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ABSTRACT 

Lappeenranta–Lahti University of Technology LUT 

School of Energy Systems 

Study programme of Energy Technology 

Juha Vahvanen 

Waste heat to electricity recovery techniques on large ships 

Master’s Thesis 2020 

61 pages, 18 figures, 5 tables and 1 appendix 

Thesis examiners: Professor, D.Sc. Teemu Turunen-Saaresti, D.Sc. Antti Uusitalo 

Keywords: waste heat recovery, ORC, steam turbine, marine diesel engine, power plant 

technology 

In this Master’s thesis an evaluation is made on waste heat recovery technologies used in 

large ships to reduce fuel consumption, atmospheric emissions and operational costs. 

Evaluation is based on literature review and calculations on waste heat recovery potential 

of different technologies. 

Currently, modern ship engines can reach efficiencies of nearly 50 %. A part of the lost 

energy can be used as heat energy in onboard uses, but most of it is ultimately wasted into 

the atmosphere and seawater. With modern waste heat recovery technologies the aim is to 

extract waste heat from engine exhaust, excess steam, engine jacket cooling water, charge 

air cooling and lubrication oil cooler circuit water and to convert part of the waste heat to 

usable form, such as electricity or cooling energy. 

Several waste heat recovery technologies are reviewed in this work. A further calculation 

is made for steam and organic Rankine cycle turbines. These technologies have a potential 

to provide significant energy savings. In the basic scenario the investment into waste heat 

recovery is profitable for both shipowners and the environment. However, the feasibility of 

the investment depends on several factors, such as compatibility with the ship’s current 

technologies, operation conditions of the vessel, legislation, and the price of fuel. 
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voimalaitostekniikka 

Tässä diplomityössä tutkitaan laivojen hukkalämmön talteenottojärjestelmiä polttoaineen 

kulutuksen, päästöjen ja käyttökustannusten alentamiseksi.  

Nykyisten laivamoottoreiden hyötysuhde on jo lähes 50 %. Osa lopusta energiasta voidaan 

käyttää aluksen lämpöenergiantarpeen täyttämiseksi, mutta suuri osa lämpöenergiasta 

päätyy hukkalämpönä ilmakehään tai mereen. Moderneilla hukkalämmön 

talteenottomenetelmillä hukkalämpöä voidaan ottaa talteen moottorin pakokaasuista, 

pakokaasukattilan ylijäämähöyrystä, moottorin jäähdytysvedestä, ahtoilman 

jäähdytysvedestä ja öljynlauhduttimen jäähdytysvedestä ja muuntaa osa siitä 

hyödynnettävään muotoon esimerkiksi sähköksi tai jäähdytysenergiaksi. 

Tässä työssä käsitellään useita hukkalämmön talteenottomenetelmiä. Laskennallisesti 

perehdytään tarkemmin höyryturbiiniin ja ORC-turbiiniin. Tutkituilla teknologioilla 

päästään merkittävään energiansäästöön. Investointi hukkalämmön talteenottoon on 

kannattavaa sekä taloudellisesta että ympäristön näkökulmasta. Kunkin hukkalämmön 

talteenottoteknologian lopullinen kannattavuus riippuu kuitenkin useasta eri tekijästä, 

kuten laitteiston sopivuudesta laivan olemassa olevien laitteistojen kanssa, laivan 

käyttöprofiilista ja -olosuhteista, lainsäädännöstä ja polttoaineen hintakehityksestä. 
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1 INTRODUCTION 

At the present time, approximately 90 % of the world’s tangible commercial merchandise 

is transported by ships at some point of their supply chain (United Nations 2019). Ever 

since the era of sail clippers ended due to the emergence of steam ships in 19th century, the 

shipping industry has relied heavily on non-renewable fossil fuels.  Rising concerns about 

climate change and the price instability of fuel oil have made shipbuilders and shipowners 

think about new and more efficient techniques to run the ships in more cost-efficient and 

environmentally friendly ways. 

The estimated total greenhouse gas (CHG) emissions of the shipping industry sector are 

over 900 million tonnes per year. If the shipping industry alone formed a country, its CHG 

emissions would rank as 6th in the world, as great as Germany’s annual CHG emissions. 

(Olmer, Comer, Roy, Mao & Rutherford 2017) The objective defined by International 

Maritime Organization IMO is that from now on the carbon emissions caused by the 

shipping industry shall be reduced by 50 % before year 2050 (IMO 2018). A study by 

Vergara, McKesson and Walczak (2012) concluded that 60% of the target could be met 

with existing technologies, but full achievement of the emission targets would require 

applications of new technologies.  

It is quite clear that due to the developing economies in Asia, Latin America and Africa 

and the overall population growth in the world, the volume of the shipping industry is 

highly unlikely to decline during the upcoming decades. There should be ways to 

significantly increase the efficiency of ship operations so that the 50% emission reduction 

goal can be met without negative impacts on the world economy and people’s standard of 

living. 

One way to do so would be building larger ships with bigger propulsion units. Thus, 

smaller energy consumption per unit of payload would be required due to the economies of 

scale. The biggest oil tankers and container ships nowadays have a tonnage around 

200 000 gross register tons (GRT). Currently the largest operating container ships are the 

Hyundai Merchant Marine’s Algeciras-class ships with a capacity of 23964 TEU, a length 

of 400 metres, a tonnage of 232 311 GRT, a beam of 61,5 metres and a draft of 16,5 
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metres. The HMM Algecieras- class vessels are powered by a single MAN B&W G95ME-

C10.5- engine. The biggest ships are efficient when transporting goods for long 

intercontinental voyages between major hub ports, such as Hong Kong and Rotterdam.  

 

Figure 1. HMM Algecieras, the largest container ship in the world (Marine Insight 2020). 

Another way to reduce the energy consumption of ship operations is to reduce the 

hydrodynamic drag force that affects the ship. Traditionally this has been done by 

designing the shape of the ship’s hull and bulb to minimize the amount of drag on the 

moving ship. Furthermore, the drag can be further reduced in other ways; for example, the 

hull of the ship can be lubricated with a continuous stream of air bubbles. Mitsubishi 

Heavy Industries has installed MALS (Mitsubishi Air Lubrication System) to several 

vessels, such as Japanese route ferries and European cruise liners AIDAprima and 

AIDAperla, with claims of over 5% of confirmed fuel savings (Mitsubishi Heavy 

Industries 2012). Also, reducing losses in power transmission and propulsion can 

significantly reduce fuel consumption. 

The thermodynamical efficiency of the Diesel cycle most used in powering large ships has 

increased radically in the past, but for the last decade the efficiency development seems to 

have stopped. Currently the state-of-the-art large marine two-stroke diesel engines can 



10 

 

reach maximum efficiency of 50 % (Wärtsilä 2019a). It is quite unlikely that any radical 

improvements in the cycle efficiency will occur soon. 

In this Master’s Thesis the main focus will be in the utilisation of waste heat coming from 

the ship’s engines: the techniques and the applications of waste recovery methods outside 

the thermodynamical engine cycle. This means using the kinetic and thermal energy from 

the engine exhaust gas, as well as the thermal energy from secondary sources of waste 

heat, such as engine coolant and lubricants and intercooler heat. The aim of the waste heat 

recovery is to convert the excess thermal energy to usable form (such as electricity, 

mechanical work or cooling energy) instead of allowing it to go to waste, thus increasing 

the total efficiency of the ship’s power plant, reducing fuel consumption and greenhouse 

gas emissions. The focus in this thesis work is on energy conversion from waste heat to 

other, high value uses instead of focusing on the direct use of heat and steam. 

The second chapter presents an overview of ship engine technology and propulsion 

systems. The third chapter introduces shipboard waste heat recovery technologies. In 

chapter four calculations are presented on waste heat recovery system of an exemplary 

vessel. Chapter five has results and discussion on the topic and conclusions of the thesis 

are presented in chapter six. 
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2 SHIP’S POWER GENERATION AND PROPULSION 

There are many ways for arranging a ship’s power generation and propulsion. This 

alongside the different uses and configurations will determine whether the waste heat 

recovery system can be viably installed on the ship, and which would be the right ways to 

do so. 

2.1 Main engine technology 

Most commercial ships are equipped with diesel engines for power generation. Diesel 

engines used in marine applications on large ships are usually two-stroke, low speed 

engines with operating speeds up to 120 revolutions per minute. In large units they are 

usually more efficient than four-stroke ones. However, four-stroke medium speed engines 

operating at around 500 rpm are commonly used in ferries with car decks or cruise liners 

because they occupy significantly less vertical space in the engine room. Viking Grace, a 

ro-ro/passenger ferry operating Turku-Stockholm service was equipped with 4 Wärtsilä 

8L50DF dual-fuel four-stroke engines that can operate with either natural gas or liquid fuel 

oil at speeds of 500 rpm (Wärtsilä 2018). 

Some vessels use Brayton-cycle based gas turbines for power generation instead. Gas 

turbines were more common in maritime use in the 1960s especially in navy ships. Due to 

the soaring fuel prices at the time of oil crisis in the 1970s more focus was placed on the 

fuel efficiency of the engines. Gas turbines were widely replaced by diesel engines for 

better performance at partial-load operation. However, gas turbines have made their way 

back to marine use in the 21st century due to the tightened environmental regulations 

concerning the exhaust gas emissions. Gas turbines are usually used when there is a need 

for peak load (for example when cruising at higher speed than normal due to schedules) or 

when cruising at environmentally fragile sites, such as in the Alaskan archipelago. Gas 

turbine engines usually need a higher grade of fuel than the diesel engines, thus resulting in 

higher operating cost. However, this is partially offset by significantly better gas turbine 

efficiency when waste heat recovery systems are used. LNG carrier vessels have been 

traditionally equipped with gas turbine engines since they are using the boil-off gas from 

the cargo, but the newest ones may use gas-powered diesel engines instead. 
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A ship’s nominal engine capacity is usually higher than the actual need for everyday 

operation. Maritime regulations require adequate reserve engine capacity for safe operation 

in all conditions and emergency situations. Large ships should have independent, separate 

engine rooms so that if one engine room should fail, another one would be able to provide 

the ship with adequate power for a safe return to port. 

2.2 Auxiliary power units 

Auxiliary power units are used on board for generating electricity for on-board uses. These 

include running of ship’s lighting, HVAC operations, freshwater generation, wastewater 

treatment, pumps, compressors, fuel systems, cargo handling systems, main engine starting 

system and other auxiliary shipboard operations. Auxiliary engines are usually running 

while the ship is in port if there is no electricity connection from ashore. Auxiliary engines 

are usually four-stroke medium or high-speed diesel engines, with power output between 

20 and 25 per cent of the main engine power. (Nicewicz and Tarnapowicz 2012) 

2.3 Propulsion systems 

Ship propulsion has traditionally been provided by a direct shaft drive from the main 

engine crankshaft to the propeller without a gearbox in diesel engines or with a gearbox if 

a gas turbine engine was in use. Currently more and more ships are being built with 

electrical propulsion. The first vessel with electrical propulsion was built in 1903, but until 

the 1980s electrical propulsion was a marginal technique in ship propulsion used mainly in 

special vessels such as icebreakers. Nowadays electrical propulsion is very common in 

new ships because of the rapid development of power electronics and the rising focus on 

energy efficiency and ease of operation. Electric propulsion systems will make waste heat 

recovery systems more viable and easier to install since electricity gained in waste heat 

recovery may be easily used in electric propulsion depending on the needed load. (Pestana 

2013) 

The new era of diesel-electric ship propulsion started circa 1988 with the retrofitting of an 

electric propulsion system in Queen Elizabeth II. Electrical propulsion has been made 

possible by the development of advanced power electronics, energy management and 

storage units. Along with tightening environmental regulations such as IMOs MARPOL 
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regulations, rising fuel prices and fierce competition in the shipping industry have made 

shipowners and yards consider switching to electrical propulsion systems. Diesel-electric, 

turbo-electric or LNG-electric propulsion will also make more room for electrical load 

variations when cruising speeds, weather conditions or other auxiliary loads are varying. 

Manoeuvrability is also significantly better especially in harbour operations and rough 

weather conditions. Moreover, the better optimization and controllability of power 

generation and propulsion will result in reduction of noise, vibration, pollution and need 

for maintenance since mechanical clutches and gearboxes may be replaced with simpler 

power electronic components. (Yang, Cox, Degano, Bozhko and Gerada 2016) 

One example of state-of-the-art propulsion technologies is ABB’s Azipod product family. 

A new propulsion system was needed for icebreakers in the end of 1980s due to very cold 

winters and the need to maintain manoeuvrability and stability in challenging ice 

conditions. Developed in co-operation with ABB and Masa Yards, an Azipod propulsion 

device contains an AC motor powering a fixed-pitch propeller unit that can be rotated 360 

degrees around its vertical axis, thus combining the functions of propeller and rudder, 

significantly increasing the manoeuvrability and saving space inside the ship compared to 

direct-drive AC motor units. Azipod was first designed for icebreaking and supporting 

maintenance vessels but later its potential for cruise vessels was discovered. In 1998 

Azipod system was installed in cruise ships Carnival Elation and Carnival Paradise, built in 

Masa-Yards shipyard in Helsinki. Combined rudder-propeller system will make the ship’s 

port operations easier, decreasing the need for tugboat assistance. In addition, the 

hydrodynamic effects on the ship’s hull structure will further decrease the drag and fuel 

consumption up to 10 per cent. Azipod has also made it possible to build double-acting 

tankers (DAT), which are designed to break ice while travelling astern, reducing the need 

of icebreaker assistance. The ship’s bow is designed to be hydrodynamical on open water 

conditions when the ship is navigating ahead. (ABB 2013) 

2.4 Engine operation 

Different types of ships have very different types of operational profiles. This poses 

varying demands for engine and propulsion technology as well as for waste heat recovery 

systems. Some vessels, such as container ships and bulk vessels or tankers operating 
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transoceanic intercontinental routes have quite stable engine loads over time and 

harbouring time is kept to minimal. On the other hand, cruise ships, inland water feeder 

ships, barge tugs etc. spend a lot of time in port and during operations their engine load 

varies a lot due to the manoeuvring in port, weather conditions, operations in straits and 

archipelagos etc. Usually vessels that operate in varying conditions benefit more from 

electric propulsion systems. Cruise ships have very large auxiliary hotel loads for 

maintaining HVAC, lighting, and water treatment operations. 

Simonsen, Walnum & Gössling (2018) have made a model for estimating cruise vessel fuel 

consumption as a function of vessel speed referenced from public AIS ship location data. 

Measurements for cruise vessel Norwegian Star were made in May 2016. Monthly speed 

profile for the vessel is presented in Figure 2. The ship speed is presented on a horizontal 

axis and the time proportion on the vertical axis. 

 

Figure 2. Speed profile of cruise vessel Norwegian Star. 

The speed profile measured by Simonsen et al. is a very typical one for a large cruise liner. 

The most prevalent cruising speed is around 15-16 knots, while other peaks in the profile 

are at 6 and 12 knots. The maximum cruising speed of Norwegian Star is 24 knots, so 

cruising speed at 16 knots is probably the most optimal for engine operations at optimal 

load. The peaks at 6 and 12 knots are a result of cruising schedule of making short journeys 

between two ports of call overnight. 
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3 WASTE HEAT RECOVERY TECHNIQUES 

Different waste heat recovery systems can use waste heat from various sources from the 

ship’s engine. Usable sources of waste heat on ships include engine exhaust gases, coolant 

water, lubrication oil and intercooler air. The main engine exhaust gas is the primary 

source of the waste heat, accounting for roughly half of the engine waste heat or 25 % of 

the total fuel energy assuming the main engine efficiency is 50 %. The Sankey diagram of 

MAN marine diesel engine is presented in figure 3. (MAN Diesel & Turbo, 5) 

 

Figure 3. Heat balance diagram of MAN marine diesel engine with and without WHRS system. 

Generally, the temperature range of exhaust gases is between 300 and 500 °C, being higher 

in faster four-stroke engines compared to two-stroke engines. The higher the temperature is 

the higher is the potential of WHR applications. Engine cooling water temperatures usually 

range between 75 and 95° C. Intercooler water temperatures and oil cooling water 

temperatures are the lowest temperature sources of waste heat, ranging from 30 to 70 ° C. 

(Mollenhauer & Tschöke 2010) 
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In modern shipboard uses exhaust gases are usually passed through exhaust gas boilers 

before exiting into ambient air through an exhaust funnel. Exhaust gas boilers produce heat 

for onboard uses. Especially in cruise vessels shipboard heat use is remarkable. However, 

when running main engines with higher loads, a vast amount of produced steam is left 

unused and dumped into seawater condensers. Utilising excess steam is one of the most 

usable waste heat streams. (Uusitalo, Nerg, Grönman, Nikkanen & Elg 2019) 

Waste heat may be recovered from the various heat sources by turbines run by either 

exhaust gas directly or steam from the exhaust gas boilers, or by the means of organic 

working fluids in ORC process or thermoelectric reactions in TEG. 

A ship is a delicate environment with special operating conditions compared to various 

other industrial settings. Waste heat recovery potential is highly dependent on the engine 

loading and the fluctuations of engine power pose major challenges in designing waste 

heat recovery systems. Also, variations in ambient conditions such as sea water 

temperature and ambient air temperature affect recovery processes along with the heat 

energy demand of the vessel. In tropical conditions there is usually more surplus heat 

available to use in WHRS applications than in colder conditions. On the other hand, cooler 

seawater temperatures provide higher temperature differences and therefore potential for 

higher power outputs.  

Aboard the vessel, there are a lot of limiting factors in installing WHR systems. Usually 

ships’ engine rooms and cargo holds have limited space so the installations must be 

designed accordingly. There must be enough space for electrical connections and piping 

for the devices. As the vessel is moving at sea, the devices must withstand ship’s listing 

and even rough weather conditions. The chemical substances used in WHRS such as ORC 

devices or absorption chillers must be safe for use in a maritime environment. They must 

not be toxic, explosive nor flammable and they must not pose a significant threat for 

marine environment.  
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3.1  High temperature waste heat recovery  

High temperature WHRS systems include technologies that use heat sources with 

temperature over 200 °C. High temperature WHRS systems include power and steam 

turbines. 

3.1.1 Power turbines 

The simplest way of generating electricity out of engine exhaust is a power turbine, which 

is placed in the exhaust pipe bypass. Since only a fraction of exhaust gas energy is needed 

for running turbochargers, a power turbine installed in the main engine exhaust stream is a 

viable way to utilise engine waste heat. In fact, a simple turbocharger installed into an 

internal combustion engine may count as a waste heat recovery method, since it is run by 

power of exhaust gases to make the engine run more efficiently. The power turbine 

construction is relatively cost-effective and easy to install. The power turbine may be used 

as an only WHRS or with steam turbine and/or low temperature WHRS systems. Power 

turbines are viable in engines where there is a large mass flow of exhaust gas, especially 

with large two-stroke engines. (Shu, Liang, Wei, Tian, Zhao & Liu 2013) 

A power turbine can be installed into the exhaust gas stream either parallel to the main 

engine turbocharger or downstream from the turbocharger. An important consideration 

with designing the power turbine is the design point of exhaust gas mass flow. Bypass 

valves and automation controls must be designed accordingly so that when engine power 

and exhaust mass flow drop below the minimum design point, the bypass valve opens so 

that adequate exhaust gas stream for the main engine turbocharger is secured (Shu et al. 

2013). Dzida and Mucharski (2009) concluded that in large two-stroke Wärtsilä engines 

use of power turbine becomes impossible when engine power is below 60 % of SMCR. A 

simplified layout picture of power turbine unit combined with marine engine is presented 

in Figure 4. An average increase of 3 – 5 % in engine efficiency is projected with use of 

single power turbine generator. (MAN Diesel & Turbo 2014) 
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Figure 4. Process layout of power turbine combined into a marine diesel engine (MAN Diesel & 

Turbo 2014). 

3.1.2 Steam turbines 

Waste heat from the main engine exhaust may also be converted into electricity by using 

Rankine steam process cycle. The exhaust gases from the exhaust pipes will be mixed with 

exhaust coming from the main engine turbochargers, thus increasing the temperature of the 

flue gas, and increasing the usable steam produced by the exhaust gas boiler. The steam is 

used to run a steam turbine, which is coupled with a generator through a gearbox that will 

reduce the rotational speed suitable for the generator. 

Generally, the exhaust gas boiler produces slightly superheated steam with approximate 

temperature of 300 °C and pressure of 8-9 bar (Uusitalo et al. 2019). Depending on the 

heat use of shipboard heating and auxiliary uses the steam turbine may be dimensioned 

accordingly. Waste heat recovery may be used with steam turbine alone or it may be 
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combined with low temperature WHRS system, such as ORC or TEG. In figure 5 a 

working diagram is presented for combined cycle of steam Rankine cycle (SRC) and 

organic Rankine cycle (ORC) (Zhang, Wu, Wang & Ju 2016) 

 

Figure 5. Process diagram of combined steam Rankine cycle and organic Rankine cycle (Zhang et 

al. 2016). 

Steam Rankine cycle may be coupled with ORC process since the vaporization 

temperature of organic working fluid is significantly lower than that of water. The 

condensing temperature of steam is high enough to evaporate the working fluid of the ORC 

cycle. Thus, the total heat recovery to mechanical power is significantly higher, which 

means lower heat rejection temperature and higher process efficiency. 

The major challenge in shipboard steam turbine design is getting a reasonable peak 

efficiency in the design point, but also having a good efficiency in variable loads. Since 

different ships have different operational load profiles, there is a significant variance in the 

best available design for each vessel. Usually the dimensioning of the steam turbine is 

made for the most common engine load and the design is made according to the 

operational profile. For example, in a case of a cruise liner, where the engine load is 
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variable, a radial outflow turbine seems to be most suitable. (Leino, Uusitalo, Grönman, 

Nerg, Horttanainen & Soukka 2015; Uusitalo et al. 2019) 

3.2 Low-temperature waste heat recovery 

Low-temperature waste recovery techniques use lower temperature heat sources onboard 

the ships, such as jacket water cooler, scavenge air cooler or lubrication oil cooler. 

3.2.1 Organic Rankine Cycle 

In principle an ORC process is like a steam turbine based on a general Rankine cycle, but 

the working fluid is an organic fluid instead of water. This makes it possible to use lower 

temperatures in the steam cycle, which is very advantageous when using waste heat as an 

energy source. In addition, the superheating temperature of organic fluid is relatively low, 

which leads to better functionality within the turbine, since there is no vapour formation in 

the turbine, which would be damaging to the turbine in the worst case scenario (Liu, Chien 

& Wang 2004). The working fluid should not be flammable for safe shipboard operation, 

nor have ozone-depleting potential or great global warming potential but it should be 

thermally stable in designed working temperatures. Most of the suitable working fluids are 

refrigerant fluids, such as hydrofluorocarbons R245fa, R123 and R236fa, having relatively 

small specific heat and high latent vaporisation. According to the temperature level 

considered, some aromatic hydrocarbons (benzene, toluene, acetone) or alcohols 

(methanol, ethanol) may be suitable for circulating fluid. (Angelino & Invernizzi 2003; 

Wang, Ling & Peng 2013)  

ORC process can be installed in a smaller ship power plant such as a standalone WHRS, or 

if larger engines are considered, it can be installed in the process after a high-temperature 

WHRS such as power or steam turbine. ORC turbine can be coupled with a gearbox or it 

can replace an auxiliary diesel generator. (Grljusic, Medica & Racic 2014) 
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Figure 6. Diagram of standalone ORC waste heat recovery process using R245fg as a working 

fluid (Grljusic et al. 2014). 

In figure 6 an exemplary schematic process of standalone shipboard ORC process coupled 

with the main engine is presented. The feeder pump will give the R245fg working fluid a 

pressure of 45 bar before it is fed to a jacket water cooler for heating. The fluid will be 

heated further in scavenge air cooler before it is fed into the exhaust gas boiler. Depending 

on the engine load, a feeder-booster module with an oil boiler may be used if the power of 

exhaust gas boiler is not adequate to vaporise the working fluid into superheated steam 

with working temperature of 200 °C. If the main engine load is above 90 % of SMCR, the 

feeder-booster module is not needed. The superheated steam runs the turbine coupled with 
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generator, generating auxiliary power for shipboard use. Before a desuperheater-condenser 

heat exchanger surplus heat will be collected with a separate heat exchanger for shipboard 

heat uses, such as space heating, hot water generation and drinking water production. 

(Grljusic et al. 2014) 

The Swedish energy company Climeon ABp has developed a new ORC-based process, 

which has an ultra-low temperature and pressure design points due to the organic solvent 

and low pressure. The process can run with temperature levels between 70 and 120 °C and 

pressure of 2,5 bar. This results in cheaper construction, lower internal energy use and use 

of low temperature heat sources that would otherwise be wasted. Climeon’s process design 

is built in a modular container and it is scalable from power ranges between 150 kW to 50 

MW. Climeon Ocean has reference installations in Virgin Cruises’ ships built in 

Fincantieri’s shipyard, retrofit installation on Viking Grace ro-ro ferry and Maersk Line’s 

bulk carriers. The use is not limited to maritime installations only; possible uses include 

heat recovery on steel and concrete mills and geothermal power plants. (Climeon 2018) 

3.2.2 Kalina cycle 

If the temperature levels in the process are lower, a Kalina cycle may be used instead of a 

Rankine cycle running a steam turbine. A Kalina cycle uses a mixture of working fluids 

that have different boiling points, usually water and ammonia. In the evaporation stage of a 

process, ammonia boils first, and in condensing stage water condenses before ammonia. 

The main advantage of a Kalina cycle over Rankine cycle is that boiling is not isothermal 

such as in Rankine cycle, allowing the working fluid solution to maintain a temperature 

closer to the heat source temperature. The optimal working temperature of the process can 

be adjusted by varying the concentration of ammonia in the solution. (Sarkar 2015) 

Kalina cycle is considered to have higher cycle efficiency than SRC or ORC applications 

and it has a greater compatibility with lower and fluctuating temperature levels (Singh and 

Pedersen 2016). However, the system design is more complex and the amount of installed 

Kalina cycles is significantly lower than for example ORC applications. Even though the 

cycle efficiency is higher, the economic viability is not considered competitive against 

ORC devices (El Geneidy et al. 2018) 
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3.2.3 Thermoelectric generators  

Thermoelectric generators (TEG) known also as Seebeck generators are components that 

produce electricity when exposed to a heat gradient. TEGs are made of two different 

semiconductor materials that have high electrical conductivity and low thermal 

conductivity. The greater the temperature difference is between the hot and cold ends of 

the component, the greater is the electrical voltage and the produced electrical power 

(Seebeck 1825). TEG applications are suitable for shipboard uses since hot heat sources 

(from engine) and cooling water (from sea) are always present. Seebeck generators can be 

utilized also in smaller shipboard engines and lower temperature sources where other 

means of waste heat recovery are not suitable (Kristiansen & Nielsen 2010). 

The greatest advantage of TEGs is that they have no moving parts and thus there is very 

little need for maintenance. It can also utilise smaller and lower temperature heat fluxes 

than kinetic components. On the other hand, the limiting factor on large-scale use of TEGs 

is the high cost of thermoelectric materials that can form a functioning thermocouple and 

stand a mechanical stress due to the thermal fatigue. The efficiency of TEGs is relatively 

low, usually around 5 %. The cost of TEGs is usually determined by the investment cost 

since in waste heat applications the heat energy is usually free of charge. 

TEG components have been traditionally produced with alloys based on bismuth, 

antimony, tellurium or selenium on low-temperature applications. In higher temperature 

ranges alloys of lead or silicon-germanium are used. Some novel semiconductor materials 

of zinc-antimony, yttrium-aluminium or magnesium-tin alloys have been promising in 

studies and the performance of the components may be further increased by means of 

nanotechnology, making the generators smaller and the power density greater. (Ismail & 

Ahmed 2008) 

Current applications of waste heat recovery with thermoelectric generators have been 

characterized by high investment costs and poor efficiencies compared to turbine-based 

systems. However, the development of new thermoelectric materials may prove 

economically viable, especially in smaller applications that may be too small for turbine 

retrofittings. (Loupis, Papanikolaou and Prousalidis 2014) However, in larger ship 

applications TEG system costs are still prohibitive compared to ORC or SRC devices and 
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therefore they are not considered currently as a working technology of marine WHR. (Shu 

et al. 2013; El Geneidy et al. 2018) 

3.2.4 Absorption refrigeration machines 

Absorption refrigeration may be used to run air conditioners and cargo hold cooling 

systems by heat energy instead of power compressors. The coefficient of performance is 

usually significantly lower than in compressor-powered refrigeration cycles, but the 

advantage in marine use comes from using surplus waste heat for the process that would 

otherwise need to use power that has to be generated with cost. Absorption refrigeration 

has been used in refrigerating and ice making on large fishing vessels, where an 

uninterrupted refrigeration chain must be maintained, but recently there have been many 

applications of waste heat run refrigeration in cruise ship HVAC and food refrigeration 

systems and cargo hold cooling in refrigerated cargo ships. 

Absorption refrigeration was discovered in late 18th century and first patented by 

Ferdinand Carré in 1823. Compared to vapor compression refrigeration, which is currently 

the most common form of refrigeration, an absorption refrigeration machine is operated by 

a heat source instead of electricity-run compressor. The basic operating principle of 

absorption refrigeration consists of two fluids, absorbent and refrigerant, which are 

separated and mixed in different stages of a refrigeration cycle. The most common solution 

pairs are ammonia as refrigerant and water as absorber or water as refrigerant and lithium 

bromide as absorber. Good qualities for suitable chemicals in absorption refrigeration 

include stability, high enthalpy of vaporisation, availability, price, being environmentally 

friendly and non-corrosive. (Manzela, Hanriot, Cabezas-Gómez & Sodré 2010) 

A schematic picture of a single stage absorption refrigeration cycle is presented by 

Samanta and Basu (2015) in figure 7. Refrigerant vapor in high pressure enters the 

condenser where heat is transferred out of the cycle. Liquid refrigerant is then passed 

through the expansion valve into the evaporator where heat is taken into the cycle. The 

refrigerant is then passed onto the solution side where it is absorbed by a weak absorbent 

solution. In the absorption process heat is also transferred into the environment. The 

refrigerant-rich absorbent solution is pumped further into the generator, where an external 

heat source, in this case the waste heat, is transferred into the solution. Refrigerant is 
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vaporised and pressurized, and it starts a new cycle. The weak absorbent solution is passed 

back to the absorber. On the way it goes through a solution heat exchanger, where heat is 

transferred into the solution going to the generator, thus increasing the overall cycle 

performance.  

 

Figure 7. Representation of absorption refrigeration system (Samanta & Basu 2015). 

In the study presented by Kececiler, Acar and Dogan (2000) concerning uses of geothermal 

waste heat, the usable heat sources for running absorption refrigeration systems have a 

temperature range between 50 and 200 °C. This means that jacket water, scavenge air 

cooler and exhaust gases are all viable heat sources for running the refrigeration plant.  

The advantage of absorption chilling is that it may use several different sources of waste 

heat which leaves room for designing an optimal system for each vessel’s needs. The 

efficiency of absorption cooling depends on the temperature of the heat source, the 

working solution, and the needed evaporator temperature. COP values of approximately 

0,7 on a basic single stage absorption refrigeration cycle may be reached (Little & 

Garimella 2011). Ammonia-water systems generally have COP of 0,5 -0,6. Chillers with 

water-LiBr-solution can reach COP values of 0,8-0,9. However, evaporator temperatures 
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are limited above zero Celsius degrees with water-LiBr-solution. With ammonia-water 

systems evaporator temperatures suitable for freezing are technically possible. (Guangrong 

(ed.) 2017; Ouadha & El-Gotni 2013) 

Absorption cooling is one promising way of converting waste heat into more usable forms 

of energy. The technology is not novel and there is a strong proof of absorption cooling 

working in marine applications. Absorption refrigeration may result in reduction in fuel 

consumption since the cooling energy is produced by waste heat instead of electricity. 

Absorption chillers have very few moving parts and less need for maintenance compared 

to compression refrigeration systems.  

However, absorption refrigeration has a very poor COP compared to compression 

refrigeration and it must have a constant heat flow to operate. Thus, there must also be a 

back-up system for producing cooling for air-conditioning and refrigeration in situations 

where the waste heat stream is not adequate for cooling, such as port stays when engine 

load is minimal or when the ambient temperature is very high. The alternative system is 

usually traditional compression refrigeration. The footprint space needed for an absorption 

system is also a problem for retrofitting an absorption refrigeration system.  

3.2.5 Desalination and freshwater production technology 

Desalination processes are crucial in marine applications since freshwater must be 

produced for onboard uses, such as drinking, cooking, laundries, technical water (for 

example boiler feedwater) and some delicate cooling applications which require fresh 

water instead of seawater. 

Traditionally in merchant vessels desalination is organised with a simple distillation 

process where seawater is distilled with heat coming from an exhaust gas boiler or 

auxiliary boilers. More advanced distillation processes are so-called flash distillation 

columns that usually use engine jacket water at the temperature of around 70 °C as a heat 

source. In some applications EGB steam is used as a heat source. The distillation of 

seawater is possible by using a vacuum pump which lowers the ambient pressure and the 

boiling point of the water. When the pressure drops the boiling and distillation occurs 

rapidly, leaving the salt and the impurities to the brine. The boiled vapour is condensed in 
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the condenser and the latent heat of the vapour is further transferred to incoming seawater. 

(Wärtsilä 2020) 

In modern passenger vessels with large demand for fresh water for passenger operations 

reverse osmosis (RO) technology is used. Reverse osmosis is based on a semi-permeable 

membrane that filtrates salt and other impurities from the water under high pressure. 

Reverse osmosis enables a large freshwater production capacity with lower specific energy 

consumption than the distillation process. Reverse osmosis requires energy for creating 

high water pressure against the membrane while distillation needs a vast amount of heat. 

Heat use is not a problem if there is a lot of surplus heat available, but if there are more 

important needs for heat energy or if there is a need for large amounts of fresh water, then 

reverse osmosis provides a viable alternative technology. RO technology needs electricity, 

but it benefits from preheating the seawater since higher temperature increases the water 

permeability at the membrane filter, thus decreasing the overall energy consumption of the 

process. The drawback of reverse osmosis technology is that it demands a higher quality of 

seawater compared to distillation technologies to avoid problems such as fine filter 

blockages. (Li, Besarati, Goswami, Stefanakos & Chen 2013)  

In current shipboard systems, waste heat is the main energy source for running desalination 

and purification plants; this technology is available with no major redesign of the vessel.  
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4 CALCULATION OF WASTE HEAT RECOVERY 

PERFORMANCE 

In this chapter of the study a calculation of a shipboard engine is made. Engine energy 

balance is calculated in the basic case without waste heat recovery systems and with 

different waste heat recovery devices. An evaluation of different WHR applications will be 

made according to the calculations. 

Calculations will be made by using an exemplary vessel with four Wärtsilä 16V46DF dual 

fuel engines with electrically driven propulsion system. Data for the calculations is 

publicly available from Wärtsilä 46F series product manual. (Wärtsilä 2019b)  

4.1 Engine characteristics 

Wärtsilä 16V46DF is a four-stroke, medium-speed diesel engine. It has 16 cylinders, 

cylinder bore of 460 mm, stroke of 580 mm, piston displacement of 96,4 litres per 

cylinder, two inlet and two exhaust valves per cylinder and nominal output of 18320 kW at 

600 rpm. It is a very versatile engine for various uses. It may be coupled with either 

mechanical or electrical propulsion systems. Fuel options for the engine are light and 

heavy fuel oil and natural gas. The performance values of the engine are presented in 

Appendix 1. 

The Wärtsilä 16V46DF engine has two separate cooling circuits, one for high temperature 

and the other for low temperature cooling. Both circuits are evaluated for waste heat 

recovery potential. The high temperature cooling circuit includes cooling of engine jacket 

and first cooling stage of the scavenging air. The low temperature cooling circuit is for 

cooling the second stage of scavenge air and the engine lubrication oil. Both cooling 

circuits have the maximum flow of 340 m3/h and the excess heat is dumped into the 

seawater condenser. 

4.1.1 Exhaust gas system 

 The exhaust gas system produces 35,8 kg exhaust gas per second per engine with 

temperature of 314 °C while operating in diesel mode at full engine load. Exhaust gas is 

passed through exhaust gas boilers where slightly superheated steam is produced. 
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The thermal power output produced by the exhaust boiler at full engine load can be 

calculated when the temperature level, exhaust gas mass flow and the heat capacity of the 

exhaust gas is known. Exhaust gas heat capacity is approximated to be 1,051 kJ/kgK at 600 

K according to Reid, Prausnitz and Poling (1987) and the exhaust gas boiler efficiency is 

considered to be 0,9 and the exhaust gas exit temperature 180 °C. The thermal power 

produced by the exhaust gas boiler is 4,5 MW at full engine load per engine. 

If the engine is run in gas mode, exhaust gas flow is smaller than in diesel mode. However, 

the exhaust gas temperature is significantly higher (365 °C vs 315 °C) and exhaust gas exit 

temperature may be lower (150 °C vs 180 °C) than in diesel mode since there is no concern 

about sulphur acid condensation in exhaust gas systems. This results in increased thermal 

power output, which is 6,0 MW at full engine load per engine. 

4.1.2 High temperature cooling system 

The high temperature cooling system is a closed water-cooling circuit that cools down the 

engine jacket to prevent the engine from overheating. It has also two heat exchangers for 

intercooling the air being discharged from the turbocharger compressor before the cooled 

air is subsequently fed into the engine cylinders. In normal operating conditions the 

cooling water enters the engine jacket at 72 °C. Engine jacket and charge air cooler heating 

powers are 2,8 MW and 5,0 MW respectively at 100% SMCR engine load per one engine. 

The cooling water flow is 340 m3/h per engine and the water temperature while exiting the 

charge air cooler is 97 °C (Wärtsilä 2019b) The flow and the temperature means that the 

high temperature cooling circuit is a potential source for waste heat recovery applications.  

4.1.3 Low temperature cooling system 

The low temperature cooling circuit is coupled with two low temperature heat exchangers 

of the charge air cooling system and the engine lubrication oil cooler. The water enters the 

cooling circuit at 42 °C and the thermal power of the charge air cooler heat exchangers and 

the oil cooler are 2,3 MW and 2,0 MW respectively at full engine load per engine. The 

maximum water flow is 340 m3/h and the water temperature after the oil cooler is 52 °C. 

Even though the total thermal power 4,3 MW is not negligible, the temperature is too low 

for large-scale waste heat recovery systems for other forms of energy than heat. Low-
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temperature cooling water may technically be used for pre-heating of other heat streams or, 

for example, heating of swimming pools on cruise liners (El Geneidy, Otto, Ahtila, Kujala, 

Sillanpää & Mäki-Jouppila 2018) or it may be primed with hotter heat streams or heat 

pumps to meet the heat demand of the vessel (Elg 2007) but the viable utilisation of the 

low temperature cooling water heat is very questionable. Therefore, utilisation of low 

temperature cooling water is not considered furthermore in this thesis work. 

4.2 Engine performance and waste heat recovery potential 

The engine performance values are specified in the product manual mostly at full engine 

load. For the heat balance calculations an assumption is made that the proportions of 

different heat flows are constant, independent of engine load. The energy flow distribution 

with a diesel mode operation is presented in Figure 8. The numeric values are presented in 

Table 1. 

 

Figure 8. Heat flow distribution as a portion of fuel power. 

 

 

 

 

 

Engine output [kW] HT JW [kW] HT CAC [kW] LT CAC [kW]

Oil cooler [kW] Radiation [kW] EGB [kW] Exhaust loss [kW]
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Table 1. Calculated heat streams for different engine loads for Wärtsilä 16V46DF engine. 

SMCR Fuel 

power 

[kW] 

Engine 

output 

[kW] 

Fuel 

consumption 

[kg/s] 

Exhaust 

gas flow 

[kg/s] 

Fuel/air 

ratio 

Lambda HT 

jacket 

water 

[kW] 

100 % 40265 18320 0.943 35.8 0.027 2.62 2848 

85 % 33431 15572 0.783 32 0.025 2.82 2421 

75 % 31454 13740 0.737 30.6 0.025 2.86 2136 

50 % 21567 9160 0.505 21.2 0.024 2.89 1424 

SMCR HT 

CAC 

[kW] 

LT 

CAC 

[kW] 

Oil cooler 

[kW] 

Radiation 

[kW] 

Exhaust 

[kW] 

EGB 

[kW] 

Exhaust 

loss 

[kW] 

100 % 5008 2288 2032 544 9225 4402 4823 

85 % 4256.8 1944.8 1727.2 462.4 7047 3935 3112 

75 % 3756 1716 1524 408 8174 3763 4411 

50 % 2504 1144 1016 272 6047 2607 3440 

 

From one unit of fuel energy at a full engine load, around 45 % of the energy is 

transformed into power in the thermodynamic Diesel cycle. The high temperature cooling 

water cycle accounts for 19 % of the energy. 11 % of the fuel energy goes into the low 

temperature cooling cycle. 1 % is emitted into ambient air and structures as radiant heat 

energy and 23 % of the energy leaves the engine in the form of exhaust gas. From the 

exhaust gas heat, roughly a half can be further utilised via the exhaust gas boiler, another 

half is wasted into the atmosphere. 

The focus in this thesis is the 19 % of the fuel energy that ends up into the high 

temperature cooling circuit, and the 12 % of the energy that produces steam with the 

exhaust gas boiler. A part of this 31 % of the fuel energy going into the engine that would 

otherwise be wasted, is usable by modern waste heat recovery techniques. 
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4.2.1 Engine load profiles 

In order to know the distribution and variance of the usable waste heat power for WHR 

system calculation and dimensioning further data of the engine load profile is needed. 

Engine load profile expresses the yearly operating hours of any engine load. When the 

engine operating profile is known, total energy consumption as well as usable waste heat 

energy and the dimensioning power for a waste heat recovery plant may be calculated. 

Load profile is unique for each ship and it depends on the schedule of the ship. Many ships 

may have a fixed all-year round schedule, some may have weekly or seasonal variety. In 

the cruise industry many vessels operate during summertime in temperate climates, such as 

Alaska, Baltic Sea or Mediterranean. For the wintertime, the vessels are transferred into 

tropical waters, such as the Caribbean, Hawaii or Pacific Ocean. Cruise schedules operate 

usually from seasonal or all-year round base ports and have a rotation time between 3-4 

days and three weeks. Some of the passenger or ro/ro vessels operate fixed schedules 

between two or three ports for scheduled route operations. 

 In figures 9 and 10 a yearly main engine load and speed profile is presented for a 

scheduled route passenger vessel operating between Stockholm, Sweden and Mariehamn, 

Finland. For the speed profile the zero speed values for port stays are excluded from the 

graph. (Baldi, Ahlgren, Nguyen, Thern & Andersson 2018) 
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Figure 9. Yearly main engine load profile of a scheduled passenger ferry (Baldi et al. 2018). 

 

Figure 10. Yearly speed profile of a scheduled passenger ferry (Baldi et al. 2018). 
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In the study of Baldi et al. (2018) main engine load and vessel speed profiles were 

evaluated on a scheduled service passenger ferry. The engine load operational profile 

seems to be on the low load side since the optimal load range for the medium-speed diesel 

engine is around 80-90 % of SMCR (Wärtsilä 2018). The journey the ship is navigating is 

relatively short for the scheduled timetable, which makes the ship operate at lower load 

than would be optimal for the engine operations. If a waste heat recovery system is 

installed for such a vessel, the operating conditions should be considered for the design. 

Elg (2007) has made a waste heat recovery system analysis with a case vessel M/S Oasis of 

the Seas, an Oasis-class cruise ship that started operations in 2008. Oasis of the Seas has 3 

Wärtsilä 16V46 engines along with 3 Wärtsilä 12V46 engines for power generation. Data 

for analysis included ship operational profile and ship heat production and consumption as 

a function of ship operational speed. The heat is expressed in forms of steam, HT water 

and LT water in figure 11. 

 

Figure 11. Surplus heat production onboard a cruise vessel Oasis of the Seas (Elg 2007). 

The heat generation is very much directly proportional to the ship speed during the cruise. 

However, during port stay the demand of HT water for HVAC operations is higher, and 

during the cruise the demand for steam is higher due to the demand for fuel preheating and 

hotel operations. As we can see, the surplus heat is utilised thoroughly as heat during the 

port stay since only the auxiliary generators are running because there is only the hotel 

load to be generated. Sometimes, if the ambient temperature is low or heat demand is 
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otherwise high, there may be a need to use oil-fired auxiliary heat boilers to fulfil the 

demand for heat. Therefore, waste heat recovery potential exists only during cruising speed 

operations when there is an adequate amount of surplus heat. From figure 11 one can see 

that there is surplus steam production between 4 000 and 8 000 kW and surplus HT water 

production between 8 000 and 15 000 kW in cruising conditions. With these figures 

considered, there is a huge potential for waste heat recovery applications using HT water 

as a temperature source. For higher temperature levels steam or combined HT water/steam 

systems may be applied. The operational speed profile is known and is expressed in figure 

12. 

 

Figure 12. Speed profile of cruise vessel Oasis of the Seas (Elg 2007). 

The speed profile indicates that 25 % of the time the vessel is staying in port, 22,5 % of the 

time it is cruising at speed of 17-18 knots, 42,5 % of the time cruising at 18-19 knots and 

10 % of the time cruising at 21-22 knots.  

When the operational load and the surplus heat production is known, the yearly usable 

surplus heat in the form of steam energy and high temperature water can be calculated by 

simple multiplication. The total usable heat energy is presented in Table 2. 
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Table 2. Usable waste heat steam and HT water thermal power and energy. 
 

Time 

proportion 

Yearly 

operating 

hours 

Steam 

power 

[kW] 

HT power 

[kW] 

Steam 

energy 

[MWh/a] 

HT 

energy 

[MWh/a] 

Port 

stay 

0,25 2190 negligible negligible 0 0 

17-18 

kn 

0,225 1971 3800 8000 7490 15768 

18-19 

kn 

0,425 3723 4500 9000 16754 33507 

21-22 

kn 

0,1 876 7500 15000 6570 13140 

Total 1 8760 
  

30813,3 62415 

 

As we can see from Table 2, the yearly usable waste heat production with exemplary 

operational profile is around 30 GWh of steam and 62 GWh of high temperature water per 

annum. The maximum heat power while cruising at full speed is 7,5 MW and 15 MW for 

steam and HT water, respectively. 

4.2.2 Steam turbine design 

Since, according to the operating profile, the vessel is operated at full speed for only 10 % 

of the and at lower cruising speeds around 65% of the year, there is a challenge with the 

steam turbine dimensioning about what design point will maximise the total energy 

recovery. Martin and Kolenc (1979) have made an evaluation of radial outflow turbine 

efficiency at partial loads. At 50 % load the efficiency is approximately 85 % of the design 

efficiency. The efficiency graph is presented in Figure 13. 
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Figure 13. Steam turbine efficiencies at partial load (Martin and Kolenc 1979). 

The graph above is digitised by Engauge Digitizer open-source software. Using Microsoft 

Excel, a third-degree polynomial regression curve can be found. The equation for the curve 

(1) is: 

 𝑦 = 1,1501𝑥3 − 2,6785𝑥2 + 2,2716𝑥 + 0,2722  (1) 

With equation (1) an approximation for steam turbine efficiency may be calculated for 

partial load operations for various design powers of steam turbines. The isentropic 

efficiency at design point of the turbine is estimated to be 85 %. The electromechanical 

efficiency is approximated as 95 %. 

The exhaust temperature with partial load operation is approximately 300 °C (Wärtsilä 

2019b). Therefore, the operating steam temperature of the exhaust gas boiler can be 
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approximated at 280 °C (Rayaprolu 2009) The steam pressure of 9 bar is used in the 

calculation, resulting in turbine inlet enthalpy of 3012 kJ/kg. Steam mass flow is calculated 

by using equation (2) when the enthalpy and thermal power of steam are known. 

𝑞𝑚 =
𝑃𝑡ℎ

ℎ
    (2) 

The steam turbine operation parameters were calculated using general principles of 

Rankine cycle calculation using Mollier enthalpy-entropy diagram and IF97 steam 

property tables. For steam turbine power calculation steam values in the turbine outlet must 

be known. The turbine power is increased when the condenser pressure and temperature 

are as low as possible, so the steam expansion can continue further. The limiting factor 

here is the coolant temperature, which is in this case the ambient seawater.  However, if the 

expansion is taken to too low pressure levels, there is a risk that the condensing water 

droplets may damage the turbine by causing blade erosion and shorten the lifetime of the 

components. In this calculation the moisture content must not exceed 12 % in any 

condition. The condenser pressure of 0,07 bar and temperature of 40 °C are chosen. These 

values result in steam content of 90 % in the turbine outlet, which is in the acceptable 

operating range. The isentropic enthalpy of the steam in corresponding point at the turbine 

outlet is 2210 kJ/kg. 

The turbine outlet enthalpy is calculated with equation (3) with the definition of turbine 

isentropic efficiency: 

ℎ𝑡,𝑜𝑢𝑡 = ℎ𝑡,𝑖𝑛 − 𝜂𝑠(ℎ𝑡,𝑖𝑛 − ℎ𝑡,𝑜𝑢𝑡,𝑠)    (3) 

where  ℎ𝑡,𝑜𝑢𝑡 is turbine outlet enthalpy 

 ℎ𝑡,𝑖𝑛 is turbine inlet enthalpy 

 𝜂𝑠 is turbine isentropic efficiency 

 ℎ𝑡,𝑜𝑢𝑡,𝑠 is turbine outlet enthalpy in isentropic expansion 

The enthalpy at the turbine outlet is calculated to be 2322 kJ/kg. When the inlet and outlet 

enthalpies are known, the maximum turbine power is calculated with equation (4) 
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𝑃𝑡 = 𝜂𝑚𝑒𝑞𝑚(ℎ𝑡,𝑜𝑢𝑡 − ℎ𝑡,𝑖𝑛)    (4) 

where  𝑃𝑡 is turbine power 

𝜂𝑚𝑒 is mechanical and electrical efficiency of the turbogenerator 

𝑞𝑚 is mass flow of the steam 

The electromechanical efficiency of the turbogenerator is assumed to be 95 % and the 

maximum mass flow of the excess steam from the EGB is 2,49 kg/s. Theoretically, the 

maximum turbine power with the used steam values and usable mass flow of the steam is 

1613 kW. Further calculation is made for different sized turbines to determine what turbine 

size is optimal to extract the maximum amount of energy from the varying steam load 

according to the operating profile of the vessel. 

The steam turbine efficiency in partial load conditions is illustrated by the graph (11) 

presented by Martin and Kolenc (1979). The correction coefficient is calculated from the 

graph to define the efficiency in off-design conditions so that the electricity production in 

off-design conditions may be calculated. The annual produced electricity is presented in 

figure 14. 



40 

 

 

Figure 14. Annual electricity production of the steam turbine. 

The electricity production increases sharply until 1000 kW of turbine power. Increasing the 

turbine nominal power does not seem to significantly increase the electricity production 

since the efficiency is better when the steam turbine is operated near the design point for 

longer periods of time. When the design power increases, the steam turbine energy 

recovery benefits when running with higher engine and steam load, but for most of the year 

the bigger turbine is running at partial load conditions, resulting in lower efficiency. The 

smaller turbine can run with higher load when the engine operates at partial load, but the 

recovery rate is lower in full engine load.  

Technically, maximising the power output of the turbine may not be the most economically 

feasible option since it demands a much greater turbine size, which results in significantly 

higher investment and maintenance costs and an increase in the physical footprint needed 

in the engine room. Increasing the nominal turbine size by 50 % to 1500 kW results in an 

increase of annual electricity production of 81 MWh (1,4 %). Similar conclusions are made 

in the study of Uusitalo et al. (2019). 

Waste heat driven applications of Rankine cycle with power output under 5 000 kW are 

considered economically questionable (Shu et al. 2013). However, in larger cruise vessels 
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where there are existing exhaust gas boilers and steam distribution systems, the installation 

of a steam turbine is profitable even with lower power output (Altosole, Benvenuto, 

Campora & Laviola 2017). 

Suppose we perform a cost-benefit analysis of a steam turbine with excess steam and 

power output of 1 MW. In the calculation above a steam turbine dimensioning to 1 MW 

results in annual electricity production of 6039 MWh. With an average specific fuel 

consumption of 185 g/kWh (Wärtsilä 2019b) the electricity produced by the steam turbine 

would result in a fuel saving of 1119 tons per annum. With an average fuel price of 350 

USD for metric ton a financial saving of 391 650 USD is gained annually from direct fuel 

costs. With an acceptable interest-free payback time of 5-6 years, the projected investment 

cost would settle around 2 million USD or $2000/kW of nominal power. 

The real investment cost of a steam turbine fluctuates greatly depending on the turbine 

system and size especially in the small-scale steam turbines. The price details are not 

public, but an estimation of investment cost of 1100 USD per kilowatt installed is assumed 

as a steam turbine investment cost in 1 MW capacity (US Department of Energy 2016) If 

the real investment cost is below 2000 USD per installed kilowatt of power, the investment 

is economically profitable. 

4.2.3 ORC design 

Organic Rankine Cycle may be used as a standalone waste heat recovery source or it may 

be coupled with other WHR applications. The advantage of the ORC process is that it may 

use lower temperature levels than a steam turbine and thus, it may be designed specifically 

according to the vessel use. An ORC device may be installed to use steam turbine 

condense as a heat source, since the steam Rankine cycle condensation temperature is 

usually high enough for ORC cycle evaporator (Uusitalo et al. 2018) or HT cooling water 

cycle. The HT cooling water cycle provides a lot of potential for producing electricity with 

ORC process because of the significant amount of heat energy and adequate temperature 

levels.  

Currently there are six operating commercial vessels with ORC waste heat recovery 

systems. The first marine installation of ORC process was in the Swedish vehicle carrier 
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MV Figaro, owned by Wallenius Lines AB in 2012. The ORC is coupled with an engine 

cooling circuit and has a measured fuel savings of 5 %. Current marine installations 

achieve maximum power up to 500 kW and maximum fuel savings of 10-15 % (Ng, Tam 

& Wu 2020). 

The performance of ORC process in different conditions is highly dependent on the 

circulating organic fluid. Fluid selection is one of the main considerations in performance 

optimisation of ORC cycle. There is no single fluid property that makes one fluid better 

than another, but there are several properties to consider. Thermodynamical properties 

include evaporation temperature, specific heat, latent heat, and the slope of the saturation 

vapour curve. High latent heat is a favourable property in fluid selection. Most of the 

current literature reviews recommend low specific heat but some prefer a fluid with higher 

specific heat value. The evaporation temperature of the selected fluid must match the 

temperature of the heat source. The optimal fluids for each temperature level are presented 

in Figure 11. (Wang, Ling, Peng, Liu & Tao 2013) 

 

Figure 15. ORC circulating fluid selection corresponding to the heat source temperature (Wang et 

al. 2013). 

Besides the thermodynamic properties, on shipboard use safety considerations must be 

taken into account. The IMO and MARPOL regulations stipulate the safety requirements 

for chemicals used in engine rooms. For example, the flash point of the fluid must not be 

under 60 °C, which rules the hydrocarbons. The fluids must not be environmentally 

hazardous in terms of toxicity, global warming potential and ozone layer depletion 

potential It is also a great advantage if the fluid is cost effective and readily available 

(Larsen, Pierobon, Haglind & Gabrielii 2013) 
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In marine waste heat recovery solutions with HT water as the main heat source the 

temperature level is around 100 °C which is approximately 370 K. In this temperature 

range the most optimal circulating fluids according to Wang et al. would be R22, R290, 

R134a and R227ea. In several studies with higher temperature applications where exhaust 

gas or charge air is used as a temperature source, especially R245fa and R245ca are 

considered to be most total-efficient fluids. Even though they are not thermodynamically 

as efficient as other hydrofluorocarbons R11, R113, R141b and R123, they have better 

properties concerning safety, environmental aspects, despite their relatively high global 

warming potential, and economical availability. (Wang, Zhang and Fan 2011; Larsen et al. 

2013; Makman and Ergin 2019; Uusitalo 2014) 

Balancing the need for efficiency, safety, and stability in shipboard uses, R245fa is chosen 

for further investigation for the ORC process calculation. The properties of R245fa are 

presented in table 3. 

Table 3. Properties of refrigerant R245fa (Song et al. 2015). 

Molecule weight 134,05 g/mol 

Normal boiling point 15,14 °C 

Critical temperature 154,01 °C 

Critical pressure 3651,0 kPa 

Global warming potential (GWP) 950 

Ozone depleting potential (ODP) 0 

ASHRAE-34 classification B1 (higher toxicity, no flame propagation) 

 

Since there are only a few real-life applications of marine ORC, they are still mostly made-

to order experimental devices, although the technology and the demand for it is rising all 

the time. Serial manufacturing would reduce the manufacturing costs and therefore make 

the ORC systems more accessible to both retrofits and new vessels. There are some 

concepts of modular ORC devices that could be manufactured in series and scaled to fit the 
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needs of the customer. In table 4 some of the modular ORC concepts are introduced. 

(Climeon 2020, Mitsubishi Heavy Industries 2020) 

Table 4. Working properties of modular ORC systems. 

Manufacturer Climeon Mitsubishi Heavy Industries 

Type HP150 125EJW 

Power output [kW] 150 115 

Dimensions [mm] 3009x2085x2185 1300x7500x3500 

Weight [kg] 7500 8600 

Hot side inlet temperature 

[C] 

80-120 75-95 

Hot water flow [t/h] 36-126 150-200 

Heat source HT water/steam HT water/steam 

Cooling water temperature 

[C] 

0-35 5-30 

Cooling water flow [t/h] 36-126 150-250 

Turbine type Radial Radial 

Reference vessels Scarlet Lady, Viking 

Grace 

Arnold Maersk 

 

The advantage of the modular system is that it can be manufactured in a factory and 

transported to the final installation site. Since they are relatively small and lightweight, the 

desired power is reached by coupling more units to the waste heat recovery system. The 

modular systems can also operate at higher efficiencies during varying operational 

conditions. For example, the Scarlet Lady has 6 units of Climeon HP150, producing a 

maximum power output of 900 kW. (Climeon 2020) 
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A process calculation of an ORC process is made using a standard process calculation of 

Rankine cycles, as in the case of steam turbine calculations, but using the thermodynamic 

property tables of the circulating fluid R245fa. HT water in temperature of 97 ° C is used 

as a heat source. Turbine inlet conditions are 90 ° C and 8 bar, the condenser pressure is 

chosen at 2 bar. The ORC process is drawn with approximate values into a (log p, h) 

diagram with a black line (Figure 16). The isentropic expansion in the turbine is drawn into 

the diagram with an orange line, assuming isentropic efficiency of 80 % in the expander. 

 

Figure 16. The ORC process drawn in (log p, h) graph. 

The heat source and sink temperatures are the limiting factors in the process. Larger power 

potential may be achieved if the heat source temperature could be increased. For example, 

by priming the hot water with steam, thus allowing adequate circulating fluid superheating 

with higher pressure levels and higher enthalpy difference. Seawater temperature in the 

cooler defines the heat sink temperature and the adequate condenser pressure to ensure a 
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superheated vapour state throughout the expansion process to avoid droplet formation in 

the turbine. 

The specific enthalpy at the turbine inlet with given temperature and pressure values is 475 

kJ/kg. The real expansion process in the turbine into the condenser pressure of 2 bar results 

in a turbine outlet temperature of approximately 60 °C. The specific enthalpy in the turbine 

outlet is 456 kJ/kg. This means the total enthalpy difference over the turbine is 19 kJ/kg. 

Compared to the steam turbine system (690 kJ/kg), the enthalpy difference is very small in 

ORC process. If an electromechanical efficiency of 90 % is assumed, a circulating fluid 

mass flow of 8,77 kg/s is needed to achieve a power output of 150 kW. Depending on the 

desired total power output, several ORC units may be installed to increase electricity 

output and to reach good system efficiency at partial load. 

The demand for HT circuit water for running the ORC process may be calculated from the 

energy balance of the hot water-ORC heat exchanger. In the heat balance calculations heat 

losses are assumed to be negligible and the temperature of the incoming hot water is 

assumed to be at 97 °C and the returning water at 72 °C which is the temperature of the 

incoming jacket cooling water defined by Wärtsilä engine manual (Wärtsilä 2019b) 

Overcooling the jacket water is to be avoided because it may have a negative effect on 

engine performance. 

The energy balance shows that a hot water flow of 19,7 kg/s or 71 m3/h is needed for 

sufficient heat stream for ORC process with power output of 150 kW. A heat flow of 

approximately 2 MW in the form of hot water is consumed in the process, resulting in a 

total ORC cycle efficiency of 7,3 %. 

The ORC concept in the calculation is modular, so further calculations are made about how 

many units are needed for maximum electricity production, the capacity necessary for 

minimising the operational cost and the investment cost. The electricity production 

capacity is calculated according to system size and operational profile and the results are 

collected in table 5. The fuel savings are calculated with a specific fuel consumption of 185 

g/kWh, marine diesel fuel price is assumed to be 350 USD/ton and specific investment cost 

of 1800 USD/kW for the investment cost calculation. The annual electricity production as 

a function of nominal input power is plotted in figure 17. 
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Table 5. Energy production calculation of ORC process. 

Units Nominal 

power 

[kW] 

Electricity 

production 

[MWh/a] 

Fuel 

saving 

[t/a] 

Cost 

saving 

[USD] 

Investment 

cost [USD] 

Interest-

free 

payback 

[a] 

1 150 986 182 63811 270000 4.2 

2 300 1971 365 127622 540000 4.2 

3 450 2957 547 191433 810000 4.2 

4 600 3942 729 255245 1080000 4.2 

5 750 4353 805 281832 1350000 4.8 

6 900 4484 830 290341 1620000 5.6 

7 1050 4615 854 298849 1890000 6.3 

 

Figure 17. Annual electricity production of ORC process as a function of nominal power. 

The electricity production increases linearly until 600 kW of nominal power. After that the 

marginal production starts to decrease because when the nominal capacity of the system 

increases there are more cases of partial load operation on the system. However, the 

absolute cost savings increase when the capacity of the system increases, and more energy 
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can be recovered at the full load conditions which represent 10% of the yearly operations. 

The partial load operations with a large capacity increase the interest-free payback period 

but for the biggest investment the interest-free payback time is 6,3 years which is still 

acceptable.  

A cost-benefit analysis of fitting an ORC-process based WHRS system has been evaluated 

in a study by Akman and Ergin (2019) by comparing the expected investment costs and 

fuel savings according to publicly available price data provided by scientific research and 

ORC manufacturers (Song, Song & Gu 2015) ORC module costs have been plotted in 

figure 18 with respect to nominal power.  

 

Figure 18. Cost of different ORC devices with different power outputs (Song et al. 2015). 

In figure 18 it is clearly seen that the investment cost decreases significantly when the 

nominal power of the device increases. Furthermore, increasing the power results in greater 

fuel savings and shorter payback time. When the output power increases to between 100 

and 1000 kW, the investment cost settles between 1000 and 2000 euros per kW. The cost 

does not significantly decrease even when the output increases beyond 1000 kW. In 

devices with power output of under 100 kW the investment cost varies greatly between 

2500 and 8000 €/kW. Akman and Ergin (2019) evaluated different ORC systems in 
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handymax-sized tankers. The largest ORC device had a power output of 688,31 kW at 

100% MCR engine power. ORC process resulted in 704 tons of fuel savings per annum 

and had a payback time of 6,5 years. The smallest ORC considered had an output of 96 kW 

with consequential fuel savings of 99 tons per annum and a payback time of 12,16 years.  

ORC devices, along with the ship power plants are relatively long-term investments with 

expected lifetime of several decades. Installing a system into a new vessel at the shipyard 

or retrofitting an ORC device to a vessel with many years of service remaining seems to be 

a profitable option. Especially, if the vessel power plant is large enough to justify a larger, 

over 100 kW ORC process, a payback time of the investment will be relatively short. 

In many cases the limiting factor would be the space needed for fitting a waste heat 

recovery system. ORC devices have a relatively small physical footprint compared to SRC 

devices and thus they may be installed in even smaller spaces in ship’s engine room or in a 

separate compartment of a cargo hold. 

In the exemplary calculation the use of ORC process will most likely be profitable. ORC 

device could be installed to the HT cooling water cycle and depending on the working 

fluid of the system it may be heated further with the excess steam to reach temperatures 

high enough for evaporation and superheating of the fluid for optimal expansion for the 

ORC turbine.   
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5 RESULTS AND DISCUSSION 

In the category of large vessels with a big waste heat generation, turbine systems are 

recommended for waste heat utilisation. If the main engine power exceeds 15 MW or if 

there is already an advanced exhaust gas boiler and steam distribution systems, a steam 

turbine is considered as a viable option in producing electricity from waste heat. (MAN 

2014) 

In the calculations made in this thesis work, a steam turbine system with 1000 kW is 

evaluated. The steam turbine uses excess steam from the exhaust boiler that is not used for 

heating purposes onboard. The turbine is dimensioned so that it can operate satisfactorily 

in partial load conditions and during the most probable cruising conditions it can operate 

near the design point with a good efficiency. An electricity recovery of approximately 

6000 MWh per annum is gained with the steam turbine with a typical load profile of a 

cruise ship. This results in fuel savings of approximately 1100 tons and cost savings of 

400 000 USD per annum. 

The steam turbine proved to be economically feasible with projected investment cost in the 

examined capacity of installed engine power. If the steam turbine is retrofitted into the 

vessel, the compatibility and the space used in the engine room will have a big impact on 

the technical and economic feasibility of the installation. 

If there is a minimal heat demand and there is not an adequate exhaust gas boiler system on 

board the ship or the main engine power is too small to provide sufficient steam production 

for a steam turbine, a power turbine may be a satisfactory technology for recovering waste 

heat from the exhaust gases. On vessels where there is not a large heat demand and the 

engine load is relatively constant during ship operation, such as container and bulk cargo 

vessels, an exhaust gas power turbine is the most economical waste heat recovery method 

since the required investment cost and system footprint are lower than in the steam turbine 

system. 

In smaller vessels or vessels with small or fluctuating waste heat production, an ORC 

process may prove a viable option for converting waste heat to electricity. The greatest 

advantage of ORC process is that it can operate with significantly lower temperature levels 
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than the other means of waste heat recovery As a result, it can use heat sources other than 

the exhaust gas or the steam produced by exhaust gas economizers. 

 In the calculations ORC process using the cooling water from engine high-temperature 

cooling circuit was evaluated. An assumption was made that the onboard steam production 

is used for process and heating purposes and the excess is used in the steam turbine system. 

In the installed power capacity around 1000 kW, annual electricity production of 

approximately 4500 MWh per annum is reached. This results in an approximate savings of 

830 tons of fuel and cost saving of 290 000 USD per annum.  

In the calculation only the high temperature hot water was used as a heat source, keeping 

the temperature level below 100 °C. If there is no steam turbine or there is some steam 

production that can be used to increase the heat source temperature, the temperature and 

the pressure level may be increased, resulting in increased energy recovery in the ORC 

turbine.  

ORC is considered to be a relatively efficient and economical way to produce electricity 

from waste heat when the nominal power is over 100 kW. In these cases, it is possible to 

get the specific investment cost of the ORC system under 2000 USD per kilowatt of 

installed power. 

On the ships where the service steam demand is very high and the surplus steam flow is 

low, ORC process is favoured over SRC since ORC may use other forms of waste heat in 

lower temperature ranges (Andreasen, Meroni & Haglind 2017) 

There will be greater interest in thermoelectric generators in the future with the 

development of better thermoelectric materials and decreasing prices. Even though the 

TEGs are virtually maintenance-free and require only a little space onboard, they suffer 

from poor efficiency and high investment costs and therefore are not considered a viable 

option for a waste heat recovery system. 

Absorption refrigeration systems are currently used in the maritime sector to extract 

cooling energy from the waste heat supply onboard. The technology for absorption 

refrigeration is mature and well proven. Absorption refrigeration devices are usually 

reliable and require less maintenance than vapour compression refrigeration machines. On 
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the other hand, they operate with poor COP and they require a back-up system for cooling 

for situations when there is no adequate waste heat production. Absorption refrigeration is 

a practical technology on vessels where there is a large demand for cooling energy and a 

stable supply of waste heat. 

Desalination and freshwater production with waste heat are also proven and working 

technologies used widely in the marine transportation industry. Traditionally either steam 

or hot water are used to run the distillers onboard for sufficient water production. 

Nowadays, moving into less heat consuming methods such as reverse osmosis leaves more 

waste heat to use in other technologies. 

In current conditions the WHRS are profitable in new ships. In retrofittings the profitability 

depends on the ship engine room configuration, the remaining technical lifetime of the ship 

and the fuel price development. Rising fuel prices has been a trend for a longer period. 

Economic recessions have pushed the fuel prices lower for a while, most recently during 

the 2020 coronavirus crisis. Low-sulphur marine fuel oil prices went down from 560 USD 

to 200 USD per tonne in Rotterdam harbour in the period from January 2020 to April 2020 

(Standard &Poor’s 2020). A marine fuel price of 350 USD per metric tonne is used in the 

calculations of this thesis. If the fuel price rises higher, the profitability of the WHRS will 

be higher than the reference case. On the other hand, if the recession keeps the fuel price 

lower, the interest in waste heat recovery may be lower because of the lower gain in fuel 

savings. 

In the recommendations of MAN Diesel & Turbo (2014) a combination of WHRS is 

recommended if the main engine power exceeds 25 MW. If the engine power is between 

15 and 25 MW, a single WHRS, typically a power or steam turbine is recommended. For 

vessels with main engine power capacity below 15 MW either a single power turbine or an 

ORC is recommended for waste heat recovery.  

The calculations conducted in this thesis work were made using publicly available data 

from product manuals or scientific literature. Especially the economic details concerning 

the investment and component costs of different technologies and devices were hard to 

obtain since they are very often business secrets, and the costs may only be approximated. 

When investing in real-world systems, the real costs may differ significantly. Also, some 



53 

 

of the technological data processed in the calculations is insufficient, maybe for keeping 

business confidentialities out of the public documents, and therefore some coarse 

assumptions had to be made to finish the calculations. 
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6 CONCLUSIONS 

In this thesis work an insight was made for different waste heat recovery techniques for 

large-scale marine applications. Current applications were evaluated by literature review 

and based on the review calculations were performed for both waste heat steam turbine for 

exhaust gas boiler excess steam and ORC cycle using the high temperature cooling water 

as a temperature source. 

In the case calculations conducted with a cruise ship equipped with four Wärtsilä 

16V46DF engines both steam turbine and the ORC were evaluated as a high temperature 

and low temperature waste heat recovery methods, respectively. A significant savings 

potential in terms of energy and money was found on both methods. The economic 

feasibility of each waste heat recovery method is highly dependent on ship’s operation and 

total system cost. 

A ship is a delicate environment, and each ship is a different environment for operations of 

technology. Every ship is built for its purpose and it affects greatly the possibilities of 

waste heat recovery. There is not a single straightforward solution for all vessels on 

determining what kind of system would be suitable for the ship’s needs. The main factors 

that determine the correct design of waste heat recovery systems are the engine and 

propulsion configuration, the overall engine power which determines the heat production, 

and the onboard uses of different heat streams.  

Furthermore, meeting the CO2-reductions by reducing fuel consumption by all means may 

be profitable for ship owners beyond the direct economic savings. In the long run it will be 

highly probable that there will be tightening environmental regulations that will require the 

ship operators to cut emissions. On top of that, many shipping companies are doing 

voluntary measures to cut their environmental footprint to get quality certifications from 

different organisations, such as ISO (International Standardisation Organisation) or DNV 

(Det Norske Veritas), or to simply gain an advantage in marketing their products against 

their competitors’ ones. 
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APPENDIX 1.  

Operating parameters for Wärtsilä 16V46DF engines. 

             Wärtsilä 16V46DF 

Wärtsilä 16V46DF 

ME 

CPP Variable Speed 

ME 

CPP Constant 

Speed 

DE 

DE Constant Speed 

 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

 

Cylinder output kW 1145 1145 1145 
 

Engine speed rpm 600 600 600 
 

Engine output kW 18320 18320 18320 
 

Mean effective pressure MPa 2,38 2,38 2,38 
 

  
 

Combustion air system (Note 1) 
 

Flow at 100% load kg/s 29,5 32,8 29,5 32,8 29,5 32,8 
 

Temperature at turbocharger intake, 

max. 

°C 45 45 45 
 

Temperature after air cooler, nom. 

(TE 601) 

°C 45 50 45 50 45 50 
 

  
 

Exhaust gas system (Note 2) 
 

Flow at 100% load kg/s 29,3 36,5 29,3 36,5 29,3 35,8 
 

Flow at 75% load kg/s 22,6 28,6 22,4 31,0 22,4 30,6 
 

Temperature after turbocharger at 

100% load (TE 517) 

°C 367 301 367 301 365 314 
 

Temperature after turbocharger at 

85% load (TE 517) 

°C 364 294 392 292 390 305 
 

Temperature after turbocharger at 

75% load (TE 517) 

°C 346 304 409 292 407 304 
 

Temperature after turbocharger at 

50% load (TE 517) 

°C 336 

- 

298 450 

- 

297 449 

- 

306 
 

Backpressure, max. kPa 4 4 4 
 

Calculated exhaust diameter for 35 

m/s 

mm 1386 1465 1386 1465 1384 1468 
 

  
 

Heat balance at 100% load (Note 3) 
 

Jacket water, HT-circuit kW 2240 2880 2240 2880 2240 2848 
 

Charge air, HT-circuit kW 3696 5376 3696 5376 3696 5008 
 

Charge air, LT-circuit kW 1696 2352 1696 2352 1696 2288 
 

Lubricating oil, LT-circuit kW 1088 2048 1088 2048 1088 2032 
 

Radiation kW 512 544 512 544 512 544 
 

  
 

Fuel consumption (Note 4) 
 

BSEC total at 100% load kJ/kWh 7410,0 - 7410,0 - 7390,0 - 
 

BSEC total at 85% load kJ/kWh 7420,0 - 7540,0 - 7530,0 - 
 



 
BSEC total at 75% load kJ/kWh 7470,0 - 7680,0 - 7660,0 - 

 

BSEC total at 50% load kJ/kWh 7710,0 - 8230,0 - 8210,0 - 
 

BSEC gas fuel at 100% kJ/kWh 7364,8 - 7364,8 - 7349,5 - 
 

BSEC gas fuel at 85% kJ/kWh 7373,3 - 7501,0 - 7484,8 - 
 

BSEC gas fuel at 75% kJ/kWh 7421,9 - 7611,4 - 7594,3 - 
 

BSEC gas fuel at 50% kJ/kWh 7620,0 - 8091,4 - 8071,4 - 
 

Pilot fuel consumption at 100% load g/kWh 1,0 0,6 1,0 0,6 1,0 0,6 
 

Pilot fuel consumption at 85% load g/kWh 1,2 0,7 1,2 0,8 1,2 0,8 
 

Pilot fuel consumption at 75% load g/kWh 1,3 0,7 1,3 0,8 1,3 0,8 
 

Pilot fuel consumption at 50% load g/kWh 2,0 1,0 3,5 1,3 3,5 1,3 
 

SFOC at 100% load - LFO g/kWh - 186,3 - 186,3 - 185,3 
 

SFOC at 85% load - LFO g/kWh - 178,2 - 181,0 - 181,0 
 

Wärtsilä 16V46DF 

ME 

CPP Variable Speed 

ME 

CPP Constant 

Speed 

DE 

DE Constant Speed 

 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

 

Cylinder output kW 1145 1145 1145 
 

Engine speed rpm 600 600 600 
 

SFOC at 75% load - LFO g/kWh - 189,1 - 193,0 - 193,0 
 

SFOC at 50% load - LFO g/kWh - 192,3 - 198,5 - 198,5 
 

SFOC at 100% load - HFO g/kWh - 186,3 - 186,3 - 185,3 
 

SFOC at 85% load - HFO g/kWh - 177,2 - 180,1 - 180,1 
 

SFOC at 75% load - HFO g/kWh - 191 - 195 - 195 
 

SFOC at 50% load - HFO g/kWh - 197,0 - 203,2 - 203,2 
 

  
 

Fuel gas system (Note 5) 
 

Gas pressure at engine inlet, min 

(PT901) at 100% load 

kPa (a) 600...800 - 600...800 - 600...800 - 
 

Pressure drop over the Gas Valve unit, 

min 

kPa (a) 120 - 120 - 120 - 
 

Gas temperature at engine inlet °C 0...60 - 0...60 - 0...60 - 
 

  
 

Fuel oil system 
 

Pressure before injection pumps 

(PT101) at 85% load - HFO 

kPa 900...950 900...950 900...950 
 

Pressure before injection pumps 

(PT101) at idle speed (check value) 

kPa 1000...1050 1000...1050 1000...1050 
 

Fuel oil flow to engine, approx m3/h 13.6...16.0 13.6...16.0 13.6...16.0 
 

HFO viscosity before the engine cSt - 16...24 - 16...24 - 16...24 
 

Max. HFO temperature before engine 

(TE 101) 

°C - 140 - 140 - 140 
 

MDF viscosity, min. cSt 2,0 2,0 2,0 
 

Max. MDF temperature before engine 

(TE 101) 

°C 40 40 40 
 

Leak fuel quantity (HFO), clean fuel at 

100% load 

kg/h - 12,0 - 12,0 - 12,0 
 

Leak fuel quantity (MDF), clean fuel at 

100% load 

kg/h 36,0 60,0 36,0 60,0 36,0 60,0 
 



 
Pilot fuel (MDF) viscosity before the 

engine 

cSt 2...11 2...11 2...11 
 

Pilot fuel pressure at engine inlet (PT 

112) 

kPa(g) 550...750 550...750 550...750 
 

Pilot fuel outlet pressure, max kPa(g) 150 150 150 
 

Pilot fuel return flow at 100% load kg/h 510 510 510 
 

External Pilot fuel feed pump, 1 

feeder per engine 

l/h 750...1500 750...1500 750...1500 
 

External Pilot fuel feed pump, 1 

feeder per multiple engines 

l/h =(850...1500) x 

numb_of_eng 

=(850...1500) x 

numb_of_eng 

=(850...1500) x 

numb_of_eng 

 

Pilot line, temperature before pilot 

pumps (TE112) 

°C 5...50 5...50 5...50 
 

  
 

Lubricating oil system 
 

Pressure before bearings, nom. (PT 

201) 

kPa 500 500 500 
 

Pressure after pump, max. kPa 800 800 800 
 

Suction ability, including pipe loss, 

max. 

kPa 40 40 40 
 

Priming pressure, nom. (PT 201) kPa 80 80 80 
 

Temperature before bearings, nom. 

(TE 201) 

°C 55...58 55...58 55...58 
 

Temperature after engine, range °C 75 75 75 
 

Pump capacity (main), engine driven m3/h 342 314 314 
 

Pump capacity (main), electrically 

driven 

m3/h 314 314 314 
 

Wärtsilä 16V46DF 

ME 

CPP Variable Speed 

ME 

CPP Constant 

Speed 

DE 

DE Constant Speed 

 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

Gas 

mode 

Diesel 

mode 

 

Cylinder output kW 1145 1145 1145 
 

Engine speed rpm 600 600 600 
 

Oil flow through engine m3/h 275 275 275 
 

Priming pump capacity (50/60Hz) m3/h 80.0 / 80.0 80.0 / 80.0 80.0 / 80.0 
 

Oil volume in separate system oil tank m3 30 30 30 
 

Oil consumption at 100% load, approx. g/kWh 0,5 0,5 0,5 
 

Crankcase ventilation flow rate at full 

load 

l/min 7200 7200 7200 
 

Crankcase volume m3 38,7 38,7 38,7 
 

Crankcase ventilation backpressure, 

max. 

kPa 0,5 0,5 0,5 
 

Oil volume in turning device l 68.0...70.0 68.0...70.0 68.0...70.0 
 

Oil volume in speed governor l 7,1 7,1 7,1 
 

  
 

HT cooling water system 
 

Pressure at engine, after pump, nom. 

(PT 401) 

kPa 250 + static 250 + static 250 + static 
 

Pressure at engine, after pump, max. 

(PT 401) at 100% nom. 

kPa 530 530 530 
 



 
Temperature to HT suction, max 

(before by- pass pipe return to HT 

pump suction) 

°C 74 74 74 
 

Temperature before cylinders (TE 401) 

at 100% nom. 

°C 75 72 75 72 75 72 
 

Temperature after charge air cooler 

(TE432) 

°C 93 97 93 97 93 97 
 

Capacity of engine driven pump, nom. m3/h 340 340 340 
 

Pressure drop over jacket, total kPa 100 100 100 
 

Pressure drop in external system, 

max. 

kPa 100 100 100 
 

Pressure from expansion tank kPa 70...150 70...150 70...150 
 

Water volume in engine m3 2,6 2,6 2,6 
 

  
 

LT cooling water system 
 

Pressure at engine, after pump, nom. 

(PT 471) 

kPa 250+ static 250+ static 250+ static 
 

Pressure at engine, after pump, max. 

(PT 471) 

kPa 530 530 530 
 

Temperature before charge air cooler 

(TE471) at 100% nom. 

°C 38 42 38 42 38 42 
 

Capacity of engine driven pump, nom. m3/h 340 340 340 
 

Pressure drop over charge air cooler kPa 50 50 50 
 

Pressure drop in external system, 

max. 

kPa 135 135 135 
 

Pressure from expansion tank kPa 70...150 70...150 70...150 
 

  
 

Starting air system (Note 6) 
 

Pressure, nom. (PT 301) kPa 3000 3000 3000 
 

Pressure at engine during start, min. 

(20 °C) 

kPa 1500 1500 1500 
 

Pressure, max. (PT 301) kPa 3000 3000 3000 
 

Low pressure limit in starting air 

vessel 

kPa 1800 1800 1800 
 

Consumption per start at 20 °C 

(successful start) 

Nm3 16,0 16,0 16,0 
 

Consumption per start at 20 °C (with 

slowturn) 

Nm3 19,0 19,0 19,0 
 

 

Note 1

Note 2

Note 3

Note 4

Note 5

Note 6

At ISO 15550 conditions (ambient air temperature 25°C) and 100% load. Flow to lerance 8%.

At ISO 15550 conditions (ambient air temperature 25°C). Flow to lerance 8% and temperature to lerance 15°C.

Available max backpressure is 6 KpA; in this condition all consumption and HB value have to be evaluated. Please contact Wärtsilä to  have 

further informations.

At ISO 15550 conditions (ambient air temperature 25°C) and 100% load. Tolerance for cooling water heat 10%, to lerance for radiation heat 30%. 

Fouling factors and a margin to be taken into account when dimensioning heat exchangers.

According to ISO 15550, lower calorific value 42700 kJ/kg, with engine driven pumps (two cooling water + one lubricating o il pumps). Tolerance 5%. 

The fuel consumption at 85 % load is guaranteed and the values at other loads are given for indication only.

Consumption values in constant speed are valid for D2/E2 IM O cycles.

*If SCR (with a max sulphur content of 0.5%m/m) is applied SFOC consumption values @ 85% may vary in this way: SFOC(85%) + 0.5g/kWh + (335- 

(Temperature after turbocharger at 85%))*0.04 g/kWh. Please contact Wärtsilä to  have further informations.

Fuel gas pressure given at LHV ≥ 36M J/m³N. Required fuel gas pressure depends on fuel gas LHV and need to be increased for lower LHV's. 

Pressure drop in external fuel gas system to be considered. See chapter Fuel system for further inform- ation.

At manual starting the consumption may be 2...3 times lower.

M E = Engine driving propeller, variable speed

DE = Diesel-Electric engine driving generator

Subject to  revision without notice.


