuel savings of around 300 tons, 

corresponding to 900 tons of CO2 annually (Norsepower 2019b). Even though the concept is 

proven functional, wind is not likely return to its place as the sole provider of propulsion on 

ships due to lack of power for modern vessels and its intermittent nature.  

 

  
(a) (b) 

Figure 2.5. (a) The working principle of a rotor sail from above (b) Passenger ship Viking Grace equipped with a 

rotor sail. Sources: Viking Line 2019a. 

 

2.3.2 Battery power 

Battery power is appearing on the market but is not yet mature enough to be relied on by itself. 

The cruise vessel M/S Roald Amundsen delivered in 2019 has a battery system capacity of 1 
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356 kWh, that reportedly can power the ship for up to 60 minutes on its own. The main purpose 

of the batteries is however to be used together with the engines to reduce fuel consumption by 

up to 1 100 000 liters annually. (Corvus Energy 2019a) Based on the manufacturers data 

(Corvus Energy 2019b) and assuming modularity with some added components for a standard 

125-kWh battery pack we can estimate that a battery-pack of this size would weigh around 16-

18 000 kg in total, since the weight of the actual pack onboard is not disclosed. 

 

It should be noted that on an industry-wide scope batteries have larger potential, especially on 

shorter voyages. The system installed onboard e-ferry Ellen in Denmark has a battery pack of 

4,3 MWh supplied by Leclanche, capable of providing propulsion for its entire 40 km route in 

the Danish archipelago. The used charging connection is capable of a 4 MW power, meaning 

about an hour of charging that fits the requirements of the vessel type well. (EIBIP 2018; 

Leclanche 2019) 

 

In this thesis the focus is on cruise vessels, where batteries have limited possibilities as 

demonstrated by the case of M/S Roald Amundsen. Without major breakthroughs in capacity, 

weight, and self-discharge rates they will remain hybrid-type solutions for peak-shaving and 

improved efficiency like on the M/S Roald Amundsen. The issue of charging also remains 

unsolved; in more remote locations such as islands frequented by cruise vessels, the ship 

sometimes has a greater electrical grid capacity than the port, and even similar to the entire 

island. For example, Royal Caribbean’s Symphony of the Seas, the world’s largest cruise vessel 

at the time of writing this thesis, has total installed generation power (auxiliary engines) of 57,6 

MW (DNV-GL Vessel register 2019). And in comparison, the whole island nation of Saint Kitts 

and Nevis that often hosts the vessel (Royal Caribbean International 2019) has an installed 

generation capacity of 64,2 MW (CIA World Factbook 2019). 

 

2.3.3 Biofuels  

Biofuels, or liquid/gaseous fuels derived from biomass (Royal Academy of Engineering 2013, 

26.), are seen as the long-term fuel for the maritime industry – As figure (2.2) demonstrates, a 

steep rise in the use of carbon neutral fuels is expected in decades to come. As can be seen from 

figure (2.3), bioethanol and -diesel have similar energy densities as their fossil counterparts, 

and they can also be handled with similar systems before combustion. The availability and costs 
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of fuel production will state the rate at which biofuels can be adapted. One of the primary 

candidates is methanol (CH3OH), a chemically simple alcohol that can be derived from either 

natural gas or biomass. This fuel can have GHG-emissions half those of conventional fossil 

fuels during its lifecycle, assuming it is derived from biomass, and produced with a relatively 

clean source of electricity. (IMO 2016, 16.)  

 

A factor that needs to always be kept in mind when discussing biofuels or any almost any type 

biomass, is that their production requires significant land areas that may compete with food 

production. (Royal Academy of Engineering 2013, 28.) Their carbon-neutrality is also 

debatable when the entire life- and production cycles are considered, the term not being 

unambiguous regardless of context (IEA Bioenergy 2019).  

 

2.3.4 Emerging marine fuels 

Some emerging fuels in the marine industry don’t fall under the umbrella of the fuel types 

discussed above. This section briefly discusses two alternative fuels that have entered the 

spotlight especially as the newest regulations taking effect approaches: hydrogen and ammonia.  

 

Hydrogen (H2) is the lightest and most abundant element in the universe, and it has some 

attractive properties as a fuel. Besides being light, it is highly combustible, and emissions in a 

fuel cell are nothing but water during use; the total emissions of hydrogen depend on how the 

it was produced, the current main option being refining it from natural gas (Royal Academy of 

Engineering 2013, 50.). It has among the best gravimetric energy densities and can be 

compressed to improve its low volumetric value slightly or liquefied, as can be seen from figure 

(2.2) (CGH2 = Compressed Gaseous H2). It can be utilized primarily in two different ways. 

 

The use of fuel cells is the more “traditional” way of using hydrogen as a fuel. In a fuel cell, 

electricity is generated directly through the oxidization of hydrogen with electrodes submerged 

in an electrolytic fluid. (O’Hayre et al. 2016, 6.) The other way is to directly utilize hydrogen 

by combustion in a turbine or an engine, either by itself or blended with another fuel such as 

natural gas. (Singh et al. 2018, 43-45.)  
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Ammonia (NH3), a fluid consisting of 17,8 mass-% hydrogen (Kobayashi et al. 2018, 109.) and 

used as a hydrogen-carrier, bears resemblance to LNG in respect to its’ storage. It can be stored 

either in atmospheric pressure in cryogenic conditions, or at pressures up to 30 bar allowing a 

higher temperature. It is a highly poisonous and dangerous gas, but it has a key advantage to 

counter the downsides: combustion of ammonia generates no GHG- or sulphur emissions. 

(Royal Academy of Engineering 2013, 51.) 

 

However, there are smaller additional downsides on top of its toxicity. Ammonia has a heat 

content of 18,6 MJ/kg (Kobayashi et al. 2018, 111.) which is about half that of fuel oils, 

meaning that significantly more fuel would need to be bunkered onboard a ship. In economic 

terms, handling would require similar specialized storage systems as LNG, adding to the total 

costs. Ammonia is also derived mainly from natural gas, meaning that the fuel price is always 

higher than that of natural gas. (Royal Academy of Engineering 2013, 51.) 

 

2.3.5 Nuclear power 

Nuclear powered ships have been around for almost as long as nuclear power itself. The long-

term capabilities such as low fuel consumption (per unit of energy produced) and the following 

lack of necessity for refueling, abundance of cooling water from the sea, and relatively low 

added mass (per unit of energy produced) make it objectively an efficient choice for maritime 

operation, both in normal ships and submarines. For example, US Navy Nimitz-class aircraft 

carriers are designed for a 50-year operational life and only one refueling during that period. 

(World Nuclear Association 2019a) 

 

The public perception of nuclear power has impacted this application negatively, as it has done 

to the industry in general. The lay public rejects the idea of traveling on a nuclear-powered 

vessel, and some ports restrict access to nuclear-powered ships over fears of safety risks. Also 

the largely international nature of marine traffic, and the large numbers of stakeholders included 

within the operations cause issues with the bureaucratic side of gathering permits 

(environmental or other), certificates, and other licensing (Royal Academy of Engineering 

2013, 35-36.). These factors have made commercial applications rare. Nuclear power is mainly 

found on larger scale military ships such as aircraft carriers that use small nuclear reactors for 

steam generation. The steam is then used for electricity generation in steam turbines, and 
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propulsion with the generated electricity and electric motors, or the turbine itself being directly 

connected to the propulsors. Civil vessels mainly include nuclear powered icebreakers. (World 

Nuclear Association 2019a) It is also worth noting that the designs used in maritime propulsion 

are the basis for multiple small modular reactor designs currently being developed for carbon-

emission -free power generation on land (World Nuclear Association 2019b).  
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3 LIQUEFIED NATURAL GAS LNG 

Natural gas is a fossil fuel that comprises mainly of methane (~90-99 % by mass) and a variety 

of other hydrocarbons such as ethane and propane. The total composition depends mainly on 

where the gas originates geographically. Some examples of different LNG compositions are 

presented in table (3.1), each bearing a resemblance to their feed-NG compositions.  

 

Table 3.1. Compositions of LNG from select locations in [mole-%]. Source: Mokhtabad et al. 2014, 4. 

Component [mole-%] Nigeria Brunei Oman Alaska Average 

Methane 87,9 89,4 90 99,8 93,1 

Ethane 5,5 6,3 6,35 0,1 4,6 

Propane 4 2,8 0,15 0 1,7 

Butane 2,5 1,3 2,5 0 1,6 

Nitrogen 0,1 0,2 1 0,1 0,4 

 

NG meets most of the requirements set in the previous chapter on its own and outperforms most 

alternate power sources: It has a relatively high energy content by mass as can be seen from 

figure (2.3). It meets all the newest (Tier III) IMO regulations for both SOx- and NOx-emissions 

without the use of additional components and/or systems, and it produces significantly lower 

CO2-emissions than fuel oils when combusted. It is also non-toxic and can be used with similar 

fuel handling systems and engines as fuel oils. (Mokhtabad et al. 2014, 4.) It doesn’t suffer from 

capacity or intermittency issues like some other fuels or energy sources discussed in chapter 

(2.3).  

 

The only massive downsides are some of its properties in a gaseous state. Firstly, its density in 

standard ambient conditions (p = 101,3 kPa, T = 300 K) is low, around 0,75 kg/m3, which makes 

it uneconomical to store in larger quantities. Secondly, the gas is highly flammable and causes 

a danger of fires and explosions. The flammability range of a NG in air is generally 5…15 % 

by volume (Ibid, 5.). The impact of these downsides can be mitigated by turning the gas into 

liquid, reducing its volume and decreasing its reactivity. (Ibid, 2.) Some key properties of LNG 

are presented in table (3.2) with those of rival fuels.  
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Table 3.2. Typical properties of select marine fuels. Data sources: ISO 8217-2017; Mokhtabad et al. 2014, 4. 

Fuel LNG HFO LFO MGO 

Sulphur [mass-%] 0 3,5 1 < 1 

Ash [mass-%] ~0 0,1 0,04 < 0,01 

Heating value [MJ/kg] 50 39 37 43 

Density [kg/m3] 450 990 920 890 

 

The benefits of LNG haven’t gone unnoticed from the industry in the tightening regulatory 

environment. From figure (2.2) it can be seen, that LNG is expected to become an increasingly 

significant fuel in the near future as the combination HFO/MGO is slowly phased out, and 

simultaneously carbon-neutral fuels and electric propulsion phased in. At the time of writing 

this thesis, of 139 cruise ships ordered 26 (18,7 %) were reportedly LNG-powered on a 

timeframe of 2019…2027. (Cruise Industry News 2019). The developments of international 

directives, and alternative fuels and means of propulsion discussed in chapter (2.3) will largely 

define the position of LNG in the market further down the line. In this chapter, the basics of 

different stages within the lifecycle of LNG are presented and comparison to other fuels on the 

market is done where applicable.  

 

3.1 Liquefication process 

The natural gas is turned into a liquid by removing heat from it with a refrigeration process 

constantly expanding and compressing a circulating refrigerant. A variety of different 

technologies, some of which are listed in table (3.3), are used depending on, for example the 

scale of production and ambient conditions on the liquefication site. The efficiency depends 

mainly on how well the refrigeration curve is placed on the gas cooling curve. All the processes 

in table (3.3) can be further improved by pre-cooling or splitting the process into multiple 

stages. (Mokhtabad et al. 2014, 147-152.) 
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Table 3.3. Natural gas liquefication technologies used and their relative power consumptions. Adapted from: 

Mokhtabad et al. 2014, 147-152.  

Technology Basic concept Approximate power consumption 

relative to cascaded cycle 

Cascaded cycle Several refrigeration cycles with 

varying fluids (having different 

evaporation temperatures) are 

placed after one another 

1 

Mixed refrigerant 

cycle 

A single cycle is used, and the 

composition of the refrigerant is 

carefully controlled to achieve 

required properties 

1,25 

Gas expander cycle A single-component fluid is used in 

a closed cycle Brayton -setup to 

generate cooling 

2 

 

Liquefication is a highly energy intensive process, demanding an estimated average of about 

2,5-2,8 MJ/kgLNG consisting mainly of electric power for the refrigerant compressors (Franco 

& Casarosa 2014, 2.). Generally, liquefication becomes more profitable than building pipelines 

when the transport distance exceeds 3 500 km (Kanbur et al. 2017, 1172.). 

 

3.2 Storage and transport 

Over longer distances LNG is transported on dedicated carriers, that have large storage capacity 

onboard. The shared function of all these solutions is to contain the LNG, and to maintain the 

cryogenic conditions necessary for the cargo remaining in a liquid state. Primarily this is done 

by insulating the containers well with double walls, that simultaneously act as a secondary 

barrier in case of a leak. (Mokhtabad et al. 2014, 13-18.) The pressures in the storage vessels 

are usually near ambient pressure, less than 0,3 bar (g) (Ibid, 359.). 

 

In tankers, different types of storage tanks include the freestanding tank, that isn’t a part of the 

tankers’ hull structure. This type is often spherical or prismatic in shape, enabling good cargo 

space occupancy and minimizing the effects of sloshing of the liquid caused by waves and other 

movement. If sloshing can’t be effectively eliminated with choice of geometry, baffles are 

installed in the tanks to divide the mass and limit movement. Another type is the membrane 

containment system, where the ship’s hull essentially is the secondary barrier in the structure 

as the tank is directly connected to it. Both types of tanks are well insulated with materials such 



23 

 

 

 

as polyurethane that poorly conduct heat. Volume of the storage containers on tankers varies 

widely with the largest ones being up to 265 000 m3 in volume. (Ibid, 13-18.) The standard and 

optimal size for tankers appears to be setting around 170 000 m3; this optimum is set by 

economic performance rather than technological restrictions (Songhurst 2018, 15.). The same 

double-walled basic concept is used on land, with tanks of similar volume being constructed 

either above- or belowground (Mokhtabad et al. 2014, 27-31.). 

 

Some heat leaks into the storage tank are inevitable and a part of the liquid gasifies. This gas is 

referred to as boil-off gas (BOG) in the industry and its production rate is highly dependent on 

the total volume of the storage, being about 0,05 % (volumetric) per day (Ibid, 27.) Handling 

of this boil-off is a crucial requirement for maintaining the conditions inside the tank, since an 

auto-refrigeration process maintains the temperature constant in constant pressure (Ibid, 500.); 

BOG is a threat to these conditions as its smaller density can result in increased pressure. 

Generally, BOG is handled by removing and disposing of it (generally combustion in a burner), 

or by reliquefication with small-scale liquefication plants (Ibid, 78.). Larger LNG-carrier 

vessels use only BOG as their fuel when the boil-off rate is sufficient to do so (Royal Academy 

of Engineering 2013, 28.). After the newest regulations take effect starting 2020, even forced 

BOG-generation is seen as a candidate for LNG-carriers to eliminate the need for other fuels 

onboard (Bakkali, Ziomas 2019). 

 

3.3 Regasification 

LNG itself is not combustible (Mokhtabad et al. 2014, 360.), meaning it must be turned back 

into its gaseous form prior to combustion. This is generally done with dedicated heat 

exchangers, that use ambient heat or an alternative heat source for the addition of heat necessary 

for regasification. Current vaporization solutions utilized most are open rack vaporizers (ORV) 

that hold an estimated 80 % of the installed capacity on the market, and submerged combustion 

vaporizers (SCV) with a 20 % share. Other less used technologies include ambient air 

vaporizers (AAV), shell and tube exchange vaporizers (STV), and intermediate fluid vaporizers 

(IFV). (Mokhtabad et al. 2014, 37.) 

 

ORV’s are relatively simple systems, that use seawater as their heat sources. Generally they are 

constructed of finned aluminum tubes, that are arranged into panels and then submerged in 
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seawater. The LNG/NG flows on the inside of the tubes, and heat from the water is transferred 

into it through the pipe walls. The exit temperatures for both fluids depend mainly on the ratio 

of mass flows. An air flow vaporizer functions similarly, only replacing seawater with ambient 

air. (Ibid, 37-39.) The second-most common system, SCV, is a bit more complex: a stainless-

steel coil-shaped pipe is submerged in water, and LNG is pumped into it. Underneath this coil 

is a distributor, that efficiently distributes the flue gases of a submerged burner into the water 

mass. This solution causes the flue gases to rise past/through the coil quickly and transfer heat 

efficiently into the LNG, causing it to evaporate. (Ibid, 43-44.) The regasification process is 

discussed more in relation to the technologies later on, as it is essential for the primary subject 

of this thesis.   

 

3.4 Combustion 

The advantages of natural gas in the combustion phase are many when comparing to fuel oils. 

The fuel gas doesn’t include sulphur, erasing the problem of SOx-emissions. For other harmful 

substances emissions are also reduced: CO2 by 20-30 %, NOx by 50-85 %, CO by 70-95 %, and 

non-methane hydrocarbons by 50 %; when comparing a natural gas fueled internal combustion 

engine to an oil fueled one. Simultaneously, assuming air-to-fuel ratio is kept appropriate, gas 

burns more cleanly resulting in virtually no visible smoke or particulate emissions. (Ushakov 

et al. 2019, 1-3.)  

 

Gas engines however suffer from a problem called gas-slip, where a part of the fuel gas goes 

through the engine without combusting. Since the fuel is mainly methane, a GHG 28-times as 

potent as CO2 (carbon dioxide has a global warming potential (GWP) of 1, methane 28) over a 

100-year examination period (IPCC 2014, 87.), the GHG-emission benefits of gas engines have 

been questioned. The amount of methane slipping through the combustion phase is dependent 

on the engine design, and it can be as large as 8 g/kWh (45 g/kg) of fuel. (Ushakov et al. 2019, 

9-15.) A HFO-powered engine generates about 650 g/kWh (120 g/kgfuel) of CO2 in laboratory 

conditions (VTT 2017, 49-50.), so the methane slip alone would have a warming potential of 

about one third of a HFO-engine. As the approximated CO2-savings from using gas are around 

30 % maximum, the slip can cause gas engines to have higher total GHG-potential. In a mid-

range engine in terms of methane-slip (1,5 % of fuel ≈ 2,5 g/kWh) the overall GHG-potential 

reduction is around 10 % (DNV-GL 2015, 33.)   
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3.5 Economy of LNG 

Like for all fuels, the LNG value chain consists of several steps including raw material, refining 

and transport. LNG has some strongpoints and weaknesses in comparison to its rivals, making 

the ultimate choice harder than just looking at the values in table (3.2).  

 

The cost of the raw material or the natural gas, is lower than for oil products as can be seen 

from figure (3.2); currently the price is the lowest of all marine fuels for both the European 

market and the Henry Hub (HH, a major pipeline in Louisiana setting the price in North 

America (Investopedia 2019; Mokhtabad et al. 2014, 85.)). An added benefit is the relative 

historical stability of the price, even over a longer time period observable from figure (3.2).  

 

The drawbacks start when the liquefication stage is reached. The estimated added costs from 

each stage on different large-, medium- and small-scales is presented in figure (3.1). It is worth 

noting that the values in figure (3.1) represent a route from the U.S. to Asia, but they can well 

be used for this price estimation. Besides the liquefication itself being rather expensive, also 

the specialized transport containers add to the overall costs. 

 

 

Figure 3.1. Added costs of each step in the LNG production and logistics chain. Source: Wärtsilä 2016. 

 

From here it can be estimated that the average cost of LNG from well to bunkering would be 

around 10 USD/MMBtu for ships, estimating that most liquefication is done on the larger-scale 
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plants that benefit from the economy of scale. Liquefication costs for smaller scale plants can 

possibly be more than double the value in figure (3.1) (Songhurst 2018, 9.). This estimate can 

further be supported by figure (3.2) of the prices for marine fuels, where the gas price in Japan 

is essentially the price for larger scale LNG; most gas used in Japan is LNG (Institute for 

Sustainable Energy Policies 2019) due to its remote location and it is the world’s largest 

importer of LNG (Obayashi 2019). To ease comparison with prices in Europe, as a rule of 

thumb 10 USD/MMBtu ≈ 30 €/MWh.  

 

  

 
(a) 

 
(b) 

Figure 3.2. (a) Historical (1991-2019) and (b) recent (2014-2019) prices of selected gas and oil products in 

[USD/MMBtu]. Source: DNV GL 2019.  
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Some costs from transport and/or refining of HFO/LFO/MGO would add to the price of crude 

oil as well; for instance, tanker transport is estimated to add an almost negligible 1 $/barrel for 

every 4000 km transported (Canadian Fuels Association 2013, 11.) when the average crude oil 

price in figure (3.2b) is about 60-80 $/barrel. The crude oil price is by far the largest factor 

affecting fuel oil prices. The total fuel cost for LNG is fairly close to that of oil, and it has 

remained relatively stable over time in comparison. The costs, volumes and weights of fuel 

loads enough for an average day of operation for the operational profile defined for the case 

vessel in chapter (4) are presented in table (3.4) for LNG, MGO, and IFO380 (380 = type 

specification, maximum viscosity (ISO 8217-2017)). For LNG the price is calculated as an 

average of U.S. (HH) and EU prices in August of 2019 and estimating a 9 USD/MMBtu cost 

for liquefication and processing, and for others the price is the most recent price in figure (3.2b). 

Physical property values are as listed in table (3.2) – IFO is assumed to be halfway between 

LFO and HFO. 

 

Table 3.4. Weights, volumes, and costs for each fuel on an average day  

Values for an average day LNG MGO IFO380 

Bunkering weight [kg] 20 640 24 000 26 460 

Bunkering volume [m3] 45,9 25,5 26,7 

Bunkering cost [USD] 13 230 15 490 11 470 

 

As can be seen from table (3.4), the costs are lowest and the weight highest for IFO, whereas 

LNG achieves some savings in fuel weight with a well comparable price to MGO, however 

with a larger occupied volume. The fuel costs are likely to change at the beginning of 2020, 

when the new regulations take effect and demand for low-sulphur fuels is expected to rise. 

 

The competitivity of LNG seems to be on a relatively stable basis for multiple reasons. Firstly, 

the average cost of liquefication capacity has declined significantly over the last few years 

according to a study by Oxford Institute for Energy Studies; around 30-50 % or more between 

2014-2018 (Songhurst 2018, 1.). The final cost is however always heavily dependent on the 

individual circumstances such as location and liquefication capacity and the sum varies. 

Secondly, advances in technology and the rise in fuel oil prices over a longer period, have both 

revealed new NG resources and made their utilization economically feasible. For example, in 
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the United States where the change has been massive, meaning a production of 150 % in 2019 

compared to 2008 (Clemente 2019), both proven reserves and production of NG have increased 

as can be seen from figure (3.3). The same effect has occurred globally, as total global reserves 

have increased from 170 trillion m3 in 2008 to 197 trillion m3 in 2018 (BP 2019, 30.). Globally 

the largest proven reserves are currently located in Russia, Iran, Qatar, and Turkmenistan (Ibid, 

30.) With increased reserves and production, total costs are likely to decrease, supporting 

LNG’s competitivity. 

 

 
 

(a) (b) 
Figure 3.3. (a) Confirmed NG reserves and (b) NG production in the United States 1977-2018 in trillion cubic 

feet. Sources: (a) EIA 2018, 3. (b) Data from EIA 2019, 97. and EIA 2012, 181. 

 

Alongside direct costs, the increasingly restrictive emissions regulations impose a heavier 

burden on the competing fuels (HFO and other fuel oils) that contain sulphur and generate more 

CO2 when combusted. For example, HFO requires additional measures such as flue gas 

scrubbers to remove SOx and comply with international regulations, inflicting both capital 

expenses from acquisition and operational expenses.  

 

The specialized infrastructure necessary for the use of LNG has become increasingly common 

over the last decade or so as visualized in figure (3.4). This has further advanced the possibilities 

of LNG usage, and therefore its competitivity. This development appears to continue: for 

example the official EU strategy is to ensure the access to natural gas for all member states, 

including 23 member states with access to the global LNG-market (Council of the European 
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Union 2019, 6.). This implies added numbers of LNG-terminals and is extremely likely to 

simultaneously increase the possibilities of LNG-bunkering in ports.  

 

 

Figure 3.4. Visualization of operating, decided, and discussed LNG-bunkering stations globally. Adapted from: 

DNV-GL AFI Platform 2019.  
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4 CASE VESSEL 

As the purpose of this thesis is to provide insight of systems onboard a cruise vessel, it is only 

logical to use values of one as the basis for calculations – the best way to estimate fuel flows 

and the linked LNG regasification cold availability is to base it on existing and verified data 

from actual vessels. With the importance of energy efficiency increasing amid tightening 

regulation, there is an increasing number of energy efficiency studies for ships of all types. 

These studies are either model- or data-driven, based on the way the results were obtained. 

(Baldi et al. 2018, 2-3.) 

 

In model-driven studies, calculation models are generated based on small set of values that are 

either measured, found in literature, or given by equipment manufacturers. These values are 

then used with a large number of assumptions and estimations to generate likely values for other 

connected parameters. Data-driven studies are based on actual measurements conducted on 

existing vessels, and assumptions are made only to connect the measured values to each other. 

Both types have their advantages; a data-driven model provides a more detailed approach, while 

a model driven approach is more universal. (Ibid, 2-3.) 

 

As the scope of this thesis is quite narrow, a more detailed approach is justified. This is provided 

better by the data-driven model. This narrowness also generates a much smaller body of work 

of which to choose a study, as LNG has only recently emerged as a marine fuel and even more 

recently in cruise vessels. For context, the world’s first fully LNG-powered cruise vessel 

AIDANova was delivered as recently as December of 2018 (Ship Technology 2019). This is 

why arguably the best available solution is to choose an existing data-driven study of an actual 

vessel, that uses some fuel oil as its fuel.  

 

For these reasons, the work of (Baldi et al. 2018) is used in this thesis as the baseline for 

calculations. The data-driven study is based on vast amounts of collected data from onboard an 

oil-powered cruise vessel during actual operations, providing accurate performance values. The 

engines of the vessel are replaced with LNG-powered engines of a similar output. This way a 

reasonably accurate estimation of a scenario resembling an actual vessel can be obtained. In 

this chapter, this process is outlined, and an estimated average operational profile for fuel 

consumption is calculated. The demands for cooling power and fresh water that are necessary 



31 

 

 

 

for later calculations are also defined. For analysis on the impact the selection of this case vessel 

has on the calculation results, more can be found in chapter (11) of this thesis.  

 

4.1 Case vessel studied 

(Baldi et al. 2018) studied a cruise ship built in 2004 at Rauma Shipyard, Finland and operating 

in the Baltic Sea between Stockholm and Åland. The study details values for the ship, such as 

physical dimensions. These are presented in table (4.1). 

 

Table 4.1. Dimensions of the case ship. Source: Baldi et al. 2018, 4-6. 

Specification  Value  

Passenger capacity 1 800 

Speed [knots]/[km/h] 21 / 39 

Length [m] 176,9 

Width [m] 28,6 

 

The case vessel has four main engines that are four stroke diesel engines by Wärtsilä rated at 5 

850 kW each. The four auxiliary engines onboard for electrical power generation are rated at 2 

760 kW each. The engines are connected to the ship’s system as presented in figure (4.1). All 

auxiliary and two of the main engines have dedicated EGB’s. (Baldi et al. 2018, 4-6.) 

 

 

Figure 4.1. Principle system diagram of the case ship. Source: Baldi et al. 2018, 5. 
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The most relevant individual consumers of heat and power are also presented in figure (4.1) on 

the right-hand side, and their more detailed contribution to the total consumption is specified in 

figure (4.2). Some of these have installed capacities that are highly relevant for later 

calculations, so they are presented in table (4.2). 

 

Figure 4.2. Energy consumption on the case vessel, measured/calculated data from one year. Color scheme: Blue 

= electric power, green = mechanical power, red = HT heat, orange = LT heat. Source: Baldi et al. 2018, 17. 

 

Table 4.2. Installed components in the case vessel. Source: Baldi et al. 2018, 6. 

Unit Amount Power/capacity [kW]  Other 

Main engine  4 5 850 4 stroke 6-cylinder diesel by 

Wärtsilä, 500 rpm 

Auxiliary engine  4 2 760 4 stroke 6-cylinder diesel, 750 rpm 

EGB (ME) 2 800 1000 kg/h steam at 7 bar. Installed 

on ME2 and ME3 

EGB (AE) 4 640 800 kg/h steam at 7 bar. 

Sea water cooler 2 5 400 Max. flow 725 m3/h 

Auxiliary boiler 2 4 500  

HVAC Preheater 1 3 500  

HVAC Reheater 1 1 780  

HVAC Compressors 2 2 015  
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The study doesn’t specify the acquisition price for the ship, but it can be estimated based on the 

ship’s size and the current market situation. (Cruise Industry News 2019) keeps a detailed 

database on the cruise vessels on order. The average costs, gross tonnages (GT), and numbers 

of passengers are presented in table (4.3). Also the average width and length are presented for 

2019 and 2020; these are not presented further because starting 2021 most ships on order are 

still unnamed making the process of matching values with corresponding ships impossible.  

 

Table 4.3. Average values for cost, tonnage, and amounts of passengers for ships on order between 2019-2026. 

Data sources: Cruise Industry News 2019; DNV-GL Vessel Register 2019; CruiseMapper 2019. 

Year Avg. cost [million USD] Avg. GT Avg. no. of passengers Avg. 

length/width [m] 

2019 415,2 61 862 1769 210,7 / 29,2 

2020 464,9 65 432 1723 223,3 / 31,2 

2021 515,2 74 892 1770 - 

2022 558,2 85 577 2013 - 

2023 771,7 124 470 3158 - 

2024 831,3 134 563 3441 - 

2025 776,3 117 500 2758 - 

2026 716,7 109 833 2593 - 

TOTAL 631,2 96 766 2403 - 

 

The values presented in table (4.3) are not entirely representative of the market, since vessels 

near the bottom represent mostly the most expensive and large early confirmed orders; in 2019 

the orderbook holds 24 vessels ordered or delivered, whereas in 2026 the number is currently 

(August 2019) six. This data can be used to estimate the cost of the case vessel if it were to be 

built now. The values in table (4.3) line up well with all average values for 2019, so it can be 

estimated that this vessel would cost around 400 million USD.  

 

4.2 Modifications for LNG 

The ship’s engines used low-sulphur fuel oil at the time of the measurements (Baldi et al. 2018, 

6.), but for the purposes of this thesis they are replaced with engines capable of utilizing NG, 

more specifically dual fuel engines. These engines are capable of combusting both liquid and 
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gaseous fuels, depending on the chosen operational mode. When in gas-mode, the engine uses 

the Otto-cycle and the fuel is ignited with the help of a pilot fuel injection solution. When using 

liquid fuels, the engine operates on a standard diesel-cycle. (Babicz 2015, 107.) 

 

For propulsion four Wärtsilä 10V31DF-engines with a continuous rated output of 5 500 

kW/engine (Wärtsilä 2019a, 1-1.), and four auxiliary engines Wärtsilä 6L34DF with 2 880 

kW/engine (Wärtsilä 2019b, 1-1.) are selected based on their outputs’ resemblance to those of 

the original vessel. Some of their essential performance values are listed in table (4.4).  

 

Table 4.4. Operational data for chosen gas powered engines. Sources: Wärtsilä 2019a, (3-11)-(3-12) and Wärtsilä 

2019b, (3-3)-(3-4). (*data not given for 85 % load, approximation) 

Engine Wärtsilä 10V31DF (4 stroke 

10-cylinder dual fuel engine) 

Wärtsilä 6L34DF (4 stroke 

6-cylinder dual fuel engine) 

Speed [rpm] 750 750  

Function (amount onboard) Main engine (4) Auxiliary engine (4) 

Power output [kW] 5 500 2 880 

EG flow [kg/s] 7,6 3,8 

EG outlet temperature [°C] 350 375* 

Fuel gas consumption [kJ/kWh] 7 171 7 526 

 

The exhaust and fuel gas values in table (4.4) are for a 85 % engine load, that is often used for 

dimensioning of marine flue gas systems and exhaust gas boilers at Alfa Laval Aalborg Oy. All 

results and more detailed data used to generate the operational profile of the vessel is presented 

in appendix (2).   

 

The fuel consumption is given as the heat rate of the engine in [kJ/kWh], which can be 

converted into mass flow using equation (4.1).  

 

 𝜑𝐻𝑅 =
𝑄𝑖

𝑃𝑜
=

𝑞𝑚∗𝐿𝐻𝑉

𝑃𝑜
    (4.1) 

 

The heating value (LHV) of natural gas needed from the equation from table (3.2) is 50 MJ/kg. 

Solving the mass flow rate from the equation we obtain maximum flows at the rated power of 
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788,8 kg/h (0,22 kg/s) and 433,5 kg/h (0,12 kg/s) for each main and auxiliary engine, 

respectively. The fuel consumption in the engines changes almost linearly as a function of 

engine load, this can be seen for both engines in figure (4.3). The consumptions are set with an 

intercept to zero for both simplicity and uniformity; with a linear approximation alone the main 

engine’s consumption would have been negative at loads close to zero, whereas the auxiliary 

engines would have consumed 20 % of the maximum at a zero-load.  

 

 

Figure 4.3. Fuel consumption as a function of engine load percentage for the main (blue) and auxiliary engine 

types (red) in [kg/s]. Extrapolation from 0 to 0,5 with intercept set to 0. Data source:  Wärtsilä 2019a, (3-11)-(3-

12) and Wärtsilä 2019b, (3-3)-(3-4).  

 

4.3 Operational profile 

The study generated an operational profile for the vessel that was based on actual measurements 

of selected performance criteria. This profile can be extended to cover our modified vessel as 

well, since most of the measurements and results have more to do with engine output and 

onboard consumption, than the way the required power was generated. The main results and 

are shown in this chapter, and all data can be found in appendix (2).  

 

The study presented the profile as five different typical days of operation, with total power and 

heat demand defined separately in both a graphic form and a separate Excel-spreadsheet. The 

data was laid out on intervals of 15 minutes, meaning 96 datapoints for each variable. The 

durational curves and total estimated consumption over a one-year time period were also 

presented, alongside several other measurements less significant to this thesis. For the 
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calculations performed in this thesis, a single-day average operational profile was generated 

based on the demand figures. The results are shown in figure (4.4) for electrical power and heat 

in, and for mechanical power in figure (4.5). The term mechanical power is used 

interchangeably with propulsion, as the propellers are the only listed consumers of said power 

in figure (4.2). 

 

 

Figure 4.4. Demands of electric power (blue), and low (red) and high temperature heat (green) on an average day 

of operations in [kW]. 

 

Figure 4.5. Demand of mechanical power on an average day of operation in [kW]. 

0

500

1000

1500

2000

2500

0 6 12 18 24

P
o

w
er

 [k
W

]

Time [h]

Power (Electric) Heat (LT) Heat (HT)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 6 12 18 24

P
o

w
er

 [k
W

]

Time [h]



37 

 

 

 

From the demand data in figures (4.4) and (4.5) the calculation of the new engines can begin, 

but a few simplifications and assumptions need to be made first. The number and setup of the 

engines stays the same as it is in figure (4.1), and the measured loads of the engines are as 

presented in figure (4.6).  

 

  

(a) (b) 

Figure 4.6. Measured engine loads for (a) main and (b) auxiliary engines as number of observations from 35 040 

measurements. Source: Baldi et al. 2018, 14-15. 

 

Analyzing the data in figure (4.6) gives some insight into the operation. The main engines are 

all being operated fairly evenly, whereas the use of auxiliary engines varies more. This is due 

to the facts, that AE3 is mainly used in port with cleaner fuel, and AE4 was having technical 

difficulties at the time of the measurements (Baldi et al. 2018, 14.). From this figure it can be 

estimated that the engines would run at around 40 % load on average. From the known total 

number of observations, the total running time of each engine can be calculated.  

 

The mechanical power is generated by the main engines, that are connected as sets of two as 

pictured in figure (4.1); two engines per one driveshaft. It is assumed that each set is run 50 % 

of the time, and that each engine shares the load evenly. This means that two engines are running 

throughout the average day being calculated, with one individual engine producing half of the 

demand. This is a possible assumption, because on an average day the maximum propulsion 

(mechanical power) demand in figure (4.5) is under 8 000 kW while the maximum rated output 
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of two main engines would be 11 700 kW. With these assumptions, one main engine would 

operate at an average load of 36,2 %, adapting adequately well to the data in figure (4.6).  

 

Electrical power onboard is generated by the auxiliary engines, that are also run at around 30-

40 % loads on average. The following is assumed: the auxiliary engines are run as sets of two 

that share the overall load evenly, meaning two engines running throughout the average day 

being calculated, each engine meeting half of the demand. This gives the engines an average 

load of 33,6 % that is well in line with the peak in the collected data.  

 

As the engines are run, low (LT) and high temperature (HT) heat is collected from the engine 

cooling systems and used for heating demand. For both engine types, HT heat comes from 

engine jacket water cooling and charge air cooling’s HT stage, and LT from charge air cooling’s 

LT stage and lubricating oil cooling. The study presents values for each engine at certain loads 

(Baldi et al. 2018, 33.), and from these a correlation for heat generated as a function of engine 

load can be created. For the new replacement engines, only a value for a 100 % engine load is 

given (Wärtsilä 2019a, (3-11) and Wärtsilä 2019b, (3-3)) so the correlation of the old engines 

is adjusted to the maximum levels of the new engines to give an estimate of heat generation. 

Waste heat from engine cooling heat is utilized from only two main (ME1 and ME3) and two 

auxiliary engines (AE1 and AE3), as can be seen from appendix (1). It is assumed that of the 

two engines of each type being run simultaneously, one always includes heat recovery. From 

the generation the demands in figure (4.4) are deducted for a net waste heat profile presented 

in figure (4.7).  
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Figure 4.7. Net LT and HT heats on an average day of operation in [kW]. 

 

The LT heat generation is sufficient for the entire average day, while HT heat reaches almost a 

600-kW deficiency at times. This is due to HT heat being more available at higher engine loads 

that are less utilized, while LT heat is more uniformly available even at lower loads. The 

demand for LT heat also remains more constant than that of HT heat. Especially the HT heat 

curve mimics the mechanical power curve quite accurately, meaning that the main engines 

strongly contribute to HT heat generation.  

 

The key result obtained for the operational profile is the fuel consumption on an average day, 

also defining the amount of LNG being regasified. Using the data in figures (4.3), (4.4) and 

(4.5), the known rated powers of the engines, and the made assumptions, the fuel consumption 

for both engine types can be calculated, and therefore the total consumption as well. These are 

presented in figure (4.8), with their expected similarity to their respective engine types’ load 

profiles. With the known fuel mass flows and knowing that each interval lasts 15 minutes, the 

total amount of fuel used can be calculated. In total, the vessel would require 20 638 kg’s of 

LNG-fuel on an average day of operation.  
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Figure 4.8. Fuel consumptions of one main engine, one auxiliary engine, and total consumption with the made 

assumptions on an average day of operation in [kg/s].  

 

4.3.1 Cooling and refrigeration power demand 

The demand for cooling power was not explicitly separated from the overall electric demand 

with measurements but was defined with additional considerations in the source study. The 

cooling power can be further split into demands for refrigeration and HVAC-system (Heating, 

Ventilation and Air Conditioning). Electrical power for this and other purposes is generated 

with the ship’s auxiliary engines in the case of the case vessel. The installed capacity of the 

compressors is 2 x 2 015 kW, as listed in table (4.2).  

 

In figure (4.2), the electrical energy consumed by the HVAC-system was 0,8 % of total energy 

consumption. This value isn’t entirely representative of the HVAC load, as the case vessel 

operates in the Baltic Sea and has only periodic demand for the system. The load is separated 

from the total consumption using the measured overall demand pictured through the entire 

measurement period in figure (4.9). The HVAC-system was estimated to consume electrical 

power only during the consumption peak of electricity in July and August. 
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Figure 4.9. Total electric power demand (daily average) over the measurement period. Source: Baldi et al. 2018, 

34. 

 

Within this timeframe the electric power of the HVAC system is calculated as PHVAC = Ptotal – 

Pref = Ptotal – 0,5 * (Ptotal(t1) + Ptotal(t2)) (Ibid, 35.) which is interpreted to be the difference 

between the average consumption and the peak consumption during the defined time period. 

There is some room for interpretation, because t1 and t2 subscripts were not explicitly stated in 

the study. In figure (4.9), the total consumption is on average near 1 800 kW, and the highest 

peak reaches almost 2 400 kW. On average, the HVAC load during times of consumption is 

estimated to be about 350 kW. The refrigeration load is indistinguishable from the overall 

consumption and can only be roughly estimated. The (International Institute of Refrigeration 

2015, 6.) estimates that globally an average energy consumption of refrigeration power is 440 

kWh/year/capita. For the case vessel of 1 800 passengers this would amount to a total annual 

consumption 792 000 kWh, meaning an average power of about 90 kW.  

 

The HVAC and refrigeration demands are electrical energy, whereas the replacement available 

from the LNG regasification is thermal. The dependency between thermal and electrical powers 

in refrigeration systems is expressed by a coefficient of performance (COP) –value that is 

calculated from equation (4.2) (Hundy et al. 2016, 2-3.).   

 

𝐶𝑂𝑃 =
𝑄𝑐

𝑃
     (4.2) 
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COP-values for refrigeration cycles are typically in the range of 1,5…4 depending on the 

chosen refrigerant and the temperature and pressure ranges: (Hundy et al. 2016, 23-24) 

calculated the range between 2…4 for R134a and (Lucas & Koehler 2012, 1601.) measured 

1…2,8 for a CO2 -cycle. In this thesis, it is assumed that the installed refrigeration and HVAC 

compressors on the case vessel have a COP-value of 2, meaning that their produced cooling is 

double that of their electric power consumption. The same value is approximated for the LNG-

based cooling cycle, meaning that the achieved saving in electrical power is half of the cooling 

power from the LNG.  

 

 

4.3.2 Freshwater demand 

The demand for fresh water was not within the scope of the study used for the case vessel. This 

is why the demand needs to be estimated from sources elsewhere. (Carnival Corporation & PLC 

2018) announces that its average freshwater demand onboard company vessels was 225 liters 

per day per person. This demand was met with 79 % produced from seawater with desalination, 

and the remaining 21 % bunkered from ports. In context of the defined case vessel of 1 800 

people, this would amount to a maximum water demand of 405 000 liters per day. Besides the 

demand from the passengers, crew and other human consumption, water is needed for technical 

purposes, such as makeup fresh water for cooling circulations and boilers (Wilhelmsen 2019), 

which would add to that figure. In this thesis, it is estimated that the 405 000 kg/d is the demand 

for all fresh water.   
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5 CALCULATION OUTLINES 

Because LNG by itself has the property of not being reactive enough to combust, it has to be 

turned back into a gaseous state onboard the vessel with dedicated heat exchangers. The most 

common solution is to use the ambient conditions, such as seawater or air, as the heat source to 

regasify the LNG. As LNG is regasified, up to 800 kJ/kg of latent heat is bonded into the process 

(Franco & Casarosa 2014, 3.). Currently this potential is mostly being wasted, but a variety of 

processes could benefit from this high-quality heat sink. The obtainable cooling from the LNG 

is illustrated for some transport applications in figure (5.1) as a function of LNG mass flow at 

select pressures, with general scales of vehicle types highlighted.  

 

 

Figure 5.1. Cooling power available from LNG as a function of mass flow at select pressures. Source: Dorosz et 

al. 2018, 3. 

 

In this chapter, the calculation outlines such as universal equations, general methodology and 

assumptions for selected utilization options of LNG regasification cold on a scale of a cruise 

ship are presented. The technologies themselves are presented in the following chapters, with 

the definition of the system calculated, calculation results, and brief discussion on the results of 

that specific technology and possible competitors included. For broader analysis on factors 

impacting all technologies, turn to chapter (11). 
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The calculations are performed in Microsoft Excel with fluid properties retrieved from the 

CoolProp add-in available online. CoolProp is an open source thermophysical property library 

that uses Helmholz-energy-explicit equations of state to calculate a property at a defined state. 

(Bell et al. 2014.) To simplify the calculations, it is assumed that the fuel gas consists entirely 

of methane.  

 

The overall calculation methodology is to define a system around the LNG regasification 

process, that acts as the heat sink based on the calculated fuel mass flows. The system being 

calculated is first defined sufficiently, so it is possible to match the heat transfer demanded by 

the LNG/NG-system. This happens by setting some values as fixed and adjusting others around 

the defining components. When these components perform as desired, other components such 

as pumps and other heat exchangers can be calculated using the solved mass flows, 

temperatures and pressures.  

 

Some general assumptions apply throughout the calculations in this chapter: All pumps are 

considered ideal both mechanically and isentropically. Pressure losses in heat exchangers are 

1000 Pa per exchanger. The systems are assumed be in steady state -conditions with the changes 

in kinetic and potential energy being neglected. Heat and pressure losses from piping and other 

additional components are neglected. Expanders calculated are assumed to be mechanically 

ideal, and all potential losses from generators are excluded. Units of expression are [K] for 

temperature and [bar(a)] for pressure, unless otherwise stated.  

 

The first defined point is the storage of the LNG: Storage onboard happens in insulated tanks, 

that hold the LNG at near atmospheric pressure 1,05 bar and cryogenic temperature of 112 K 

(-161 °C). Then the LNG is pumped, regasified, and led to the gas valve unit (GVU) in a defined 

pressure and temperature, from where it is delivered to the consumers. Usually these values at 

the GVU inlet are about 2-5 bar and 0-30 °C, respectively, at Alfa Laval Aalborg Oy. In this 

thesis, these figures are set to 2 bar and 300 K (27 °C). Generation of BOG and its impact on 

the tank conditions is assumed negligible.  
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The power required or produced by all components within the considered systems are calculated 

to define the efficiency of the system as a whole. For pumps and turbines equations (5.1) and 

(5.2) are used to calculate power produced or consumed (Kadambi & Prasad 2015, 16.).  

 

𝑃𝑝 =
𝑞𝑣∗(𝑝𝑜−𝑝𝑖)

𝜂𝑝
     (5.1) 

 

𝑃𝑡 = 𝑞𝑚 ∗ (ℎ𝑖 − ℎ𝑜)    (5.2) 

 

The calculation of the outlet enthalpy needed for equation (5.2) is done with the isentropic 

efficiency of the turbines. This means that the outlet enthalpy is defined by fetching an entropy 

value si and finding the corresponding isentropic outlet enthalpy ho,s at the outlet pressure. The 

value of isentropic efficiency is then used to calculate the actual outlet enthalpy according to 

equation (5.3), that is rearranged from the definition of isentropic efficiency (Kadambi & Prasad 

2015, 16.).  

 

ℎ𝑜 = ℎ𝑖 − 𝜂𝑠,𝑡 ∗ (ℎ𝑖 − ℎ𝑜,𝑠)   (5.3) 

 

The outlet temperature necessary for further calculation of other components is then retrieved 

from CoolProp with the known outlet pressure and enthalpy. Because the fuel gas mass flow 

varies relatively widely in the course of an average day of operations, the systems need to 

function on partial loads a large percentage of the time. This is why an approximated partial 

load efficiency must be taken into account. The turbine is defined to perform best at the 

maximum possible mass flow, which is the maximum fuel gas mass flow for the direct 

expansion turbine, and the calculated maximum mass flow for the ORC expander. The 

maximum efficiency is 0,85 based on general modern turbomachine efficiency (Kadambi & 

Prasad 2015, 5.), and it is achieved at the maximum mass flow through the turbine being 

calculated. On partial loads, the efficiency of the expander changes according to figure (5.2). 

This figure is roughly based on an actual steam turbine used by Alfa Laval Aalborg Oy.  
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Figure 5.2. Partial load efficiency of the expanders used in this thesis as a function of load percent. 

 

The required capacity of the heat exchangers is calculated with equation (5.4), by matching the 

value for both fluids in the heat exchanger in question. 

 

𝑄 = 𝑞𝑚 ∗ 𝑐𝑝,𝑎𝑣𝑔 ∗ Δ𝑇    (5.4) 

 

These considerations are sufficient for the technical side of the analysis, but not for the 

economical side. The investments for the components are calculated with equations presented 

in table (5.1) found from case studies of direct expansion and ORC cycles utilizing 

regasification; the sources for these equations included the same basic equation but were cross-

referenced to confirm the use of units and subscripts.  

 

Table 5.1 Equations for calculating the capital cost investments (Z) of components in this thesis. Sources: Bao et 

al. 2017, 571; Mosaffa et al. 2016, 116. 

Component Capital cost equation 

Pump 1120 ∗ 𝑃𝑝
0,8

 

Evaporator, condenser 1397 ∗ 𝐴𝐻𝑋
0,89

 

Other heat exchanger 2143 ∗ 𝐴𝐻𝑋
0,514

 

ORC Expander 4405 ∗ 𝑃𝑡
0,89

 

Natural gas expander 479,34 (
𝑞𝑚

0,93 − 𝜂𝑡
) ∗ ln (

𝑝𝑖

𝑝𝑜
) ∗ (1 − exp(0,036𝑇𝑖 − 54,4)) 
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Units to be placed into the equations are [kW] for power, [m2] for area, [kg/s] for mass flow 

and [K] for temperature. For pumps, the power values calculated while the system is in normal 

operation are used, and the pressure increase from shutdown to operational pressure is estimated 

to be possible with the same pump. The equations for heat exchangers require the total heat 

transfer surface area AHX. This can be calculated with equation (5.5) (Incropera et al. 2003, 

714.) when the power of the heat exchanger is known from equation (5.4). The largest value 

obtained from the calculations is used to roughly dimension the exchanger surfaces in each 

case. The logarithmic mean temperature difference required for the area calculation can in turn 

be calculated from equation (5.6) (Ibid, 714.) using the temperatures set or calculated for the 

process.  

 

𝐴 =
𝑄

𝑈∗Δ𝑇𝑙𝑚
     (5.5) 

 

 

Δ𝑇𝑙𝑚 =
Δ𝑇2−Δ𝑇1

ln(
𝛥𝑇2
𝛥𝑇1

)
    (5.6) 

 

It is assumed that all heat exchangers in this thesis are counterflow-type, meaning that the 

temperature differences above are defined as ΔT1=Th,i-Tc,o and ΔT2=Th,o-Tc,i, (Ibid, 714.). For 

temperatures not directly included in the calculations, such as heat sources, appropriate 

temperatures are estimated case-by-case based on the existing temperature values. This is done 

while keeping in mind that the type definition now makes it possible that Tc,o > Th,o (Ibid, 714.). 

The overall heat transfer coefficient U depends on the fluids on each side and calculating them 

accurately is difficult – the largest reasons for this being the difficulty in modeling two-phase 

flows strongly associated with this thesis, and that accurate calculations would require more 

precise dimensioning of heat exchangers. For the purposes of this thesis, it is estimated to be 

sufficient to estimate the values from table (5.2). These can be compared to other values found 

in literature, such as (Shuangqing et al. 2016) focusing entirely on the thermal performance of 

cryogenic IFV-type heat exchangers, but for this thesis it is assumed best to use values from the 

same studies used for the investment equations. Some values are assigned to components not 

included in the source studies but based on consideration on the temperatures and fluids 

associated, these are approximated to be close to general values (Incropera et al. 2003, 710.). 
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Table 5.2. Values of overall heat transfer coefficients for heat exchanger types in this thesis. Sources: Bao et al 

2017, 572; Mosaffa et al. 2016, 116. 

Heat exchanger type U [W/(m2K)] 

NG heat exchangers 200 

LNG/ORC/Cooling Evaporators 850 

Freeze desalination freezing unit 250 

 

When the investment costs are calculated, the payback period can be calculated from equation 

(5.7) to estimate the economic performance of the system. The savings are calculated mainly 

as saved fuel through reduced consumption of electric power and are discussed individually 

with each technology. The vessel is estimated to have 300 operational days per year in these 

calculations.  

 

𝑡𝑃𝐵 =
𝑍

𝑆
     (5.7) 

 

When the payback period is being calculated, the prices for piping, valves, and other similar 

components are roughly estimated based on system pressure level and complexity. This is 

possible to only roughly estimate for this amount of more detailed design, as valve costs per 

valve in (GF Piping Systems 2019a) vary widely from tens of dollars to more than 20 000 USD 

depending on valve type, pressure level and mechanisms used. The same principle of large 

variations applies for piping costs, as can be seen from (GF Piping Systems 2019b). This is why 

only a very rough estimation can be done. Costs affiliated with design, installation or 

maintenance are excluded from considerations.  
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6 COOLING 

Onboard cruise ships the need for cooling is apparent for several reasons; for example 

passengers require cooling for comfort reasons and the food onboard must be stored in colder 

temperatures. (Hafner et al. 2018, 7.) The demand for cooling and refrigeration for the case 

vessel were defined in chapter (4.3.1), and the supply was generated with large compressors 

running refrigeration cycles, taking up space, adding mass, and generating additional waste heat 

to be disposed of. The compressors installed on the case vessel are 2 x 2 015 kW, as can be seen 

from table (4.2). The periodical HVAC consumption of the case vessel is estimated to be present 

throughout the average day being calculated when analyzing the results. 

 

The cooling that is generated by the compressors in refrigeration cycles could be replaced or 

supplemented by the phase change of the LNG, reducing the electric power demand. In this 

chapter, a system utilizing the regasification of LNG for cooling on a cruise ship is defined, 

calculated and the results are briefly discussed. Further and broader analysis is the provided in 

chapter (11). 

 

6.1 System definition  

In order to calculate the advantages for the operational profile, the system must first be defined 

to a specified performance point. This definition includes the selection of coolant, pressure 

level, and some temperatures in the cooling circuit. These factors also simultaneously define 

the layout of the system.  

 

The regasification process onboard functions on a relatively wide temperature range of 

112…300 K. With the cooling demand onboard having multiple temperature ranges, ranging 

from an estimated freezer temperature of ~255 K (-20 °C) to an estimated HVAC demand at 

290…300 K. This would allow the regasification stage to be split into different sections 

corresponding with individual demands. This has been the concept at least for the Finnish cruise 

company Viking Line: their new vessel Viking Gloria has a system for catering services and 

technical space cooling with a temperature range of -10…-2 °C while the slightly older Viking 

Grace has a HVAC utilization installed. A combination of both was considered for Viking 

Grace yet rejected due to its complexity (Granberg 2019). However, to simplify the 
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calculations, only a solution with a single heat exchanger is calculated in this thesis and 

therefore the total cooling potential from the fuel gas solved.  

 

(Messineo & Panno 2011) conducted a case study on a district cooling system based around a 

LNG regasification plant, and CO2 at a pressure of 40 bar was their choice of refrigerant. Their 

reasoning can be used for this thesis’ choice as well: CO2 is a non-flammable, non-toxic, and 

comparably inexpensive fluid that performs thermophysically well in conditions associated 

with LNG regasification. It also has better fluid mechanical properties when comparing to other 

viable candidates such as R134a or R404a. The final selection is made between CO2 and a range 

of hydrocarbons, the latter category eventually being eliminated because of their flammability. 

(Messineo & Panno 2011, 358-360.) Based on these considerations, CO2 is chosen to be the 

fluid for the cooling cycle calculated in this thesis. When a cold-recovery system for the Viking 

Glory was being designed, CO2 as also found to be among the best coolant solutions for a 

similar system (Granberg 2019).  

 

The pressure level of the cycle can be set to a value where the phase change temperature 

corresponds well with the actual demand, partially solving the usability problem of the cold 

temperature range in the regasification. At a pressure of 40 bar, the evaporation temperature of 

carbon dioxide is 278,4 K (5 °C), that would enable the use of water as the fluid being cooled 

in the user-end without an unproportional risk of freezing, and simultaneously making it 

inherently safe. 

 

By setting the temperature difference over the cooling evaporator to an appropriate range, the 

usability of the cold also becomes higher. Temperatures before (point b in figure (6.1)) and after 

(point c) the evaporator are set to temperatures of 255 K and 290 K, respectively. This 

corresponds well with the estimated needs of refrigeration and air conditioning onboard the 

vessel. This also adds the need of a NG-heater post-evaporation, as the hot fluid (coolant) can’t 

meet the 300 K demand for the natural gas. The fuel gas temperature before this heater (point 

2) is set to be 280 K. This also completes the system definition, the end-result being the system 

in figure (6.1). The calculation itself happens so, that the heat transferred in LNG regasification 

is matched with the coolant circulation by adjusting the mass flow to match the set parameters.  
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Figure 6.1. Diagram of the defined cooling circuit utilizing LNG cold energy.  

 

 

6.2 Results for the defined operational profile 

The results obtained from the calculations for the operational profile defined in chapter (4) are 

presented graphically in figures (6.2) and (6.3) for all datapoints, and in table (6.1) for a single 

fuel gas mass flow value to demonstrate the conditions in the cycle.  
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Figure 6.2. Results for the cooling systems’ consumers/coolant evaporator, LNG evaporator/coolant condenser, 

saving in electric power with a COP of 2, and the NG heater on an average day of operations. 

 

 

Figure 6.3. Results for the cooling system’s coolant circulation and LNG pumps and the coolant mass flow on an 

average day of operations. 
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Table 6.1. Results for the defined system at one mass flow value 

Component Variable Value  Point T [K] p [bar] 

LNG system qm  0,26 kg/s LNG SIDE 

LNG pump P 0,07 kW 1. 112  2,01 

LNG Evaporator/ 

cooling condenser 

Q 235,5 kW 2. 300 2 

Cooling system qm 0,91 kg/s COOLING SIDE 

Cooling pump P 0 kW a. 265 39,99 

Cooling evaporator Q 283,8 kW b. 265 40,01 

NG heater Q 11,6 kW c. 290 40 

 

The investment costs for each component in the system are calculated to table (6.2) alongside 

the calculated defining parameters for the highest fuel mass flow rate. 

 

Table 6.2. Important factors and investment costs of the cooling system utilizing LNG regasification. 

Component P/Q [kW] AHX [m
2] Z [USD] 

LNG pump 0,1 - 200 

LNG evaporator 283,6 6,4 7 300 

NG heater 14,6 5,1 4 900 

Cooling pump 0 - ~0 

Cooling evaporator 343,3 13,8 14 400 

 TOTAL 26 800 

 

In addition to the listed components the costs of piping and valves are estimated to be 30 000 

USD due to the relatively high pressure levels. This would make the total investment cost of 

the system to just below 57 000 USD.  

 

Savings achieved through a LNG-cooling system would mainly be reached due to reduced fuel 

consumption with increased refrigeration and HVAC compressor downtime. This can be 

calculated by making some simplifying assumptions: The changes in AE fuel consumption 

don’t affect the total fuel mass flow, and therefore the availability of cooling from the LNG 

regasification system. The cooling power provided by the regasification process is converted 
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into the saved electric power with the estimated COP-value. This power is then deducted from 

the AE load, a new fuel flow is based on the new reduced load, a new total fuel consumption is 

calculated. From there a new total fuel cost for an average day of operation is calculated. As a 

result, the total fuel consumption is reduced by 476 kg and 294 USD throughout an average day 

of operations. The annual saving would therefore reach 143 tons and 88 100 USD of fuel, 

setting the payback time from equation (5.7) to 0,65 years (≈8 months).  

 

6.3 Discussion 

The lowest figure of cooling power for consumers from figure (6.2) is about 100 kW. This 

would mean that assuming the loads discussed the LNG-cold would always be capable of 

meeting the demand for refrigeration. In addition, during times of higher fuel consumption the 

cold could partake in HVAC reducing the need for installed compressor capacity and reducing 

overall fuel consumption. The low payback period makes the investment in this specific system 

an attractive alternative.  

 

The use of LNG regasification latent heat in cooling systems is an emerging solution. The ferry 

Viking Grace built in 2012 has a system utilizing the cold for HVAC (Babicz 2015, 409.), and 

the Viking Glory has a system utilizing it for cold rooms and refrigeration. The system on Glory 

visualized in figure (6.4) is planned to reduce fuel consumption by 55 tons per year. (Granberg 

2019) The system defined in this chapter resulted in fuel savings of about 143 tons from the 

total utilization of the LNG regasification. In reality, the lower value would be likely to be more 

correct. The reference study of (Messineo & Panno 2011, 362.) found that a district cooling 

system would have a payback period of 1,7…5,9 years with varying costs of cooling power 

generation (1…3 cents(€)/kWh).  

 

An added benefit of switching to a LNG-based cooling system would be the elimination of 

refrigerants – most current refrigerants have high GWP-values, and in the rough maritime 

environment their leakage has a relatively significant total effect. It is estimated that the 

refrigerant leakage from global shipping amounts to 15 million CO2 equivalent tons, or 2 % of 

the industry’s total GHG emissions. (Hafner et al. 2018, 7.) 
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Figure 6.4. The LNG regasification cold utilization systems planned for Viking Gloria. LNGPac is a fuel gas 

supply unit brand for Wärtsilä. Source: Granberg 2019. 

 

One possible competitor for LNG cold recovery is absorption cooling. This technology acts 

similarly to other refrigeration methods but uses an external heat source instead of compressors 

to generate cooling. The simplified working principle is the utilization of different boiling 

points for pure fluids and mixtures. When pure water is boiled, and the resulting vapor is led 

into a storage with a mixture of water and lithium bromide (or generally a salt), the solution 

absorbs the water vapor and receives its latent heat. The solution therefore heats up until its 

boiling point is reached. Then this thermodynamic equilibrium is broken to continue the cycle. 

(Salmi et al. 2017, 503-504.) A system with a water-lithium bromide -circulation and exhaust 

gases and jacket cooling water as heat sources, was found to meet 70 % (204 MWh), of the 

cooling demand on a bulk carrier, with 46,8 tons of fuel savings annually through increased 

refrigeration compressor downtime. (Ibid, 516-517.) Similarly to LNG cold, absorption cooling 

has the highest availability when the engines are being operated, since heat from the exhaust 

gases or engine waste heat could be used as the heat source for the process. This specific study 

is not directly comparable to the cruise ship application put it demonstrates the potential of the 

system. Some more analysis on the cooling system is presented in chapter (11).   
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7 POWER GENERATION – RANKINE CYCLE 

The cold energy could also be used to generate additional power for consumption by using the 

regasification stage of LNG as a heat sink at the condenser. Theoretically a significantly high 

thermal efficiency could be achieved with the temperature range available: with the LNG as a 

heat sink at -162 °C and the exhaust gases as a heat source at near 400 °C (Wärtsilä 2019a, (3-

11)-(3-12) and Wärtsilä 2019b, (3-3)-(3-4).) would result in a theoretical maximum Carnot-

efficiency (ηCarnot = 1 – Tc / Th (Hundy et al. 2016, 2.)) of 83,5 %. Unfortunately, this efficiency 

is only theoretical to begin with, and for example the limitations caused by the unfamiliarity 

with cryogenic temperatures regarding, for example, materials only limit the possibilities 

further. In this chapter, one possible power generation system, a Rankine cycle utilizing the 

regasification of LNG, is defined and calculated on a scale of a cruise ship, and the results 

briefly analyzed. Further and broader analysis is the provided in chapter (11). 

 

7.1 System definition 

A basic Rankine cycle consists of four main components: an evaporator, a turbine, a condenser, 

and a pump. (Kanbur et al. 2017, 1178.) Generally modern-day power cycles are steam Rankine 

cycles, where a heat source is used to evaporate water and the steam is led into a turbine. The 

steam then expands, rotating the turbine and the connected generator to generate electricity. 

The excess heat is then removed from the steam in a condenser, turning the remaining steam 

back into water for a new cycle. These cycles are always in the temperature ranges that 

correspond well with the thermophysical properties of water (freezing point 0 °C, boiling point 

100 °C in atmospheric pressure). 

 

With the low temperatures associated with LNG, a water cycle is out of the question; as the 

minimum temperature in the cycle drops far below 0 °C (273 K), the problem of working fluid 

freezing emerges. The same Rankine cycle -principle can however be applied with entirely 

different working fluid of different properties. The principle layout of the system stays the same 

in and is presented in figure (7.1). Because some organic fluids, especially some hydrocarbons 

adjust to the evaporation curve of LNG/NG well, they can also be used as working fluids for 

this cycle in an Organic Rankine Cycle (ORC). However, due to the restrictions of the marine 

environment, chemically safer fluids are seen to be more suitable for this application, ruling out 

some viable candidates. A study by (Dorosz et al. 2018) on LNG regasification utilization for 
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transportation presented several possible selections for the ORC working fluid. These fluids 

alongside some of their essential properties are presented in table (7.1).  

 

 

Figure 7.1. Diagram of an ORC-system utilizing LNG cold 

 

Table 7.1. Possible working fluids for an ORC process utilizing LNG regasification and their properties. Source: 

Dorosz et al. 2018, 9. 

Fluid T (boiling) [K] T (solidification) [K] pcritical 

[bar] 

Tcritical 

[K] 

GWP 

Methane (CH4) 111,6 90,6 46 190,6 25 

Ethane (C2H6) 184,6 101 49 305,3 5,5 

Ethylene (C2H4) 169,5 104 50,6 282,5 3,7 

R23 (CF3H) 191,1 118 48,2 299,3 14 800 

R14 (CF4) 145,3 89,5 37,5 277,5 7390 
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The most important factor for the selection of a working fluid is a freezing point as low as 

possible to avoid solidification during the cycle. Another important factor is the boiling point; 

a lower boiling point allows an expansion to a lower temperature and pressure, improving the 

output. (Dorosz et al. 2018, 9.) All fluids in table (7.1) fulfil these requirements, but to narrow 

down the calculations we will select R23 and R14 as the working fluids for further analysis, 

due to the hazards affiliated with methane and other hydrocarbons. The fluids have high GWP-

values but are accepted for use in low temperature applications (Ibid, 9.).  

 

The further selection of the working fluid can be done by analyzing their thermophysical 

properties and performance at given conditions. The main output parameter of the system power 

generated. Equation (5.2) states, that the output of a turbine depends on the enthalpy change 

and the mass flow. The mass flow is defined at the LNG evaporator/ORC condenser, where the 

phase change of the working fluid from post-expander gas to pre-evaporator liquid takes place. 

The energy required for this phase change is therefore crucial. The latent heat of 

evaporation/condensation for both fluids is presented in figure (7.2). 

 

Figure 7.2. Latent heat of evaporation for R14 and R23 as a function of pressure. Data from CoolProp 

 

The energy requirement for R23 is significantly higher than it is for R14 for all pressures below 

the critical point, the lower pressures being the most likely ones used for the condenser. This 

means also that a smaller mass flow of R23 is necessary to meet the heat transfer demand in the 

ORC condenser. This implies a lower power output at the turbine. The other factor, change in 
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enthalpy, is analyzed next. For this analysis the log(p), h -charts made with data from CoolProp 

are presented in figure (7.3). 

 

 

 
(a) 

 
(b) 

Figure 7.3. log(p), h - charts of (a) R14 and (b) R23 at select temperatures. Data from CoolProp 
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enthalpy implicate toward a smaller power production, which is the most important output of 

the ORC-system. Combining both of these factors, it is relatively safe to say that R14 is a better 

working fluid for a power generation process than R23, and therefore R14 is selected for the 

further calculations in this section. 

 

Before proceeding to calculating the system further, a few key definitions must be made: It is 

assumed that the expander in the ORC-cycle follows the partial load efficiency curve in figure 

(5.2), with the same design point efficiency (0,85 efficiency at a 100 % mass flow). The 

temperature after the ORC condenser is set so that the fluid is subcooled liquid by about five 

degrees at the outlet.  

 

In calculations, the methodology is to match the ORC-cycle with the requirements of the LNG 

evaporator. This happens essentially by adjusting the mass flow of the process according to the 

set pressure levels and other assumptions made until heat transfer between the LNG- and ORC-

cycles are equal, and then calculating the corresponding values for necessary parameters. Due 

to the relative complexity of the entire system, it is best done with example calculations with 

some parameters set and others adjusted. System performance is measured and demonstrated 

with three parameters: Net power (Pnet = Pt - Pp, LNG - Pp,ORC), mass flow in the ORC-system (qm, 

ORC), and cycle efficiency (η = Pnet / Qeva, ORC). First, the optimal turbine inlet pressure is 

pinpointed. The temperature at the inlet is arbitrarily set to 380 K for this phase of the 

calculations, and the expander outlet pressure is the same 2 bar as the fuel gas pressure. The 

results for these calculations are presented in figure (7.4) for pressures 30…230 bar. 

 

The best performance point of the system is found at supercritical 200 bar, after which the 

values start to slightly decrease. It is noteworthy that the partial load efficiency of the system is 

much lower with higher pressure levels, as the power consumed by the ORC pump becomes 

more and more significant. This can possibly have an impact on the overall performance of the 

system with the defined operational profile that spends a significant amount of time at partial 

loads. The inlet pressure is set to 200 bar for the remaining calculations. Next, the effect of the 

outlet pressure in the range of 3…0,25 bar is calculated to figure (7.5) with the inlet conditions 

of 200 bar and 380 K. The temperature of the liquid exiting the ORC condenser was adjusted 

to keep it subcooled by five degrees.  



61 

 

 

 

 
 

  
(a) 

 
(b) 

 
(c) 

Figure 7.4. (a) Net power, (b) ORC mass flow, and (c) overall efficiency for expander inlet temperature 380 K 

and outlet pressure 2 bar at varying expander inlet pressures.  
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(a) 

 
(b) 

 
(c) 

Figure 7.5. (a) Net power, (b) ORC mass flow, and (c) overall efficiency for expander inlet temperature 380 K 

and pressure 200 bar at varying expander outlet pressures. 
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These results make it clear that the best performance point for the system can be found at the 

lowest outlet pressure, when system net power and efficiency are the highest. This is why the 

optimal outlet pressure of 0,25 bar is selected for the calculations of this thesis, while the inlet 

pressure can be set to the optimal 200 bar. This also sets the condenser outlet temperature for 

the fluid to 123 K, which is subcooled by five degrees.  

 

With the pressure levels set, it is time to select the inlet temperature used for the calculations. 

A few factors must be kept in mind with this selection. Firstly, it should be high enough to 

maintain a gaseous state throughout the expansion to avoid droplets in the turbine from 

undesired condensation; This is both because of the associated problems such as erosion and 

deterioration that would arise in reality (Kadambi & Prasad 2015, 6.), and the difficulty of 

accurately calculating two-phase flow properties. Secondly, the temperature affects the balance 

between the powers of the ORC evaporator and condenser. The higher the inlet temperature, 

the higher the outlet temperature. And when keeping the condenser outlet conditions subcooled, 

this increases the temperature difference over the condenser, meaning that a lower mass flow 

rate can satisfy the demand for heat transfer by LNG the regasification process. This in turn 

reduces the power generated, but simultaneously the power required from the heat source 

decreases. The best way to see the overall impact on the process is to calculate it with a range 

of temperatures, as presented in figure (7.6). The maximum temperature is set to 620 K, as the 

maximum waste heat stream temperature available at normal loads is 375 °C (648 K) from the 

engine exhaust gases (table (4.4)), meaning that utilizing available resources demands a 

temperature lower than that.  

 

The system reaches its best performance values of net power and efficiency at the maximum 

temperature of 620 K, though the improvements are small after 580 K. It is noteworthy that the 

required mass flow in the system decreases by nearly half when the inlet temperature is 

increased by 240 degrees from 380 to 620 K. The parameters set for the calculation of the 

operational profile are expander inlet temperature 620 K and pressure 200 bar, expander outlet 

pressure 0,25 bar. 
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(a) 

 
(b) 

 
(c) 

Figure 7.6. (a) Net power, (b) ORC mass flow, and (c) overall efficiency for inlet pressure 200 bar and outlet 

pressure 0,25 bar at varying expander inlet temperatures 
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7.2 Results for the defined operational profile 

Here the results obtained from the calculation for the operational profile defined in chapter (4) 

are presented graphically in figures (7.7) and (7.8) for all datapoints, and in table (7.2) for a 

single fuel gas mass flow value to demonstrate the conditions in the cycle.  

 

Figure 7.7. Results for the ORC system’s net power, ORC expander output, ORC pump power, ORC evaporator 

and ORC condenser on an average day of operations 

 

 

Figure 7.8. Results for the ORC system’s expander outlet temperature, nominal production, efficiency and ORC 

system mass flow on an average day of operations 
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Table 7.2. Calculation results values for a single mass flow value for the ORC system 

Component Variable Value  Point T [K] p [bar] 

LNG system qm  0,26 kg/s LNG SIDE 

LNG pump P 0,1 kW 1. 112 2,01 

LNG evaporator/ 

ORC condenser 

Q 235,4 kW 2. 300 2 

ORC system qm 0,67 kg/s ORC SIDE 

 η 0,29 a. 123 0,24 

ORC Pump P 9,6 kW b. 123 200,01 

ORC Evaporator Q 332,9 kW c. 620 200 

ORC Expander P 104,8 kW d. 436 0,25 

 ηt 0,57  

 

The highest values from the calculation that are used for the investment equation are presented 

in table (7.3), alongside the resulting investment costs. The heat source temperatures from the 

exhaust gases are the maximum 650 K at the inlet, and 500 K at the outlet. The temperatures of 

the ORC-system at the LNG evaporator at the maximum fuel gas flow are 123 K and 340,7 K 

at the in- (point d in figure (7.1)) and outlets (point a), respectively. 

 

Table 7.3. Important factors and investment costs of the ORC system utilizing LNG regasification. 

Component P/Q [kW] AHX [m
2] Z [USD] 

LNG pump 0,1 - 200 

LNG evaporator 252,9 13,1 13 800 

ORC pump 11,4 - 7 900 

ORC evaporator 398,6 3,4 4 200 

ORC expander 152,7 - 386 900 

 TOTAL 413 000 

 

On top of the individual components it is estimated that the cost of piping and valves is near 

90 000 USD due to the high pressure level of the system. It is estimated that the total investment 

cost of the system is 500 000 USD. The savings from the ORC-system are reached from reduced 

fuel consumption as the demand for auxiliary engine electric power decreases. This is calculated 



67 

 

 

 

similarly to the cooling system with the same assumptions: The changes in AE fuel 

consumption don’t affect the total fuel mass flow, and therefore the availability of the LNG 

regasification heat sink for the ORC-process. The power generated is deducted from the AE 

load, and a new fuel flow is calculated based on the new reduced load. From there a new total 

fuel consumption and cost for an average day of operation is calculated. For the ORC-system 

the reduction in fuel consumption on an average day is 347 kg in weight and 223 in USD. These 

figures add up to an annual saving of 104 tons and 66 800 USD in fuel, which in turn results in 

a payback period of 7,5 years for the system.  

 

7.3 Discussion 

The defined system has an average output of 91 kW, which is only 3,3 % of the installed 

capacity of one auxiliary engine and corresponds to 5 % of the average demand. This means 

that the ORC-system wouldn’t be capable of replacing the auxiliary engines to a larger extent 

and would only be a supportive measure by reducing fuel consumption. A benefit of the system 

when installed with a direct propulsion system like in the case vessel, would be the reduced 

need to run the auxiliary engines at sea, when the fuel flow of the main engines could be used 

to generate power with the described system. The payback period for the system is relatively 

long, mainly from the high investment cost estimate of the ORC-expander.  

 

The system was defined to use the exhaust gases as it’s heat source due to the selected expander 

inlet temperature. This is technically possible on the case ship as two of the ME’s don’t have 

dedicated EGB’s installed. The validity of the temperature assumptions used can be tested by 

calculating the heat transfer from the exhaust gases available at defined conditions using 

equation (5.4). The mass flow of the flue gases is estimated to be 7,6 kg/s from table (4.4) (value 

for one ME), and the cp is calculated using Alfa Laval Aalborg’s correlations, resulting in 1,15 

kJ/(kgK) for the average exhaust gas conditions. Placing the values, the obtained result is 1 300 

kW available from the exhaust gases, which is sufficient for the ORC evaporator demand. This 

also means that the real outlet temperature would be higher than the estimated 500 K. With 

these temperature ranges, a system where the exhaust gases are used as a heat source for both 

an ORC process and an EGB is viable, especially as on partial loads the outlet temperature of 

the exhaust gases is higher with decreased ORC-system demand.  
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The choice of working fluid could also be scrutinized in a real system. R14 has a high GWP-

value, which could limit its adaptability to this environment slightly as the risk of leaks exists. 

The fluid however performs thermally well within the considerations of this thesis, and the final 

selection is always done based on stakeholder preferences.   

 

A few key details are worth noting. When the system was being defined, the effects of inlet 

pressure on partial load efficiency, and inlet temperature on mass flow, were mentioned as 

noteworthy. Because the selections were made based on best net power values, the changes in 

figures (7.7) and (7.8) are steep as the mass flow varies. This is because the turbine efficiency 

was set as a function of mass flow: as the maximum mass flow in the system was set relatively 

low with the temperature selection, smaller changes in the fuel gas mass flow also affect the 

ORC mass more in [%], and the change in turbine efficiency is more significant. When the inlet 

pressure of the turbine was set, it also meant that the partial load efficiency of the system as a 

whole was lower. Because the system is run on partial loads a large percentage of the time, 

these factors have an increased importance on the calculations and different selections could 

have yielded more favorable results. The selection also causes the system to generate no power 

at the lowest fuel gas mass flows. 

 

A solution with an ORC system alone is not generally considered a viable option, but rather it 

is paired with other systems such as a direct expansion system discussed in the next chapter. 

This makes finding a reference point for a “ORC only” solution quite difficult. On a smaller 

scale in transportation, an ORC-cycle was found to have an efficiency of 20,4 % and a nominal 

energy production of 214 kJ/kgLNG, with the turbine inlet parameters set to 283 K and 79 bar 

with methane as the working fluid. (Dorosz et al. 2018, 10-11.; 15.). In the same study a 

combined cycle of an ORC and a direct expansion process was found to perform at a 36,2 % 

efficiency, producing 380 kJ/kgLNG. (Qiang et al. 2004, 542-547) studied a combined cycle with 

propane as the working fluid in the secondary cycle. They found a total efficiency near 40 % 

for a 1,8 MPa turbine inlet pressure, and a low-grade (max 90 °C) heat source defining the 

turbine inlet to about 80 °C. Many more studies on especially combined cycles have been 

conducted with varying conditions, as listed in (Kanbur et al. 2017, 1179-1180.). More analysis 

on the ORC power generation system and other systems can be found in chapter (11), including 

the effects of the investment equations and chosen single-stage expansion.   
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8 POWER GENERATION – DIRECT EXPANSION 

The direct expansion of LNG is another utilize the potential of the regasification process for 

power generation. The LNG is pumped into a higher pressure than is required by the consumers 

and evaporated in a heat exchanger. This pressurized gas is then led into an expander, that 

generates power similarly to a steam turbine in a conventional power plant. (Kanbur et al. 2017, 

1177-1178.) In this chapter a direct expansion system is defined, calculated, and discussed. 

Broader analysis is presented in chapter (11).  

 

8.1 System definition 

After the LNG is pumped to a specified pressure, gasified, warmed to a specified temperature 

and led to the expander, it expands to the outlet pressure, which is the same as the demand 

pressure. The temperature also decreases during the expansion, adding a need for a heat 

exchanger after the turbine to ensure the final supply temperature is acceptable. This heat 

exchanger functions as a heater or a cooler depending on other process parameters. A schematic 

drawing of the system is presented in figure (8.1).  

 

 

Figure 8.1. Diagram of a LNG direct expansion system 

 

First, the optimal pressure level for the expansion defined by the net power of the system; Pnet 

= Pt - Pp. The pump consumes and the turbine produces more power as the pressure difference 

increases, as can be seen directly from equation (5.1) for pumps, and from equations (5.2) and 

(5.3) for turbines. The partial load efficiency of the turbine follows the curve presented in figure 

(5.2). 
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At this stage, a expander inlet temperature of 320 K is assumed based on case-studies from 

regasification sites utilizing direct expansion, and other types of studies (Ersoy & Dermipolat 

2009, 14.; Dorosz et al. 2018, 4.; Hisazumi et al. 1998, 180.). To find the optimal pressure level 

for a chosen temperature, it is best to perform some calculations of the complete system. In 

figure (8.2), the net power and nominal energy production from the direct expansion process 

are presented as functions of mass flow at pressures 30…80 bar with the set temperature.  

 

 

 
(a) 

 
(b) 

Figure 8.2. (a) Net power from the direct expansion system in [kW] and (b) Nominal power production from the 

direct expansion process in [kJ/kgLNG] at varying pressures as function of mass flow; inlet temperature 320 K. 
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When the pressure exceeds the critical pressure of methane, 45,99 bar (retrieved from 

CoolProp), the values approach each other and visually presented are near indistinguishable. 

The optimal pressure level appears to be around 70 bar, after which the net power figure starts 

to decrease slightly. This is why the expander inlet pressure is set to 70 bar.  

 

With the pressure level selected, the calculation can proceed to the selection of the temperature. 

At a gaseous state, NG becomes highly combustible. This is why the selection of expander inlet 

temperature must be carefully considered. A higher inlet temperature will lead to a enthalpy 

and a higher overall output, which is why the most likely best performance point is found at the 

highest possible temperature. The maximum allowable temperature considered is 620 K (347 

°C) for two reasons. Firstly, due to the heat sources available as discussed in chapter (7), and 

secondly for reasons of safety: the auto-ignition temperature of natural gas/methane is 540 °C 

(813 K) (Mokhtabad et al. 2014, 360.) which is an absolute limit in any scenario. Similarly to 

the selection of the pressure level, net output and energy returned with varying inlet temperature 

levels are presented in figure (8.3) for temperatures in the range of 320…620 K at 70 bar inlet 

pressure.  

 

From these results it becomes apparent, that the higher the temperature, the higher the power 

output. This follows reason as no component in the system changes its consumption, only the 

expander production increases. This is why we will set the expander inlet temperature near the 

maximum value to 620 K, meaning that the heat source would need to be the exhaust gases. 

With an inlet temperature this high it is noteworthy, that the expander outlet temperature is 

higher than required at all fuel gas flows, meaning the last heat exchanger would function as a 

cooler to provide the correct fuel gas delivery temperature. 
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(a) 

 
(b) 

Figure 8.3. (a) Net power from the direct expansion system in [kW] and (b) Nominal energy production of the 

direct expansion process in [kJ/kgLNG] at varying inlet temperature as function of mass flow; inlet pressure 70 bar. 

 

8.2 Results for the defined operational profile  

Here the results obtained from the calculation for the operational profile defined in chapter (4) 

are presented graphically in figures (8.4) and (8.5) for all datapoints, and in table (8.1) for a 

single fuel gas mass flow value to demonstrate the conditions in the cycle.  
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Figure 8.4. Results for the direct expansion system’s net power, LNG pump, expander output, evaporator, and NG 

heat exchanger on an average day of operations. 

 

 

Figure 8.5. Results for the direct expansion system’s nominal production and expander outlet temperature on an 

average day of operations.  
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Table 8.1. Calculation results values for a single mass flow value for the direct expansion system 

Component Variable Value  Point T [K] p [bar] 

Entire system qm  0,26 kg/s 1. 112 70 

 Pnet 157,3 kW 2. 620 69,99 

 Pnet / qm 605 kJ/kg 3. 404 2,01 

LNG pump P 5,3 kW 4. 300 2 

Expander P 207,1 kW  

 

 

 

 ηt 0,74 

LNG Evaporator Q 461,5 kW 

NG Heat exchanger Q 64,2 kW 

 

The investment costs for heat exchangers and turbomachinery are presented in table (8.2). The 

values are based on the maximum capacities obtained in the calculation. For the heat 

exchangers, the necessary values for surface area calculations are selected based on existing 

temperature values to be:  

 

LNG evaporator  Th,i = 650 K, Th,o = 500 K 

NG Heat exchanger:  Tc,i = 290 K, Tc,o  = 310 K 

 

Table 8.2. Important factors and investment costs of the direct expansion system utilizing LNG regasification. 

Component P/Q [kW] AHX [m
2] Z [USD] 

LNG pump 7,5 - 5 600 

LNG evaporator 657,4 7,7 6 400 

NG expander 257,0 - 7 900 

NG heat exchanger 58,6 10,4 7 300  

 TOTAL 27 200 

 

The cost of piping, valves and additional components is estimated to be 30 000 USD, making 

the total sum for the investment would be just over 57 000 USD. The savings from the direct 

expansion system are reached from reduced fuel consumption as the demand for auxiliary 

engine electric power decreases. This is calculated similarly to the cooling with the same 

assumptions: The changes in AE fuel consumption don’t affect the total fuel mass flow, and 
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therefore the generation of the direct expansion system. The power generated is deducted from 

the AE load, and a new fuel flow is calculated based on the new reduced load. From there a 

new total fuel consumption and cost for an average day of operation is calculated. For the direct 

expansion system the reduction in fuel consumption on an average day is 515 kg in weight and 

330 in USD. These figures add up to an annual saving of 155 tons and 99 000 USD in fuel, and 

therefore a payback period of the system is 0,6 years (≈7 months).  

 

8.3 Discussion 

The direct expansion system produces an average output of 135 kW, which amounts to 4,8 % 

of the capacity of a single auxiliary engine installed onboard, and 7,3 % of the average demand. 

This is not sufficient to replace anything significant in the vessel’s generation system. Similarly 

to the ORC-system its likely function onboard would be to function as a supplement for the 

auxiliary engines at times of high main engine usage. Also similarly to the ORC system, the 

direct expansion is rarely used by itself but is preferably combined with other processes, like in 

some conducted studies listed in (Kanbur et al. 2017, 1179-1180.). No critical downsides to the 

system definition are present, as the system was defined to produce a maximum obtainable 

output and simultaneously production at all datapoint except for one was obtained.  

 

The nominal energy production of the defined system is 520 kJ/kgLNG on average, which is 

higher than (Dorosz et al. 2018, 15.) found. A single stage direct expansion system was found 

to produce 253 kJ/kg, half of the calculated system in this thesis. This can be mainly explained 

by the difference in defined system parameters, especially the turbine inlet temperature was a 

significantly lower 283 K. The turbine in- and outlet pressures were comparable at 63 and 1 

bar, respectively (Ibid, 5.). Typical values for direct expansion systems are about 120 kJ/kgLNG 

(Franco & Casarosa 2014, 1.) 

 

Similarly to the ORC cycle, the exhaust gases can be verified to be a sufficient heat source for 

the application, and similarly a system consisting of a direct expansion process and an EGB 

could both use the exhaust gases as their heat sources. Further analysis on the direct expansion 

system in a wider context is presented in chapter (11).   
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9 SEAWATER FREEZE DESALINATION 

Fresh water is needed onboard for example for hygiene purposes and as drinking water. Options 

securing a supply of fresh water are often done by choosing from two alternatives: bunker it 

from shore or to generate it from the surrounding seawater. Bunkering requires a lot of volume 

and adds a significant mass to the ship, and the hygiene and fouling problems arising from 

storing the water at a standstill for long periods of time are also a factor (Chang et al. 2016, 

282.). Currently cruise vessels utilize seawater desalination for most of their fresh water; for 

example, (Carnival Corporation & PLC 2018) produces 79 % of the fresh water consumed 

onboard with seawater desalination. 

 

The desalination can be done using different technologies, one of which is an emerging 

technology called freeze desalination. This technology is based the different thermophysical 

properties of water and salts. The basic concept is to freeze the water into ice crystals, that 

naturally reject impurities such as salts in the process. The resulting outward flows are brine, a 

water solution with a high salinity, and desalinated water in the form of ice. The heat transfer 

necessary for the freezing is achieved with an intermediary cycle between the freezing unit and 

the LNG regasification, since the temperature must be adjusted to fit the properties of seawater. 

(Chang et al. 2016, 282-283.) 

 

9.1 System definition  

There are a variety of different configurations for the specifics within the freezing unit such as 

direct or indirect contact freezing. Methods differ in a variety of ways, as examples the size of 

the resulting ice crystals (small flakes…larger blocks), and the way the ice is removed from the 

freezing unit (mechanical…thermal). (Lin et al. 2017, 18693.) In this thesis, there is no need to 

detail the technology used beyond mass and energy balances of the unit as a whole. In a real-

world system, the seawater would also likely be cooled closer to its freezing point prior to the 

freezing unit to generate a more optimized condition at the unit. The cooling would be likely to 

utilize the regasification stage as a heat sink as well and therefore causing no large differences 

in the total heat transferred, so in these calculations the seawater is not pre-cooled.  

 

The main factors impacting the performance of the system are the availability of the LNG 

regasification heat sink, the available seawater inlet condition, and the desired outlet water 
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quality. The seawater inlet condition is estimated to be at 290 K (17 °C) and 1 bar, with a 

salinity of 3,5 %, that is recognized as the average salinity of seawater (European Space Agency 

2019). For the outlet conditions, it is assumed that the energy necessary for the melting of the 

desalinated water comes from the ambient and is not included in the calculations. The salinity 

of the outlet water is set at 0,4 %, which is a limit set by the World Health Organization (Chang 

et al. 2016, 286.). The outlet temperature for both the ice and the brine is set to the same value 

as the freezing temperature of inlet water in the same conditions. 

 

Several conducted studies including laboratory measurements on the effects of washing water 

mass flow and the temperature of the intermediary coolant have been conducted, and based on 

one of those studies the washing water mass flow is set to 50 mass-% of the raw ice generated 

(Ibid, 268-287.). The optimal temperature range of the coolant in the freezing unit depends 

strongly depending on the specific technology used. For a bucket type flake ice maker, it has 

been found when the average temperature is about 247 K (-25 °C) (Cao et al. 2014, 26.; 

Wensheng et al. 2017, 18696.). This is why the coolant freezing unit inlet (point b in figure 

(9.1)) and outlet (point c) temperatures are set to 230 and 265 K, respectively, reaching a good 

average value. With the chosen coolant temperatures, a NG-heater post-regasification is 

required to ensure correct supply temperature of the fuel gas. The inlet temperature for this 

heater (point 2) is set to 250 K. When it is also assumed that the pumping power required for 

the seawater is negligible due to the small wattage, the system is defined in terms of its layout. 

The seawater would also need to be pumped regardless of the chosen desalination technology, 

making it irrelevant for comparison between them. The defined system is presented in figure 

(9.1).  

 

Two crucial numerical values for calculations are the freezing point of seawater as a function 

of pressure, and the specific freezing heat of seawater or the enthalpy of fusion. CoolProp’s 

excel-wrapper doesn’t function well with the phase change from liquid to solid or generally the 

calculation of solids, which is why alternate sources for these seawater-related properties are 

necessary. 
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Figure 9.1. Diagram of a freeze desalination process utilizing LNG regasification. 

 

The heat of fusion for seawater is 335 kJ/kg and is estimated to remain the same regardless of 

conditions (Cao et al. 2014, 26.). In this thesis the freezing point of water is calculated with 

equation (9.1) (Fotonoff & Millard 1983, 29.), where the resulting temperature is in [°C], and 

the input salinity is [psu] (Practical salinity unit ≈ parts per thousand) and pressure [dbar(a)] 

(decibar). Result from the equation is roughly -2 °C for a salinity of 3,5 % at atmospheric 

pressure. 

 

𝑇𝑓𝑟 = (−0,0575 + 1,710523 ∗ 10−3 ∗ √𝐶 − 2,154996 ∗ 10−4 ∗ 𝐶)  (9.1) 

         ∗ 𝐶 − 7,53 ∗ 10−4 ∗ 𝑝    

 

The choice of working fluid is also different for this process than the other processes. The higher 

inlet temperatures for the turbines are not necessary, but the desired properties are high specific 

heat and stability in the low temperature range. Especially properties within the temperature 
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range of freezing the seawater are vital for the process. The basis for pressure level selection is 

the corresponding evaporation temperature and its applicability to the system. 

 

Two fluid candidates, CO2 and R410A are compared for this thesis. The advantages and 

performance of carbon dioxide was already discussed in chapter (6), and for this application the 

pressure level can be set lower than in the cooling circuit to match the desired temperature. 

R410A is an industrial refrigerant, a 50 % -50 % mixture of R32 and R125 with an appropriately 

low freezing point of 118 K (-155 °C) and it is quite often used in refrigeration processes 

(Wensheng et al. 2017, 18694.). R410A was also the refrigerant choice for source studies 

(Wensheng et al. 2017) and (Cao et al. 2014) used as source studies for this thesis. 

 

The choice between refrigerants is done with some example calculations. The pressure of each 

refrigerant is set so that phase change occurs in both heat exchangers – from liquid to gaseous 

in the coolant evaporator and vice versa in the coolant condenser. This is to utilize the phase 

change enthalpy in both directions. The pressure ranges enabling this are 9…27 bar and 1,8…6 

bar for CO2 and R410A, respectively. The system performance is measured by the amount of 

ice produced. In figure (9.2), the results for both fluids at varying pressures within the defined 

range are presented. The freezing unit is estimated to have no pressure losses. 

 

From these figures it can be seen, that the highest ice yield is reached at the highest pressure 

for CO2; 1,575 times the fuel mass flow at 27 bar. For R410A the optimal pressure is at the 

maximum pressure of 6 bar with 1,522 times the fuel mass flow, that is the same as the rate at 

4 bar, which appears illogical in comparison to CO2 which has an increasing production rate 

with increasing pressure. While analyzing this result, it was found that CoolProp evidently has 

a point of discontinuity at 4 bar, as can be seen from figure (9.3) showing the ice production 

rate at a fuel mass flow of 0,25 kg/s as a function of pressures between 3…6 bar.  
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(a) 

 
(b) 

Figure 9.2. Ice production rates for (a) CO2 and (b) R410A at varying cycle pressures 

 

Figure 9.3. Ice production rate at a 0,25 kg/s fuel mass flow with varying pressures of R410A.  
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No apparent reason for this discontinuity was found, as nothing else than the pressure value 

was changed in the calculations. This decreases the reliability of the calculation results for 

R410A, and as the production rates are also lower than those of CO2, the latter is chosen as the 

refrigerant to the system in this thesis at a pressure of 27 bar.  

 

9.2 Results for the defined operational profile 

Here the results obtained from the calculation for the operational profile defined in chapter (4) 

are presented graphically in figures (9.4) and (9.5) for all datapoints, and in table (9.1) for a 

single fuel gas mass flow value to demonstrate the conditions in the cycle.  

 

 

Figure 9.4. Results for the freeze desalination system’s seawater (SW), intermediary coolant, and net ice 

production mass flows on an average day of operations. 
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Figure 9.5. Results for the freeze desalination system’s LNG evaporator, coolant evaporator/freezing unit, and 

NG heater on an average day of operations. 

 

Table 9.1. Calculation results values for a single fuel mass flow value for the freeze desalination system 

Component Variable Value  Point T [K] p [bar] 

LNG system qm  0,26 kg/s LNG SIDE 

LNG pump P 0,1 kW 1. 112 2,02 

LNG evaporator/ 

Coolant condenser 

Q 208,2 kW 2. 250 2,01 

Coolant system qm 0,63 kg/s 3. 300 2 

Coolant Pump P 0 kW COOLANT SIDE 

Freezing unit Q 253 kW a. 230 26,99 

NG heater Q 28,5 kW b. 230 27,01 

Seawater in qm 0,64 kg/s c. 265 27 

 C 0,035 kg/kg WATER SIDE 

Fresh water out qm 0,41 kg/s seawater in 290 1,05 

 C 0,004 kg/kg fresh water out 271 1,05 

Brine out qm 0,23 kg/s brine out 271 1,05 

 C 0,09 kg/kg  
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The total amount if ice produced can be calculated with the known production rates to be 32 

500 kg/d. The maximum values and the corresponding investment costs for the components in 

the system are presented in table (9.2).  

 

Table 9.2. Important factors and investment costs of the freeze desalination system utilizing LNG regasification. 

Component P/Q [kW] AHX [m
2] Z [USD] 

LNG pump 0,1 - 200 

LNG evaporator 296,2 7,0 7 900 

NG heater 40,6 9,1 6 700 

Coolant Pump 0 - ~0 

Coolant Evaporator/ 

Freezing unit 

360 44,4 40 900 

 TOTAL 55 700 

 

Besides the main components the cost for additional parts is estimated to be about 40 000 USD, 

based on the relative complexity of the entire system, and especially the unknown detailed cost 

of the freezing unit. The total investment cost for the freeze desalination system is therefore 

estimated to be 100 000 USD.  

 

The savings obtained are calculated differently from the other technologies. The energy demand 

for a normal freshwater generator capable of the same freshwater production rate is calculated. 

Currently seawater desalination onboard ships is done mainly with freshwater generators, that 

use sub-atmospheric pressures and HT-heat from the ships engines to evaporate and therefore 

separate water. In the pressures used the evaporation temperature is approximately 40 °C, which 

decreases the thermal energy required in comparison to atmospheric conditions. (Babicz 2015, 

103. & 262.) With the specific way the demand is met on the case vessel unknown, it is assumed 

that the water is produced with a retrofitted freshwater generator. It is likely that the actual 

vessel bunkered its fresh water, but this assumption is made to obtain a benchmark for the 

freezing system.  

 

The total amount of ice produced is 32 500 kg, which is an equivalent of an average production 

rate of 0,38 kg/s throughout a day. To evaporate this amount of water at a sub-atmospheric 
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pressure corresponding to the estimated 40 °C boiling point (selected pressure 0,075 bar when 

the boiling point of water is ~40 °C according to CoolProp) after warming it up from the 

estimated seawater temperature consumes a total of 930 kW of thermal power, split into 25 kW 

for heating to reach the boiling point, and 905 kW for evaporation with a 2 405 kJ/kg latent 

heat demand from CoolProp. According to figure (4.7), net HT-heat on the case-vessel is never 

sufficient to meet the demand. The achieved saving is calculated by taking the freshwater 

generator demand, deducting the available HT-heat from it and assuming that the difference, or 

the total at times of net HT-heat being negative, would be generated by direct electrical heating. 

The demand from the freshwater generator is added to the total electrical demand, and the new 

total fuel consumption is calculated. The effect on the total fuel mass flow is assumed 

negligible.  

 

To summarize: if a freshwater generator were to be installed onboard the case vessel, the saving 

of a LNG freeze-desalination system in comparison to it would be 1 870 USD/day, as the added 

total fuel consumption of the fresh water generation system would be 2 879 kg per day. On an 

annual basis this would amount to a huge return of 560 000 USD and a payback period of 2 

months. 

 

9.3 Discussion 

In reality, the savings from the system would not be as significant. As the production rate of the 

freezing unit only corresponds to 8 % of the total demand, the system would not be even nearly 

sufficient to produce enough fresh water by itself. In an optimal system, an ice production rate 

of 2 kg/kgLNG is possible with a flake ice maker utilizing LNG (Cao et al. 2014, 31.) Even with 

the optimized system the LNG flows associated with the case vessel the ice production rate 

would not be sufficient to meet the entire estimated demand onboard.  

 

As the calculation demonstrated, the freeze desalination process consumes far less energy than 

its evaporation counterpart.  The freeze desalination process is also far less vulnerable to both 

biological and chemical fouling of the related heat exchangers than the competing processes in 

a higher temperature range (Chang et al. 2016, 282.).  
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Another more widely utilized system is separation by reverse osmosis, where the feedwater is 

forced through a semi-permeable membrane with the help of a high-pressure pump, as the 

osmotic pressure of seawater is typically around 2,5 MPa (Cipollina et al. 2009, 55.). This 

membrane allows the water to pass, but not the salts and impurities. (Babicz 2016, 445.) When 

compared to the reverse osmosis desalination, the relative power consumption was found to be 

50 % less in a freeze desalination system (Kanbur et al. 2017, 1176.)  

 

The system considered here was heavily simplified, as an accurate definition of the system 

would have demanded efforts beyond the scope of the system, including introduction of 

terminology and calculations not used for any of the other technologies. Furthermore, the 

investment costs associated with desalination systems can’t be generalized, as it is extremely 

heavily linked to specific plant capacity and operating conditions (Cipollina et al. 2009, 103.). 

Some more analysis on the freeze desalination system is presented in chapter (11).   
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10 OTHER POSSIBLE UTILIZATIONS  

The LNG regasification could also be harnessed for other functions than the ones presented in 

this thesis. A few of the possibilities are mentioned in this chapter; some of them could already 

be technically feasible but were excluded from the scope of this thesis, while some aren’t mature 

enough for use, or not necessary in the marine environment or at all. 

 

10.1 Power generation with a closed Brayton cycle 

The Brayton cycle is mainly associated with gas turbines and refrigeration, but it could also be 

used to harness LNG regasification. by using it as the heat sink for the fluid entering the 

compressor. It also has some added benefits in regard to the maritime sector: When using a 

closed cycle with nitrogen or argon as a working medium at low pressure levels, the result is a 

moderate efficiency system that is inherently safe from explosions, and non-toxic. An added 

benefit is the fact that the working fluid remains in a gaseous state throughout the cycle, 

eliminating the possibilities of sloshing or pump malfunctions.  

 

The closed Brayton cycle is already in use in the industry, but as a solution for handling boil-

off gas rather than power generation. The LNG reliquefication system sold by Wärtsilä for use 

onboard larger tankers is based on the closed cycle Brayton-process with nitrogen as a working 

fluid. The cycle is used to create cryogenic conditions for the process of liquefication. (Babicz 

2015, 350-351.) The closed Brayton cycle was however not discussed in detail in this thesis 

because of its relative rarity in relevant case-studies, when compared to direct expansion, ORC, 

and combined cycle solutions.  

 

10.2 Cryogenic CO2 capture 

With the ever-growing pressure to reduce the amount of CO2 in the atmosphere, capturing the 

CO2 has emerged as a possible solution. One of the technologies is cryogenic post-combustion 

CO2 capture installed to the flue gas stream of a power plant. A simplified depiction of the 

process flow is shown in figure (10.1). The presented process is just one of many competing 

cryogenic solutions, but the basic principles are the same. 

 

The main component of the system is a packed bed, that is alternated between a capture step 

and a recovery step. The bed is cooled down into near-cryogenic conditions of about -120 °C 
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(T0) and a hot (Tin) flue gas stream is then led into the bed in atmospheric pressure, causing the 

gases to cool down as they pass through. In the simplified flow of only CO2, water, and nitrogen, 

the water vapor condenses and the CO2 desublimates (turns from vapor to solid) as the flow 

temperature decreases, leaving only nitrogen. As the temperature of the bed rises, the 

condensation and desublimation processes move further down the flow, eventually reaching the 

outlet. This finalizes the capture step.  

 

As pure CO2 is detected at the outlet, the recovery step is initiated. The hot flue gas flow is 

replaced with a larger and colder flow of pure CO2, reducing the temperature and “pushing” the 

zones forward through the bed. Simultaneously the CO2 sublimates into the passing flow as the 

temperature reaches equilibrium and exits the bed. Part of the exiting flow can then be recovered 

as pure CO2. After the recovery step has been completed, the bed is again cooled down to 

cryogenic temperatures. (Tuiniers et al. 2011, 1559-1561.) 

 

 

Figure 10.1. An illustration of the cryogenic CO2 capture process. Source: Tuiniers et al. 2011, 1561. 

 

CO2 recovery technologies have not yet become common even on land where the average 

generation capacity per unit is much greater and therefore the economy of scale exists. With 

the limitations of the marine environment and the relatively small scale of a cruise ship, the 

technology would not be suitable at least for the time being.  
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10.3 Engine or process air cooling 

The efficiency of some processes depends highly on the overall temperature levels associated. 

As an example, a turbocharged diesel engine can use an intercooler to reduce the temperature 

and thus improve the overall process efficiency. By utilizing the LNG regasification process, 

lower temperatures than usual could be reached, and the efficiency improved further.  

 

The same could also be applied for the intake air of an engine or a gas turbine; cooler air equals 

lower density, increasing the mass of air capable of fitting into the combustion chamber at once. 

For gas turbines, the overall efficiency can be improved by up to 50 % overall, reaching a 78 

% total efficiency (Royal Academy of Engineering 2013, 30.). This possible utilization was not 

in the scope of the thesis due to company preferences.  
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11 CONCLUSIONS ON THE RESULTS AND DISCUSSIONS 

In this chapter, the results and the way they were obtained are discussed and analyzed on a 

wider scope. First the effect the selection of the case vessel has on the results is discussed. After 

that the factors that cause inaccuracies resulting from the assumptions made are presented and 

discussed. Lastly the results are summarized, and the likelihood of implementation for each 

technology is evaluated. 

 

11.1 Impact of case vessel selection 

Before proceeding to the analysis of the LNG regasification, a couple of things are worth 

mentioning about the applicability of the results in general. The case-vessel and the way it was 

operated during the study has some key differences to standard practices used on modern cruise 

vessels.  

 

Firstly, the propulsion system used on the ship is outdated. The main engines on the case-vessel 

use a direct-drive system, where the engines are directly linked to the propellers through a 

gearbox as can be seen from figure (4.1). Modern vessels are operated with a diesel-electric 

propulsion system that separates the engines from the propulsion through a system visualized 

in figure (11.1). This allows the internal combustion engines to function closer to their design 

point at better efficiencies, and the electric motors which are less vulnerable to partial loading 

conditions handle the actual generation of propulsion. (Babicz 2015, 175-176.) 

 

Additionally, the system could be upgraded to a hybrid system with, where a battery system is 

connected in parallel with the engines to provide peak-shaving capability and to reduce fuel 

consumption. Types of hybrid systems have recently been installed onboard cruise vessels M/S 

Roald Amundsen and its sistership M/S Fridtjof Nansen (Corvus Energy 2019a & 2019c).  
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Figure 11.1. Schematics of a direct drive -, and a diesel-electric propulsion system. Adapted from: Yanmar 

2019. 

 

Secondly, the way the vessel is operated is far from optimized. All engines of both engine types 

are constantly run at sub-optimal conditions far from their design point, where their efficiency 

would be the best and combustion cleanest. This is partly due to the propulsion system design. 

The ship’s engines could have been dimensioned significantly smaller, reducing OPEX through 

both the weight of the engine itself and weight of the fuel carried due to reduced fuel 

consumption with a better design. This also generates a largely varying mass flow, that makes 

it harder to optimize systems that are directly linked to it, such as the systems discussed in this 

thesis. 

 

Thirdly, the scale of the case-vessel. The vessel is quite small in terms of engine capacity and 

fuel consumption, creating a disadvantage in the profitability calculations. For a larger scale 

cruise vessel closer to the average size (in terms of market share) on the global market, the 

larger fuel gas flows would be very likely to generate a more profitable system. 
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All of these factors limit the direct applicability of the results of this thesis. If this same analysis 

were to be done for a state-of-the-art cruise vessel with more optimized systems and operational 

procedures, the final results could be greatly different from those obtained in the calculations 

of this thesis. 

 

11.2 Impact of assumptions  

Throughout the thesis, a number of assumptions and simplifications were made. In this section, 

the ones estimated to be most significant are discussed and their impact on the calculations is 

analyzed. 

 

General scope definition of the thesis 

The broad definition of the subject matter was the primary reason why many assumptions had 

to be made in the first place. As this many technologies, some of which are based on completely 

different phenomena, were included in the scope there simply was no time or room to accurately 

analyze some significant factors within the limitations of a master’s thesis.  

 

Fuel gas composition 

For the calculations it was estimated that the fuel gas consists entirely of methane. In reality, 

this is not the case as natural gas also includes a varying percentage of other hydrocarbons. The 

impact of this assumption on the results obtained is estimated not to be very significant. 

 

Ideal pumps and estimated losses 

As the pumps were estimated to be ideal, no losses from them are included in the calculations. 

The same applies to the heat exchangers, which were estimated to have a fixed and relatively 

small pressure loss regardless of other values. However especially with the higher pressure 

levels of some systems the losses of pumps, and the larger and varying more realistic pressure 

losses in heat exchangers could have become a real impact on the results.  

 

Turbine efficiency and operation 

The efficiency used for the turbines in this thesis causes inaccuracies for the calculation, even 

though it is based on a real turbine. The efficiencies of turbines in the temperature range and 

working fluids can be different to those of components designed for air, exhaust gases, water, 
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or steam. Additionally, the turbines in this thesis were estimated to generate power whenever 

the net power was positive, when in reality the turbines would be likely to have a cut-off limit 

at lower performance values. As the turbines in the thesis function a large percentage of time at 

partial loads, these factors have a significant impact on the results. The pressure differences 

defined for expansions were also high especially for the ORC system, which would be likely to 

demand splitting processes to avoid problems with machinery. 

 

Splitting processes and cascading cycles 

To simplify calculations, heat exchangers and turbines were kept as single components in 

calculations throughout this thesis. In reality, the heat exchangers would be extremely likely 

require more than one unit to fulfil their performance requirements, or at least to improve their 

performance. For example, by splitting the regasification process the requirements for the 

associated working fluids could be loosened slightly – possibly resulting in better overall 

performance and reduced costs. The same goes for the turbines, many of the case studies found 

that expansion in multiple stages has superior performance. For example, a 2-stage direct 

expansion system was found to have a 6,3 % better efficiency and 60 kJ/kgLNG better nominal 

energy production than a 1-stage system (Dorosz et al. 2018, 15.). Cascading multiple cycles 

was also found to improve the total performance of the system significantly. (Bao et al. 2017, 

577-582.) 

 

Scale of calculations 

Most sources used for this thesis were from regasification terminals, that handle mass flows 

significantly higher than those of marine engines in a cruise vessel. This adds uncertainty to the 

calculations, because the main parameter used to evaluate profitability was calculated with 

investment cost equations from a larger facility. The obtained values were also difficult to 

benchmark as not many real-world references exist for the same or similar scale scenario as the 

one in this thesis.  

 

Capital cost equations and total costs 

The methodology used for the investment costs of components has several points that cause 

inaccuracies. With the highly limited access to any comparable information, benchmarking the 

results is difficult. For example, the equation used for the direct expansion turbine was 
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originally sourced to a turbine in a Brayton cycle utilizing natural gas as its fuel. The difference 

between the equations were coefficients changed in the first term without further explanations. 

The original equation can be found in (Baghernejad & Yaghoubi 2010, 2202.).  

 

The scale of the results is also a factor causing slight uncertainty. With the equation used for 

the ORC-turbine in this thesis, a cost of 387 000 USD was obtained. This amounts to about 

2 500 USD/kW, which is within the range generally associated with ORC systems according to 

(Lemmens 2016, 5.). For the direct expansion turbine, the investment cost was calculated to be 

8 000 USD, which appears small in comparison, especially because the outputs, mass flows, 

and pressure levels are comparable to one another.  

 

The calculation of the heat exchangers falls in this same category, as the U-values for each type 

of heat exchanger was estimated to be a fixed number, and some temperatures used for surface 

area calculations were approximations. Both of these factors cause uncertainties to the 

reliability of the stated investment costs and payback periods. The turbine equations are more 

significant of the two, because the associated costs are larger especially with the ORC-system.  

 

With the amount of specific system planning done, the added costs of piping, valves, and other 

similar components was done very roughly. As the costs of individual components vary widely, 

this can cause a significant error to the results especially as it is relatively safe to assume that 

components on systems with higher pressure levels cost more on average. Additionally, 

classification society acceptance is required for most systems, adding to total costs. 

 

Calculation of obtained savings 

The calculation of savings was done by assuming that the fuel mass flow remains the same to 

simplify calculations. In reality, the change in fuel consumption through savings would impact 

the availability of the LNG heat sink, which in turn would change the fuel savings, and so on. 

To obtain accurate results several calculation loops or the creation or a more complex 

calculation tool would have been necessary and was deemed unnecessary for this thesis. The 

magnitude of impact this has on the results is unknown. 
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11.3 Results summary and conclusions 

The main results of the calculations are summarized in table (11.1). Total annual savings, 

estimated total investment costs, and the resulting payback period are considered main results 

as the economic performance of the system would state the likelihood of implementation. The 

impact of assumptions discussed in the previous chapter should be kept in mind when 

evaluating these values.  

 

Table 11.1. Economic calculation results for each technology 

Technology Annual savings 

[USD] 

Investment cost 

[USD] 

Payback period 

[a] 

Cooling 88 100 57 000 0,65 

ORC system 66 800 500 000 7,5 

Direct expansion system 99 000 57 000 0,6 

Seawater freeze desalination 560 000 100 000 0,2 

 

When comparing the calculated investment costs to the estimated total price of the vessel (400 

million USD) they are small – even the ORC system would increase the total price by about 0,1 

%. As the payback periods are below one year for three of the four systems, investing in these 

types of systems seems lucrative. These systems are best suitable for cases that have a constant 

demand while the engines are operating. As some demands, HVAC as an example, vary largely 

depending on the time of year and surrounding conditions, this system might not be the best fit. 

The demands for cooling in some spaces, fresh water, and auxiliary power remain more stable 

in comparison.   

 

The system onboard Viking Glory uses LNG cold for cooling, and this method showed the most 

promise in the calculations of this thesis as well. It isn’t the absolute best in terms of 

performance, but it is the only one of the technologies that doesn’t have an existing “ready” 

solution for it outside traditional refrigeration compressors: With propulsion systems being and 

becoming increasingly hybrid or fully electric, the power consumption is easier to incorporate 

into the generation of the whole vessel. The existing desalination technologies, especially 

reverse osmosis, are already mature and compare adequately to the production rates and energy 

consumption of freeze desalination, and they are powered by existing waste heat solutions 
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onboard. With cooling the advantage of not having high GWP refrigerants onboard, and 

adequate production are factors that speak in favor of the system. 

 

For power generation methods, possibly the largest problem with all of them is timing: The heat 

sink of the LNG is available mainly during cruising or other times of higher fuel consumption, 

during which there already is an abundance of  electric power from the engines (in a diesel-

electric or electric setup), and thermal energy from the EGB’s and engine cooling. This linkage 

between power production capabilities during already high production is a setback when 

considering implementing the system. The upside of these systems would be the reduced need 

for installed capacity onboard, which would result in smaller engine sizes and reduced fuel 

consumption. To say this definitively, further calculations would be required.  

 

The power generation methods would function as a supplementary system to enhance 

efficiency, as they can’t meet the total demand in any case. This would allow a different 

approach, where the total efficiency would be the desired result instead of the optimal output. 

For example, if the heat source is replaced with LT heat that is harder to utilize elsewhere, the 

overall efficiency could potentially be improved even though the obtained net output is smaller. 

The exhaust gases already often have EGB’s installed utilizing the higher temperature range, 

as was the case for the case vessel.  

 
These results were calculated for scenarios when the systems were being used individually. 

When considering these technologies for a real application, it would be likely that a system 

combining multiple technologies would prevail. For example: with freeze desalination an 

additional heater was included in the calculations, and this heater could be used as a heat sink 

for other applications. After the direct expansion system, a cooler was placed to ensure the 

required supply temperature, that could also be incorporated into other processes. By splitting 

the regasification process in direct expansion, the first part could be used as a heat sink for a 

cooling system, also decreasing the energy required from the heat source that would heat the 

methane to the expander inlet temperature. A variety of different combinations are possible, but 

definitive performance reviews would demand further calculations. When the possibility of 

using an EGB with the technologies presented in this thesis, the systems would become 

increasingly complex and demand significantly more calculations.  
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12 SUMMARY 

This thesis examined different solutions for the utilization of LNG regasification process, that 

could be used as a heat sink on the scale of a cruise ship. The examination was based on an 

actual cruise vessel with measured data available from a study of energy efficiency. The 

measured vessel used oil in its engines, but it was reimagined as being LNG-powered for the 

purposes of this thesis. The discussed technologies were direct cooling and refrigeration, 

electric power generation with an ORC system and a direct expansion system, and seawater 

freeze desalination. The best of considered coolants and working fluids for each process were 

chosen and calculations were performed of each system’s performance. 

 

The results showed that these types of systems can be attractive solutions for cruise vessels, 

especially if the system itself, and the fuel system of the ship are designed well, keeping in mind 

that their performance is interlinked. Significant fuel savings can be reached, resulting in very 

reasonable payback periods. None of the systems considered was however sufficient to replace 

the old systems on the case vessel entirely. Especially the cooling system showed promise, and 

it is currently being adapted by the industry as the first cruise vessel with such a system is being 

built in 2019. This was found not to be because of superior performance to the alternatives, but 

because it has an estimated best total performance when the entire vessel is considered. A large 

number of simplifications and assumptions were necessary due to the specific processes being 

relatively unknown, and also the limitations of a master’s thesis. These assumptions and 

simplifications made the results highly conceptual and more calculations would be necessary 

prior to a real-world adaptation.  
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Appendix I – Energy flows of the case vessel, percentages of total on a 1-year timescale 
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Appendix II – Case vessel operational profile 

ORIGINAL MEASURED DEMANDS in [kW] for five typical days can be found: Source: 

Baldi et. al 2018, 29, supplementary .xls-file. Available for download at 

http://www.mdpi.com/1996-1073/11/10/2508/s1  

 

AVERAGE DAY OF OPERATION DEMANDS in [kW] 

Typical Days average 

Power 

(Electric) 

Power (Electric) Power 

(Electric) 

Power 

(Electric) 

1710,2 5864,1 794,2 392,2 

1701,9 5710,5 786,8 392,6 

1687,6 5324,9 787,1 392,6 

1717,6 4955,9 787,5 392,6 

1675,0 4547,5 787,9 392,6 

1652,1 4357,1 788,2 392,6 

1650,2 4421,4 788,6 392,6 

1647,5 4410,3 788,9 392,6 

1649,6 4376,3 789,3 392,6 

1643,1 4274,8 789,7 392,5 

1667,4 4180,9 790 392,5 

1656,6 4148,5 790,4 392,5 

1637,7 4094,7 790,8 392,5 

1641,7 4080,4 791,1 392,5 

1644,4 4059,2 791,5 392,5 

1639,6 4005,4 791,8 392,5 

1636,4 3990,7 792,2 732,3 

1651,7 4006,8 792,6 732,3 

1683,4 4227,2 792,9 732,3 

1710,1 4435,2 793,3 732,3 

1728,1 4679,6 793,7 902,2 

1721,5 4844,1 794 902,2 

1729,8 4955,9 794,4 902,2 

1789,9 5333,0 794,7 902,2 

1716,8 5604,8 795,1 1107 

1716,7 5872,6 792,6 1107 

1728,7 5829,0 790 1107 

1805,4 5992,2 787,5 1107 

1899,3 6073,5 785 1311 

1997,8 5163,7 782,4 1312 

1865,0 4451,5 779,9 1312 
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1852,4 4354,5 777,3 1312 

1896,9 4441,4 774,8 1029 

1920,4 4511,1 772,3 1029 

1896,5 4334,9 769,7 1029 

2021,9 6654,5 767,2 1029 

1926,3 7680,6 764,6 1029 

1948,6 7671,3 763,2 1029 

1964,9 7311,5 761,8 1029 

1946,8 7003,6 760,3 1029 

1949,5 6834,1 758,9 824,3 

1929,1 6574,0 757,5 824,4 

1962,3 6006,3 756,1 824,4 

2062,4 4566,9 754,6 824,4 

2100,0 4018,7 753,2 1029 

1987,5 3773,3 751,8 1029 

1940,2 3464,9 750,3 1029 

1908,0 2454,8 748,9 1029 

1923,7 3080,7 747,5 1029 

1924,2 3157,4 748,3 1029 

1930,5 3148,1 749,1 1029 

1898,8 2598,4 749,9 1029 

1911,4 2442,7 750,7 824,5 

1966,6 2725,5 751,5 824,5 

1940,3 2713,6 752,4 824,5 

1911,1 2596,9 753,2 824,5 

1917,5 2141,8 754 660,8 

1923,4 2076,5 754,8 660,8 

1918,7 2535,5 755,6 660,8 

1892,2 2603,6 756,4 660,8 

1879,3 2202,7 757,3 660,8 

1945,7 1671,6 759,5 660,7 

2114,1 485,1 761,7 660,7 

1884,3 0,0 763,2 662,3 

1992,8 356,4 765,4 939,8 

1922,6 474,7 767,7 939,7 

1957,9 621,9 769,9 939,7 

1975,3 515,7 772,1 939,6 

1985,9 489,9 774,4 1144 

1970,9 465,1 776,6 1144 

1935,4 633,7 778,8 1144 

1954,1 701,9 781,1 1144 

2370,0 2508,0 783,3 1315 
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1987,3 3185,2 783,6 1315 

1936,2 3717,4 783,9 1315 

1940,1 4212,2 784,3 1315 

1962,1 3480,0 784,6 1315 

1960,1 4343,2 784,9 1315 

1975,9 5013,3 785,2 1315 

1964,8 5472,7 785,6 1315 

1982,6 5635,9 785,9 1315 

1977,4 5472,0 786,2 1315 

1926,2 5245,3 786,5 1315 

1892,5 5483,5 786,8 1315 

1865,9 6091,1 787,2 825,4 

1849,6 6243,3 787,5 825,4 

1842,3 5800,6 787,8 825,4 

1834,6 5628,3 788,1 825,3 

1815,8 6193,2 788,5 661,7 

1787,7 6360,3 788,8 661,7 

1774,1 6482,2 789,1 661,7 

1781,5 6150,1 789,4 661,7 

1773,5 5938,3 789,8 547,8 

1759,5 5813,9 790,1 547,8 

1745,7 5821,6 790,4 547,8 

1729,5 5482,5 790,7 547,7 
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DATA AND ASSUMPTIONS USED FOR THE CALCULATION OF HEAT 

GENERATION/FUEL CONSUMPTION 

 

 

Appendix figure 1. Main engine HT and LT Charge Air Cooling (CAC) waste heat in [kW] vs. engine load; 

applied directly to the new engines. Data source: Baldi et. al 2018, 33. 

 

Appendix figure 2.  Auxiliary engine HT and LT Charge Air Cooling (CAC) waste heat in [kW] vs. engine load; 

applied directly to the new engines. Data source: Baldi et. al 2018, 33.  
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Appendix figure 3.  Main and auxiliary engines' Jacket Water Cooling (JWC) and Lubricating Oil Cooling (LOC) 

waste heat generation in [kW] vs. engine load; applied directly to the new engines. Data source: Baldi et. al 2018, 33. 

 

 

 

Appendix figure 4. New DF main and auxiliary engines’ fuel consumption in [kg/s] vs. engine load.  Data source: 

Wärtsilä 2019a, (3-11)-(3-12) and Wärtsilä 2019b, (3-3)-(3-4). 
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TABULATED ENGINE RUNNING DATA. Data source Baldi et. al 2018, 14-15. 

% MAIN ENGINES 
  

AUXILIARY ENGINES 

Engine no. 1 2 3 4 
 

Engine no. 1 2 3 4 

OFF 68,5 % 69,7 % 67,3 % 66,1 % 
 

OFF 57,1 % 62,4 % 45,6 % 77,7 % 

ON 31,5 % 30,3 % 32,7 % 33,9 % 
 

ON 42,9 % 37,6 % 54,4 % 22,3 % 

Of which at engine load percentage 
 

Of which at engine load percentage 

0,1 1,8 % 1,7 % 0,9 % 1,3 % 
 

0,08 0,3 % 0,4 % 0,3 % 0,4 % 

0,2 10,0 % 11,3 % 6,6 % 5,0 % 
 

0,18 3,3 % 4,2 % 2,9 % 5,1 % 

0,3 24,9 % 26,3 % 23,1 % 26,1 % 
 

0,27 6,3 % 7,2 % 5,5 % 9,6 % 

0,4 29,9 % 28,7 % 31,0 % 32,0 % 
 

0,32 33,3 % 34,9 % 35,2 % 12,8 % 

0,5 19,9 % 18,3 % 22,3 % 20,2 % 
 

0,4 20,5 % 23,2 % 25,7 % 6,4 % 

0,58 5,0 % 5,2 % 7,9 % 7,2 % 
 

0,5 8,0 % 7,7 % 5,8 % 7,0 % 

0,66 2,7 % 2,4 % 2,8 % 2,5 % 
 

0,59 13,0 % 11,4 % 11,0 % 16,6 % 

0,75 2,3 % 2,6 % 2,2 % 2,3 % 
 

0,65 12,0 % 8,0 % 9,2 % 23,0 % 

0,85 1,8 % 1,7 % 1,7 % 1,7 % 
 

0,75 2,7 % 2,3 % 3,9 % 17,9 % 

0,95+ 1,8 % 1,8 % 1,6 % 1,8 % 
 

0,85+ 0,7 % 0,8 % 0,5 % 1,3 % 

 

HOURS MAIN ENGINES 
  

AUXILIARY ENGINES 

Engine 

no. 

1 2 3 4 
 

Engine no. 1 2 3 4 

OFF 5997,5 6102,5 5897,5 5788,75 
 

OFF 5003,75 5467,5 3997,5 6802,5 

ON 2762,5 2657,5 2862,5 2971,25 
 

ON 3756,25 3292,5 4762,5 1957,5 

Of which at engine load percentage 
  

Of which at engine load percentage 
 

0,1 50,0 45,0 25,0 37,5 
 

0,08 12,5 12,5 12,5 7,5 

0,2 275,0 300,0 187,5 150,0 
 

0,18 125 137,5 137,5 100 

0,3 687,5 700,0 662,5 775,0 
 

0,27 237,5 237,5 262,5 187,5 

0,4 825,0 762,5 887,5 950,0 
 

0,32 1250 1150 1675 250 

0,5 550,0 487,5 637,5 600,0 
 

0,4 768,75 762,5 1225 125 

0,58 137,5 137,5 225,0 212,5 
 

0,5 300 255 275 137,5 

0,66 75,0 62,5 80,0 75,0 
 

0,59 487,5 375 525 325 

0,75 62,5 68,8 62,5 68,8 
 

0,65 450 262,5 437,5 450 

0,85 50,0 46,3 50,0 50,0 
 

0,75 100 75 187,5 350 

0,95 50,0 47,5 45,0 52,5 
 

0,85+ 25 25 25 25 
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Fuel consumptions and various production values for both engines. The power output of a set 

= 1 ME output + 1 AE output: 

MAIN ENGINES (values for one) 
 

AUXILIARY ENGINES (values for one) 

Output load 

% 

fuel 

cons 

kg/s 

Fuel 

interval 

kg 

Heat 

(LT) 

Heat 

(HT) 

Heat 

total 

 
Output load 

% 

Heat 

(LT) 

Heat 

(HT) 

Heat 

total 

Fuel 

cons 

kg/s 

Fuel 

interval 

kg 

2932,1 0,501 0,109 97,89 722,3 781,8 1504,1 
 

855,1 0,310 297,2 286,4 583,5 0,038 33,96 

2855,2 0,488 0,106 95,32 711,5 765,0 1476,5 
 

851,0 0,308 295,7 285,8 581,5 0,038 33,80 

2662,5 0,455 0,099 88,89 685,0 721,9 1406,9 
 

843,8 0,306 293,2 284,8 578,0 0,037 33,51 

2478,0 0,424 0,092 82,73 660,3 678,8 1339,1 
 

858,8 0,311 298,4 286,9 585,3 0,038 34,11 

2273,7 0,389 0,084 75,91 633,3 628,5 1261,8 
 

837,5 0,303 291,0 283,9 574,9 0,037 33,26 

2178,5 0,372 0,081 72,73 620,8 604,0 1224,8 
 

826,0 0,299 286,9 282,3 569,2 0,036 32,81 

2210,7 0,378 0,082 73,80 625,0 612,4 1237,4 
 

825,1 0,299 286,6 282,2 568,8 0,036 32,77 

2205,2 0,377 0,082 73,62 624,3 610,9 1235,2 
 

823,7 0,298 286,1 282,0 568,1 0,036 32,72 

2188,2 0,374 0,081 73,05 622,1 606,5 1228,6 
 

824,8 0,299 286,5 282,2 568,6 0,036 32,76 

2137,4 0,365 0,079 71,36 615,4 593,2 1208,5 
 

821,6 0,298 285,3 281,7 567,0 0,036 32,63 

2090,4 0,357 0,078 69,79 609,2 580,6 1189,8 
 

833,7 0,302 289,6 283,4 573,0 0,037 33,11 

2074,2 0,355 0,077 69,25 607,1 576,2 1183,3 
 

828,3 0,300 287,7 282,6 570,3 0,037 32,90 

2047,3 0,350 0,076 68,35 603,5 568,9 1172,4 
 

818,9 0,297 284,3 281,3 565,7 0,036 32,52 

2040,2 0,349 0,076 68,11 602,6 566,9 1169,5 
 

820,9 0,297 285,0 281,6 566,7 0,036 32,60 

2029,6 0,347 0,075 67,76 601,2 564,0 1165,2 
 

822,2 0,298 285,5 281,8 567,3 0,036 32,65 

2002,7 0,342 0,074 66,86 597,6 556,6 1154,2 
 

819,8 0,297 284,7 281,5 566,1 0,036 32,56 

1995,4 0,341 0,074 66,61 596,6 554,5 1151,2 
 

818,2 0,296 284,1 281,2 565,3 0,036 32,50 

2003,4 0,342 0,074 66,88 597,7 556,8 1154,5 
 

825,8 0,299 286,8 282,3 569,1 0,036 32,80 

2113,6 0,361 0,078 70,56 612,2 586,8 1199,1 
 

841,7 0,305 292,5 284,5 577,0 0,037 33,43 

2217,6 0,379 0,082 74,03 625,9 614,1 1240,1 
 

855,0 0,310 297,1 286,4 583,5 0,038 33,96 

2339,8 0,400 0,087 78,11 642,0 645,1 1287,1 
 

864,0 0,313 300,3 287,6 587,9 0,038 34,32 

2422,1 0,414 0,090 80,86 652,9 665,3 1318,2 
 

860,8 0,312 299,1 287,1 586,3 0,038 34,19 

2477,9 0,424 0,092 82,72 660,3 678,8 1339,1 
 

864,9 0,313 300,6 287,7 588,3 0,038 34,35 

2666,5 0,456 0,099 89,02 685,6 722,8 1408,3 
 

894,9 0,324 310,9 291,9 602,8 0,039 35,54 

2802,4 0,479 0,104 93,56 704,2 753,3 1457,5 
 

858,4 0,311 298,3 286,8 585,1 0,038 34,09 

2936,3 0,502 0,109 98,03 722,9 782,8 1505,7 
 

858,3 0,311 298,3 286,8 585,1 0,038 34,09 

2914,5 0,498 0,108 97,30 719,8 778,0 1497,8 
 

864,4 0,313 300,4 287,6 588,0 0,038 34,33 

2996,1 0,512 0,111 100,02 731,4 795,7 1527,1 
 

902,7 0,327 313,5 293,0 606,5 0,040 35,85 

3036,8 0,519 0,113 101,38 737,3 804,5 1541,8 
 

949,6 0,344 329,1 299,5 628,6 0,042 37,72 

2581,9 0,441 0,096 86,19 674,1 703,3 1377,4 
 

998,9 0,362 344,9 306,3 651,2 0,044 39,67 

2225,7 0,380 0,083 74,31 627,0 616,2 1243,2 
 

932,5 0,338 323,4 297,1 620,5 0,041 37,04 

2177,3 0,372 0,081 72,69 620,6 603,7 1224,3 
 

926,2 0,336 321,4 296,2 617,6 0,041 36,79 

2220,7 0,380 0,082 74,14 626,3 615,0 1241,3 
 

948,4 0,344 328,7 299,3 628,0 0,042 37,67 

2255,5 0,386 0,084 75,30 630,9 623,9 1254,8 
 

960,2 0,348 332,5 300,9 633,5 0,042 38,14 

2167,5 0,371 0,080 72,36 619,3 601,1 1220,4 
 

948,2 0,344 328,6 299,3 627,9 0,042 37,66 

3327,3 0,569 0,123 111,08 781,0 866,2 1647,2 
 

1011,0 0,366 348,7 308,0 656,6 0,045 40,15 
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3840,3 0,656 0,142 128,21 867,9 976,4 1844,3 
 

963,1 0,349 333,5 301,4 634,8 0,043 38,25 

3835,7 0,656 0,142 128,05 867,1 975,4 1842,4 
 

974,3 0,353 337,1 302,9 640,0 0,043 38,70 

3655,7 0,625 0,136 122,05 835,0 936,1 1771,1 
 

982,4 0,356 339,7 304,0 643,7 0,043 39,02 

3501,8 0,599 0,130 116,91 809,0 903,2 1712,2 
 

973,4 0,353 336,8 302,8 639,5 0,043 38,66 

3417,1 0,584 0,127 114,08 795,2 885,2 1680,4 
 

974,7 0,353 337,2 303,0 640,2 0,043 38,71 

3287,0 0,562 0,122 109,73 774,7 857,7 1632,4 
 

964,6 0,349 333,9 301,6 635,5 0,043 38,31 

3003,2 0,513 0,111 100,26 732,5 797,2 1529,7 
 

981,1 0,355 339,2 303,9 643,1 0,043 38,97 

2283,5 0,390 0,085 76,23 634,6 631,0 1265,6 
 

1031,2 0,374 354,9 310,8 665,7 0,046 40,96 

2009,3 0,343 0,075 67,08 598,5 558,4 1156,9 
 

1050,0 0,380 360,7 313,4 674,1 0,046 41,70 

1886,7 0,323 0,070 62,99 582,2 523,6 1105,7 
 

993,7 0,360 343,2 305,6 648,8 0,044 39,47 

1732,4 0,296 0,064 57,84 561,3 483,6 1045,0 
 

970,1 0,351 335,7 302,3 638,0 0,043 38,53 

1227,4 0,210 0,046 40,98 489,0 466,4 955,4 
 

954,0 0,346 330,5 300,1 630,6 0,042 37,89 

1540,4 0,263 0,057 51,42 534,7 477,1 1011,8 
 

961,9 0,348 333,0 301,2 634,2 0,042 38,20 

1578,7 0,270 0,059 52,70 540,1 478,4 1018,5 
 

962,1 0,349 333,1 301,2 634,3 0,042 38,21 

1574,1 0,269 0,058 52,55 539,4 478,2 1017,7 
 

965,2 0,350 334,1 301,6 635,8 0,043 38,34 

1299,2 0,222 0,048 43,37 499,8 468,9 968,7 
 

949,4 0,344 329,0 299,4 628,5 0,042 37,71 

1221,4 0,209 0,045 40,77 488,1 466,2 954,3 
 

955,7 0,346 331,0 300,3 631,4 0,042 37,96 

1362,8 0,233 0,051 45,49 509,2 471,0 980,2 
 

983,3 0,356 339,9 304,1 644,1 0,043 39,05 

1356,8 0,232 0,050 45,30 508,3 470,8 979,2 
 

970,2 0,352 335,7 302,3 638,1 0,043 38,53 

1298,4 0,222 0,048 43,35 499,7 468,8 968,5 
 

955,5 0,346 331,0 300,3 631,3 0,042 37,95 

1070,9 0,183 0,040 35,75 464,8 461,1 925,9 
 

958,8 0,347 332,0 300,7 632,8 0,042 38,08 

1038,3 0,177 0,039 34,66 460,0 460,0 919,9 
 

961,7 0,348 333,0 301,2 634,2 0,042 38,20 

1267,7 0,217 0,047 42,32 495,1 467,8 962,9 
 

959,3 0,348 332,2 300,8 633,1 0,042 38,10 

1301,8 0,223 0,048 43,46 500,2 468,9 969,2 
 

946,1 0,343 327,9 299,0 626,9 0,042 37,58 

1101,3 0,188 0,041 36,77 469,6 462,1 931,7 
 

939,6 0,340 325,8 298,1 623,9 0,041 37,32 

835,8 0,143 0,031 27,90 453,1 453,1 906,1 
 

972,9 0,352 336,6 302,7 639,3 0,043 38,64 

242,5 0,041 0,009 8,10 432,8 432,8 865,6 
 

1057,1 0,383 362,8 314,4 677,2 0,047 41,98 

0,0 0,000 0,000 0,00 424,6 424,6 849,1 
 

942,2 0,341 326,6 298,4 625,1 0,042 37,42 

178,2 0,030 0,007 5,95 430,6 430,6 861,3 
 

996,4 0,361 344,1 306,0 650,1 0,044 39,57 

237,3 0,041 0,009 7,92 432,6 432,6 865,3 
 

961,3 0,348 332,9 301,1 634,0 0,042 38,18 

310,9 0,053 0,012 10,38 435,2 435,2 870,3 
 

979,0 0,355 338,5 303,5 642,1 0,043 38,88 

257,9 0,044 0,010 8,61 433,3 433,3 866,7 
 

987,6 0,358 341,3 304,8 646,1 0,044 39,23 

245,0 0,042 0,009 8,18 432,9 432,9 865,8 
 

992,9 0,360 343,0 305,5 648,5 0,044 39,44 

232,5 0,040 0,009 7,76 432,5 432,5 865,0 
 

985,4 0,357 340,6 304,4 645,1 0,043 39,14 

316,9 0,054 0,012 10,58 435,4 435,4 870,7 
 

967,7 0,351 334,9 302,0 636,9 0,043 38,43 

350,9 0,060 0,013 11,72 436,5 436,5 873,0 
 

977,1 0,354 337,9 303,3 641,2 0,043 38,81 

1254,0 0,214 0,047 41,86 493,1 467,3 960,4 
 

1185,0 0,429 400,0 332,1 732,1 0,052 47,06 

1592,6 0,272 0,059 53,17 542,0 478,9 1020,9 
 

993,7 0,360 343,2 305,6 648,8 0,044 39,47 

1858,7 0,318 0,069 62,05 578,4 515,4 1093,8 
 

968,1 0,351 335,1 302,0 637,1 0,043 38,45 

2106,1 0,360 0,078 70,31 611,3 584,8 1196,1 
 

970,0 0,351 335,7 302,3 638,0 0,043 38,53 

1740,0 0,297 0,065 58,09 562,4 483,9 1046,2 
 

981,1 0,355 339,2 303,8 643,1 0,043 38,97 

2171,6 0,371 0,081 72,50 619,9 602,2 1222,1 
 

980,1 0,355 338,9 303,7 642,6 0,043 38,93 
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2506,7 0,428 0,093 83,68 664,1 685,6 1349,7 
 

987,9 0,358 341,4 304,8 646,2 0,044 39,24 

2736,3 0,468 0,102 91,35 695,1 738,6 1433,7 
 

982,4 0,356 339,6 304,0 643,7 0,043 39,02 

2818,0 0,482 0,105 94,08 706,3 756,8 1463,1 
 

991,3 0,359 342,5 305,3 647,7 0,044 39,37 

2736,0 0,468 0,101 91,34 695,0 738,5 1433,5 
 

988,7 0,358 341,6 304,9 646,5 0,044 39,27 

2622,7 0,448 0,097 87,56 679,6 712,7 1392,4 
 

963,1 0,349 333,4 301,3 634,8 0,043 38,25 

2741,8 0,469 0,102 91,53 695,8 739,8 1435,6 
 

946,3 0,343 328,0 299,0 627,0 0,042 37,58 

3045,6 0,521 0,113 101,67 738,6 806,3 1544,9 
 

932,9 0,338 323,6 297,2 620,8 0,041 37,05 

3121,7 0,534 0,116 104,22 749,7 822,6 1572,4 
 

924,8 0,335 320,9 296,0 616,9 0,041 36,73 

2900,3 0,496 0,108 96,83 717,8 774,9 1492,7 
 

921,2 0,334 319,7 295,5 615,2 0,041 36,59 

2814,1 0,481 0,104 93,95 705,8 756,0 1461,7 
 

917,3 0,332 318,4 295,0 613,4 0,040 36,43 

3096,6 0,529 0,115 103,38 746,0 817,3 1563,3 
 

907,9 0,329 315,2 293,7 608,9 0,040 36,06 

3180,1 0,544 0,118 106,17 758,4 835,1 1593,5 
 

893,9 0,324 310,5 291,7 602,2 0,039 35,50 

3241,1 0,554 0,120 108,20 767,7 848,0 1615,7 
 

887,1 0,321 308,2 290,8 599,0 0,039 35,23 

3075,0 0,526 0,114 102,66 742,9 812,7 1555,5 
 

890,8 0,323 309,4 291,3 600,8 0,039 35,38 

2969,1 0,508 0,110 99,12 727,6 789,9 1517,5 
 

886,7 0,321 308,1 290,8 598,8 0,039 35,22 

2906,9 0,497 0,108 97,05 718,7 776,4 1495,1 
 

879,7 0,319 305,7 289,8 595,5 0,039 34,94 

2910,8 0,498 0,108 97,18 719,3 777,2 1496,5 
 

872,8 0,316 303,3 288,8 592,1 0,039 34,67 

2741,2 0,469 0,102 91,52 695,7 739,7 1435,4 
 

864,7 0,313 300,5 287,7 588,2 0,038 34,35 

 

Final net heats, fuel consumptions for an engine set: 

BOTH ENGINES (=1 set, operated as stated) 

Total HT Total LT kW Net HT 

kW 

Net LT 

kW 

Fuel cons 

total kg/s 

1068,2 1019,5 676,0 225,3 0,293 

1050,8 1007,2 658,2 220,4 0,287 

1006,6 978,2 614,0 191,1 0,272 

965,7 958,7 573,1 171,2 0,260 

912,4 924,3 519,8 136,4 0,243 

886,3 907,7 493,7 119,5 0,235 

894,6 911,6 502,0 123,0 0,237 

892,9 910,4 500,4 121,4 0,236 

888,7 908,5 496,1 119,2 0,235 

874,9 900,7 482,3 111,0 0,231 

864,0 898,8 471,4 108,8 0,229 

858,9 894,8 466,3 104,4 0,227 

850,2 887,8 457,7 97,1 0,224 

848,5 887,6 456,0 96,5 0,224 

845,8 886,7 453,3 95,2 0,223 

838,0 882,3 445,5 90,4 0,221 
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835,8 880,7 103,4 88,5 0,220 

839,1 884,5 106,8 91,9 0,222 

871,3 904,7 139,0 111,8 0,231 

900,5 923,1 168,2 129,8 0,240 

932,7 942,3 30,5 148,6 0,250 

952,5 952,0 50,3 158,0 0,256 

966,5 960,8 64,3 166,5 0,260 

1014,7 996,4 112,5 201,7 0,277 

1040,2 1002,5 -66,5 207,4 0,284 

1069,6 1021,2 -37,2 228,6 0,294 

1065,7 1020,2 -41,1 230,2 0,293 

1088,7 1044,9 -18,2 257,4 0,302 

1103,9 1066,4 -207,5 281,4 0,309 

1009,6 1019,0 -301,9 236,6 0,280 

913,3 950,4 -398,2 170,6 0,247 

899,9 942,0 -411,8 164,6 0,243 

914,3 955,0 -114,2 180,2 0,248 

924,8 963,4 -103,7 191,2 0,252 

900,4 948,0 -128,3 178,2 0,244 

1174,2 1129,6 145,5 362,4 0,336 

1277,7 1201,4 249,0 436,8 0,370 

1278,3 1204,1 249,5 440,9 0,371 

1240,1 1174,6 211,3 412,8 0,358 

1206,0 1145,7 177,1 385,4 0,346 

1188,2 1132,4 363,8 373,5 0,340 

1159,2 1108,6 334,9 351,1 0,329 

1101,1 1071,7 276,7 315,6 0,309 

941,8 989,5 117,4 234,9 0,260 

871,8 959,2 -157,1 206,0 0,242 

829,2 925,4 -199,8 173,6 0,228 

785,9 897,0 -243,0 146,7 0,214 

766,5 819,5 -262,5 70,6 0,175 

778,3 867,8 -250,8 120,3 0,199 

779,6 873,2 -249,4 125,0 0,202 

779,9 873,6 -249,1 124,5 0,202 

768,3 828,8 -260,7 78,9 0,180 

766,5 819,2 -58,0 68,4 0,175 
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775,2 849,1 -49,3 97,6 0,188 

773,1 844,1 -51,3 91,7 0,186 

769,1 830,7 -55,3 77,5 0,181 

761,8 796,8 101,0 42,8 0,164 

761,1 793,0 100,3 38,1 0,162 

768,6 827,3 107,8 71,7 0,179 

767,9 828,1 107,1 71,7 0,180 

760,2 795,4 99,4 38,1 0,165 

755,8 789,6 95,0 30,1 0,148 

747,2 795,7 86,5 33,9 0,111 

723,0 751,2 60,7 -12,0 0,083 

736,6 774,7 -203,2 9,3 0,101 

733,7 765,5 -206,0 -2,2 0,102 

738,7 773,7 -201,0 3,8 0,109 

738,1 774,7 -201,5 2,5 0,106 

738,4 775,9 -405,7 1,5 0,106 

736,9 773,1 -407,1 -3,5 0,104 

737,3 770,3 -406,7 -8,5 0,109 

739,8 774,5 -404,1 -6,6 0,112 

799,5 893,0 -515,3 109,8 0,198 

784,5 885,3 -530,3 101,7 0,206 

817,5 913,5 -497,3 129,5 0,223 

887,1 946,9 -427,7 162,7 0,242 

787,7 901,6 -527,0 117,0 0,216 

905,9 958,8 -408,9 173,9 0,248 

990,4 1005,5 -324,3 220,3 0,273 

1042,6 1034,7 -272,1 249,2 0,290 

1062,1 1048,8 -252,7 262,9 0,297 

1043,4 1036,7 -271,3 250,5 0,290 

1014,1 1013,1 -300,7 226,6 0,280 

1038,8 1023,8 -275,9 236,9 0,287 

1103,5 1062,2 278,1 275,0 0,308 

1118,7 1070,6 293,3 283,1 0,313 

1070,4 1037,5 245,1 249,7 0,296 

1051,0 1024,2 225,6 236,0 0,290 

1111,0 1061,3 449,2 272,8 0,310 

1126,8 1069,0 465,1 280,2 0,315 
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1138,8 1075,9 477,1 286,8 0,319 

1104,0 1052,3 442,3 262,9 0,307 

1080,6 1035,7 532,9 245,9 0,299 

1066,1 1024,4 518,4 234,4 0,293 

1066,0 1022,6 518,3 232,2 0,293 

1027,4 996,2 479,6 205,5 0,280 

  

Profile in figures:  

 

 

Appendix figure 5. Electric power and heat demands on an average day of operations in [kW] 
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Appendix figure 6. Mechanical power demand on an average day of operations in [kW] 

 

 

 

Appendix figure 7. Total fuel consumption on an average day of operations in [kg/s] 
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