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Due to the International Maritime Organization´s continuously demanding energy efficiency 

regulations for ships, new technologies of energy saving are to be applied in ships. In a 

passenger ship, 10-12 percent of total fuel consumption is used for the HVAC systems. In 

order to reduce the energy consumption of HVAC systems, the waste heat from the ship 

engines and a low-grade heat released during the LNG vaporization can be used for the ship 

refrigeration. 

 

Passenger shipowners have selected LNG engines for their ships to meet the current and the 

future emission regulations set by IMO. As well as to meet their corporate goals for green-

house gas emissions and sustainability. In addition to reduced CO2, NOx and NMHCs emis-

sions, the LNG fuel provides a great opportunity for the cold recovery system integration. 

To maintain LNG in the liquid state and within the small volume the LNG must be stored in 

low temperature. Prior to the distribution into the engines, the fuel must be heated to gaseous 

state. During the vaporization process, the low heat of LNG can be recovered and reused for 

the refrigeration of provision stores and air conditioning system. Based on the study, the cold 

recovery system integration enables comprehensive energy savings with the attractive pay-

back period of less than 5.0 years.   

 

When a ship sails 10 kn or above, the heat production of the engines is more than the con-

sumers can utilize. This surplus heat can be used for the absorption cooling instead of con-

densing the heat to the sea. The absorption cooling utilizes heat to produce cooling capac-

ity, which makes it a suitable target for surplus waste heat utilization. According to the 

study, an absorption chiller integration will be economically feasible due to the payback 

period of 6.9 to 12.3 years depending on the cruise profile of the ship.  
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Kansainvälisen merenkulkujärjestön IMO:n jatkuvasti vaativimmaksi muuttuvien matkusta-

jalaivojen energiatehokkuussääntöjen vuoksi uusia energiansäästöteknologiota tulee sovel-

taa laivoissa. Matkustajalaivoissa 10–12 prosenttia kokonaispolttoaineenkulutuksesta käyte-

tään HVAC-järjestelmiin. HVAC-järjestelmien energiankulutusta voidaan vähentää käyttä-

mällä alusten koneiden hukkalämpöä ja nesteytetyn maakaasun höyrystysprosessissa vapau-

tuvaa kylmää energiaa laivan jäähdytykseen.  

 

Moni matkustajalaivavarustamo valitsee LNG koneet laivoihinsa saavuttaakseen nykyiset ja 

tulevaisuuden IMO:n päästömääräykset sekä laivavarustamoiden omat tavoitteet koskien 

kasvihuonekaasupäästöjä ja kestävää kehitystä. CO2, NOx ja NMHC päästöjen pienentymi-

sen lisäksi LNG polttoaineena mahdollistaa kylmän talteenottomahdollisuuden. LNG varas-

toidaan matalassa lämpötilassa, jotta aine saadaan pidettyä nestemäisessä olomuodossa sekä 

pienessä tilavuudessa. Tämän vuoksi, ennen jakelua moottoreille, nestemäinen polttoaine 

tulee lämmittää kaasumaiseen NG tilaan. Höyrystämisprosessin aikana LNG:n kylmäener-

gia voidaan ottaa talteen ja käyttää uudelleen laivan muonavarastojen ja ilmastointin jääh-

dytykseen. LNG:n kylmän talteenotto mahdollistaa kattavat energiansäästömahdollisuudet. 

 

Laivan nopeuden ollessa 10 solmua tai enemmän, on laivan koneiden hukkalämmön tuo-

tanto suurempi kuin kuluttajat tarvitsevat. Ylijäämähukkalämpö voidaan käyttää absorptio-

jäähdytykseen meriveteen lauhduttamisen sijasta. Absorptiojäähdytyksessä jäähdytys to-

teutetaan lämmön avulla, mikä tekee siitä sopivan kohteen hukkalämmön hyödyntämiseen. 

Absorptiojäähdyttimen takaisinmaksuaika on 6.9:stä 12.3:een vuoteen riippuen laivan ope-

rointiprofiilista. Absorptiojäähdyttimen integraation matkustajalaivaan on taloudellisesti 

kannattavaa seitsemän yön risteilyprofiililla.  
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1 INTRODUCTION 

Approximately 2.2 percent of the global greenhouse gases (GHG) created by people are pro-

duced from the sea transport (Ushakov et al. 2019). In order to reduce passenger ship emis-

sions the passenger ship companies´ sustainability programs, International Mari-time Or-

ganization´s (IMO) Tier III emission regulations and IMO´s Energy Efficiency Design Index 

(EEDI) force shipyards to build energy efficient and less polluting ships (IMO 2020a). Pas-

senger shipowners have chosen Liquefied Natural Gas (LNG) engines for their new ships in 

order to reduce carbon dioxide (CO2) and sulfur dioxide (Sox) emissions below 0.1 percent 

as per latest IMO requirement, achieve future emission regulations and increase ships effi-

ciency. (Carnival Corporation 2020, Wärtsilä 2019)  

 

With the LNG powered engines, a remarkable emissions reduction is achieved such as Sox 

emissions by close to 100 percent, Nitrogen Oxide (NOx) by 50-85 percent, CO2 by 20-30 

percent, Nonmethane Hydrocarbons (NMHC) by 50 percent and the production of the smoke 

and particulate matters are almost at zero level (Ushakov et al. 2019). However, figures do 

not include the methane slip from the engine which increases the total GHG emissions (Petri 

Heinänen 2020). Additionally, refrigerant leakages are representing approximately 2 percent 

of global shipping GHG emissions. Today the refrigerants with less environmental impact 

are used. A change in refrigerant types comes from the requirements of IMO, Europe Union 

F-gas regulation, and related production quotas as well as from classification societies. (A. 

Hafner et al. 2019) 

 

Considering the cruise ship energy consumption, heating, ventilation, and air conditioning 

(HVAC) represent approximately 10 – 12 percent of fuel energy fed into the engines for 

electricity production (Elg 2016).  Energy consumption is prominent since cruise ships are 

mainly operating in hot climate areas such as Caribbean and Mediterranean regions. Due to 

the hot and humid outdoor air, a remarkable cooling capacity from the ship chillers is re-

quired to maintain suitable conditions inside of the ship (CLIA 2019). Additionally, today´s 

cruise ships are carrying up to 8880 people onboard, which requires a massive chill and 

freezer rooms for food preserve (A. Hafner et al. 2019). 
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In order to reduce HVAC systems energy consumption, the air conditioning, technical 

rooms, provision stores chill and freezer rooms heat load calculation shall be done properly 

according to the valid standards. With the correct heat load calculation, the number and di-

mensioning of the chillers will be selected according to the actual demand and the chillers 

will operate in the most efficient operating areas. However, a selection of the number and 

the locations of the chillers must be done according to the rules. According to the safe return 

to port (SRtP) rule a loss of one chiller compartment must be considered. After the case of 

the flooding or fire the passenger ship cooling capacity must be partly retained in order to 

maintain suitable conditions onboard of the vessel during the ship voyage to the nearest port. 

(IMO 2010) 

 

The utilization of LNG fuel provides possibility to use the cold recovery system for refrig-

eration. LNG fuel is stored in minimum of -163 °C temperature in atmospheric pressure to 

maintain the fuel in liquid state. The fuel must be heated to gaseous (NG) state, up to ap-

proximately +20 °C prior to the feeding to the engines. This creates an energy saving oppor-

tunity to utilize cold energy released from LNG to NG vaporization process for other pur-

poses such as air conditioning, refrigeration appliances and provision stores. Thus, the elec-

trical consumption of the chillers can be reduced with the LNG cold recovery system. (Ma-

rine Log 2019) 

 

When the ship is sailing, available surplus heat is generated from the main engine low tem-

perature (LT) and high temperature (HT) cooling water loops and from exhaust gas boiler 

(EGB) systems. In addition to regular HT and steam consumers, the surplus heat can be 

utilized in absorption cooling to provide refrigeration for the ship air conditioning chilled 

water system. Comparing to the compressor refrigeration system, where forced circulation 

is used the absorption refrigeration system uses heat energy to drive the cooling process. (Z. 

Guangrong et al. 2017) 

 

With the LNG cold recovery and absorption systems integrations the ship HVAC system 

energy consumption and GHG emissions can be reduced. However, these system upgrades 

are not mandatory by IMO. Thus, the payback period (PBP) calculation must be done to 

select the most profitable upgrades within the available budget and minimal time of PBP. 
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The potential energy savings from the passenger ship HVAC systems are investigated. The 

focus is to estimate potential energy and financial savings from LNG cold recovery system 

and absorption chiller utilization in addition to the compressor refrigeration chillers. The 

PBP calculations are included in the estimations. Moreover, the basis of dimensioning for 

HVAC systems including air conditioning, provision stores chill and freezer rooms are ex-

plained. The thesis includes information regarding passenger ships chillers statistics, related 

rules and refrigerant types and properties. 
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2 PASSENGER SHIP REFRIGERATION   

The cooling demand for the ship based on the operation area. Based on the figure (2.1), in 

2018, Caribbean region represented 35.4 percent and Mediterranean region 17.3 percent of 

the global deployment market share from the almost 30 million passengers. (CLIA 2019)  

 

 

Figure 2.1. Cruise ship deployed capacity per region in 2018. (CLA 2019). 

 

The cruise ship operation in a hot climate area creates high demand for the passenger ship 

air conditioning system to maintain indoor temperature and humidity comfortable. Thus, the 

air conditioning system and provision store refrigeration systems are remarkable energy con-

sumers, as shown in figure (2.2) the HVAC systems presents approximately 10 to 12 percent 

of the total fuel consumption (Elg 2016). 

 

 

Figure 2.2. Cruise ship fuel consumption divided between the main consumers. (Elg 2016). 
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2.1 Cooling systems in passenger ship 

passenger ship contains several cooling systems with different methods for the cooling. In 

general, cooling systems are needed onboard of the ship for engines, auxiliary equipment, 

food, technical spaces and to provide comfort for the people onboard. Cooling occurs typi-

cally in three different ways, with air, with heat exchangers or with chillers. 

 

The low temperature cooling water (LT) and high temperature cooling water loops are used 

for the main engines´ cooling. In both cooling systems, heat is transferred to sea water via 

heat exchanger. (F. Baldi 2018) 

 

The main engines´ LT water loop is normally used for the engine’s lubrication oil, turbo 

charge air cooler and camshaft lubrication oil (Babicz 2015). LT water delivery temperature 

is between +32 °C to +38 °C and the return temperature is dimensioned at maximum +60 °C 

(MAN 2018). Additionally, auxiliary equipment such as azipod units, transformers, switch-

boards, hydraulic units, bow thruster coolers, air compressors, air dryers, LNG vaporizer, 

reverse osmosis plant, provision store condensers and self-contained units are connected to 

the LT cooling loop. 

 

The main engines´ HT water loop is used for cylinder liners, jacket, turbo charge air cooler, 

cylinder covers, and exhaust valve cooling (Babicz 2015). HT water delivery temperature is 

+70 °C and the return temperature is dimensioned at maximum of +90 °C (F. Baldi 2018). 

Additionally, HT water return is connected to the waste heat recovery system via heat ex-

changer. The waste heat recovery system transfers the heat to consumers such as re-heating 

water for air conditioning, evaporator, engine preheating, potable water heaters, and swim-

ming pools. 

 

In additionally, the direct seawater cooling is also used reverse osmosis plants (RO), air 

conditioning chiller condensers and air conditioning system Alaska coolers. Sea water sys-

tem delivery temperature is mentioned in the technical specification and normally, dimen-

sioned at minimum of 0 °C and maximum of +32 °C. 
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Air cooling with the supply and exhaust fans is used for machinery spaces. In calculation, 

the maximum outdoor ambient temperature of +35 °C is used as supply air temperature and 

the maximum temperature difference (ΔT) of 12.5 °C between indoor and outdoor tempera-

tures is allowed. (ISO 8861-1998)   

 

Within the air conditioning system, a low temperature chilled water flows through the cool-

ing coil and decreases the supply air temperature. Low supply air temperature creates cooling 

effect on the spaces served by the air handling unit. Exhaust fan removes the internal and 

external heat from the served spaces. Additionally, the fan coil units (FCUs) are used for the 

cooling. The FCU´s cooling coil absorbs a heat from the recirculated air passing though the 

unit and transfers the heat to the chilled water system. Heat from the chilled water system is 

condensed into sea via the ship chillers. With the air conditioning system, the desired indoor 

temperatures are maintained onboard. The chilled water supply temperature is normally di-

mensioned according to +6 °C supply and return temperature from +12 °C up to +15 °C 

depending on design. The air conditioning system of a large passenger ship is an indirect 

system with the circulation of chilled water circulation (A. Hafner et al. 2019).   

 

The provision store chill system is an indirect cooling system, where brine is used as sec-

ondary cooling medium. The chill system chiller condensers are connected to the LT cooling 

water loop. In addition to provision store chill rooms, the chill system is used for bars, pan-

tries and galley refrigeration. The walk-in chill room´s temperature is above 0 °C. The brine 

supply temperature is normally -10 °C and the maximum return temperature is -6 °C. 

 

The provision store freezer system is a direct expansion system without secondary cooling 

medium. The freezer system condenser is connected to the LT temperature water cooling 

loop. Walk-in freezer room temperature is below 0 °C, typically -26 °C. 
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2.2 Dimensioning principles for cooling systems  

The dimensioning of passenger ship air conditioning and provision store chill and provision 

stores freezer systems must be done correctly. The dimensioning must be based on to actual 

demand and the calculations shall be based on valid standards and guidelines. The air con-

ditioning system dimensioning is based on ISO-7547 Ship and marine technology – Air con-

ditioning of ventilation of accommodation spaces- Design conditions and basis of calcula-

tion standard. Provision store chill and freezer system dimensioning are based on refrigera-

tion load. Refrigeration load includes food products´ sensible and latent heat load removal 

when cooling to storage temperature. Additionally, external and internal heat loads are con-

sidered in dimensioning. 

2.2.1 Air conditioning system dimensioning  

The dimensioning of the air conditioning system of passenger ships is based on heat load 

calculations. After the total heat load are calculated, the simultaneous factors according to 

the different air conditioning systems are considered in order to define the total cooling ca-

pacity of the chillers. Typically, in technical specifications, the heat load calculations are 

based on IS0-7547 standard as shown at table (2.1). However, indoor and outdoor air prop-

erties as well as sea water temperature may change according to the owners´ demands. The 

target with the air conditioning system is to maintain pleasant and healthy indoor environ-

ment for passenger and crew. When aiming for the pleasant indoor air quality, the tempera-

ture is not only factor that matters. Warm and dry air feels unpleasant as well as chill and 

high humid air. Thus, the target is the at green sector shown in figure (2.3) (Evervent 2014). 

 

Figure 2.3. Indoor air properties according to comfort, adapted from Enervent (2014) 
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Table 2.1. Air properties according to the ISO-standard (ISO-7547) 

  Winter Summer 

Outdoor air temperature and relative humidity  -22 °C, NA +35 °C, Rh 70% 

Indoor air temperature and relative humidity  +22 °C, (*) +27 °C, Rh 50% 

Condenser inlet cooling water temperature (Indirect system) 0°C +36 °C (**) 

(*) +23 °C, Rh 50% according to the latest passenger ship technical specifications 

(**) +32 °C When condensation to sea water  

 

Heat load calculations are based on internal and external loads. Internal load includes heat 

sources such as people, equipment, lighting, and heat transmission between indoor spaces 

due to temperature differences. External load includes solar radiation and heat transmission 

between outdoor and indoor area due to the temperature difference. (ISO 7547- 2002)  

 

Table 2.2. Heat emission from people (ISO-7547) 

Activity  Type of heat Emission [W] 

Seat at rest Sensible heat  70 

Latent heat  50 

Medium/heavy work Sensible heat  85 

Latent heat  150 

 

Heat emission from people is depending on the activity level as shown in the table (2.2). 

Occupancy in concerned space should be based on the ship´s safety plan. However, in the 

initial design phase, when the safety plan is not ready the space specific occupancy factors, 

as shown in table (2.3), can be used for the heat load estimation. The equipment heat load 

shall be provided by equipment suppliers. 

 

Table 2.3. Occupancy factors according to different space categories (ISO-7547) 

Space Occupancy  

Cabins 1 person per bed 

Saloons 1 person per 2 m2 

Mess or dining rooms 1 person per 1,5 m2 

Atrium 1 person per 5 m2 

Hospital Number of beds plus two 

Offices 2 persons 
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Heat load from internal lighting should be calculated according to ceiling surface area and 

lamp type. Due to the age of the standard, only incandescent and fluorescent lighting are 

considered. However, LED lighting must be considered in calculation since LED technology 

is the most used nowadays. Based on the studies, the LED lighting heat emissions are ap-

proximately 25 percent of heat emissions from fluorescent lighting (D. Suszanowicz 2017). 

Thus, for the air-conditioned areas, where LED lighting used, the table (2.4) can be applied. 

However, for spaces exposed to daylight, additional heat gain from lighting is ignored (ISO 

7547). 

 

Table 2.4. Heat gain from general lighting according to spaces and lighting type (ISO-7547) 

Space 

Heat gain from general lighting [W/m2] 

Incandescent Fluorescent LED (*) 

Cabins, etc.  15 8 2 

Mess- or dining-rooms  20 10 3 

Gymnasiums, etc. 40 20 5 

(*) LED lighting considered 25% of heat emissions from fluorescent lighting (D. Suszanowicz 2017).  

 

Heat load from heat transmission between internal spaces or between internal and external 

spaces are considered in calculations according to the equation (2.1). The temperature dif-

ferences between the spaces are shown at the table (2.5). 

 

 𝜙𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛  = ∆𝑇 ∗ [(𝑈𝑑𝑒𝑐𝑘/𝐵𝐻𝐷 ∗ 𝐴𝑑𝑒𝑐𝑘/𝐵𝐻𝐷) + (𝑈𝑤𝑖𝑛𝑑𝑜𝑤 ∗ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤)](2.1) 

 

Table 2.5. Temperature differences between adjoining spaces (ISO-7547)  

Deck or bulkhead 

ΔT [K] 

Summer  Winter 

Deck against tank provided with heating 43 

17 Deck with bulkhead against boiler-room  28 

Deck and bulkhead against engine-room and against non-air-conditioned gallery  18 

Deck and bulkhead against non-heated tanks, cargo spaces and equivalent 13 42 

Deck and bulkhead against laundry  11 17 

Deck and bulkhead against public sanitary space 6 0 

Bulkhead against outdoor area (depending on specification) 8 44 
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The U values used for the structures are depending on the location. However, more accu-

rate calculations can be done by calculating actual U-value of the structure according to de-

signed insulation and materials instead of using values shown in the table (2.6). Addition-

ally, window U-values given by the supplier is used instead of the values from the table 

(2.6) if available. 

 

Table 2.6. U-values for different surfaces (ISO-7547) 

Surfaces  U-value [kW/ m2 K] 

Weather deck not exposed to sun’s radiation and ship side and external bulkheads  0.9 

Deck and bulkhead against engine-room, cargo space or other non-air-condi-

tioned spaces  
0.8 

Deck and bulkhead against boiler-room or boiler in engine-room 0.7 

Deck against open air or weather deck exposed to sun’s radiation and deck 

against hot tanks 
0.6 

Side scuttles and rectangular windows, double glazing 3.5 

 

Solar radiation is considered in heat load calculation for external exposed surfaces to sun. 

An impact on heat load is calculated according to equation (2.2). In calculations, solar energy 

density is (𝐺𝑠) of 350 W/m2. (ISO-7547) 

 

𝜙𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑑𝑒𝑐𝑘/𝐵𝐻𝐷 ∗ 𝑈𝑑𝑒𝑐𝑘/𝐵𝐻𝐷 ∗ ∆𝑇𝑟 +  𝐴𝑤𝑖𝑛𝑑𝑜𝑤 ∗ 𝐺𝑠     (2.2) 

 

The heat load from solar radiation is depending on the surface area, color and position. Ac-

cording to standard, horizontal surfaces with a dark color can achieve up to +67 °C temper-

ature. The excess temperatures above the outdoor temperature +35 °C are shown at table 

(2.7). (ISO-7547)   

 

Table 2.7. Excess temperatures above +35 °C (ISO-7547) 

Surface type ΔTr [K] 

Vertical light surfaces 12 

Vertical dark surfaces 29 

Horizontal light surfaces 16 

Horizontal dark surfaces 32 

 

The total heat load can be calculated with equation (2.3).  

 

∑ 𝜙ℎ𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 =  ∑ 𝜙𝑝𝑒𝑜𝑝𝑙𝑒 + ∑ 𝜙𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 + ∑ 𝜙𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 + ∑ 𝜙𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + ∑ 𝜙𝑠𝑜𝑙𝑎𝑟  (2.3)  
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In order to maintain defined temperature in the served space, the cooling capacity must be 

equal to the heat load as per equation (2.4) (Sandberg. E et al. 2014b). According to the 

standard, the temperature difference between the supply air and served space must not be 

greater than 10 °C. Thus, temperature difference of 10 °C is used in system dimensioning 

calculations. The cooling capacity of supply air can be calculated with the equation (2.5), 

where the density of 1.2 kg/m3 is used for air. (ISO-7547) 

 

∑ 𝜙ℎ𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 =  ∑ 𝜙𝑐𝑜𝑜𝑙𝑖𝑛𝑔        (2.4)  

 

𝜙𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 ∗ �̇� 𝑎𝑖𝑟 ∗ 𝐶𝑝 ∗ ∆𝑇        (2.5) 

 

In the air handling unit system, outdoor air is cooled within the air handling unit´s cooling 

coil. In the fan coil system, an indoor air is cooled within the fan coil unit´s cooling coil. 

During the cooling process, air is dried and the water containment of air is reduced since the 

cooling coil surface temperature is lower than the dew point of the outdoor air (E. Sandberg 

et al. 2014b). Supply air temperatures for different spaces are considered according to table 

(2.8) 

 

Table 2.8. Supply air temperatures according to the areas 

Area 

Off coil  

temperature [°C] 
Heat gain from duct-

ing and fan [°C] 

Supply air  

temperature [°C] 

Galleys AHU 19 1 20 

Accommodation spaces AHU 12 1 13 

Technical space, public and cabins 12 1 13 

 

The change of air enthalpy in the air handling unit´s cooling coil is the equal to the enthalpy 

difference between outdoor air and supply air. For cooling coil, the chilled water supply 

temperature is +6 °C and return is +12 °C. To simplify the process, as shown in figure (2.4), 

an average temperature of +9 °C is used for the cooling coil surface. In Mollier diagram, the 

process moves directly towards the cooling coil surface temperature at the saturation curve 

if the surface temperature is constant. In practice, the surface temperature varies but for the 

process simplification it is normally drawn according to this principle. (Sandberg. E et al. 

2014b) 
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Figure 2.4. Outdoor air cooling process in Mollier diagram  

 

The air properties according to the different areas and enthalpy change comparing to supply 

air is shown at table (2.9).  

 

Table 2.9. Air enthalpies in different air states and enthalpy differences 

Air state  

Temperature 

[°C] 

Rh 

[%] 

Enthalpy 

[kJ/kg]  

Outdoor  35 70 100.9 

Recirculation air for FCU 23 50 45.8 

Accommodation supply  12 100 34.5 

Galley supply 19 100 54.7 

Δh Outdoor - Accommodation supply 

  

66.4 

Δh Outdoor - Galley supply 46.2 

Δh Recirculation air for FCU - Accommodation sup-

ply  11.3 

 

The actual cooling capacity requirements from the cooling coil can be calculated according 

to equation (2.6).  

 

𝜙𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 = 𝜌𝑎𝑖𝑟 ∗ �̇�  𝑎𝑖𝑟 ∗ ∆ℎ =  𝜌𝑤𝑎𝑡𝑒𝑟 ∗ �̇�  𝐻2𝑂 ∗ 𝐶𝑝 𝑤𝑎𝑡𝑒𝑟 ∗ ∆𝑇   (2.6) 
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In order to size AHU and FCU chillers according to actual cooling capacity demand, the 

simultaneous factors are used. Simultaneous factors are divided into groups according to the 

different served space by the AHU and FCU systems as shown in the table (2.10). All groups 

have different simultaneous factors due to the variating utilization rates of the systems.  

 

Table 2.10. Typical internally used simultaneous factors according to served spaces and system 

System Served area Simultaneous factor f 

AHU Cabin areas 0.9 

AHU Public spaces 0.7 

AHU Stairs 0.8 

AHU Service spaces (laundry, galley etc.) 0.6 

FCU Cabin areas 0.5 

FCU Public spaces 0.55 

FCU Technical spaces 0.6 

FCU Laundry 0.8 

 

The total required operational cooling capacity from the air conditioning system chillers is 

calculated with equation (2.7) and equation (2.8) is used for the fan coil chillers.  

 

𝜙𝐴𝐻𝑈𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝑠 = ∑ 𝜙𝐴𝐻𝑈 𝑐𝑎𝑏𝑖𝑛 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝐴𝐻𝑈 𝑐𝑎𝑏𝑖𝑛𝑠 +  ∑ 𝜙𝐴𝐻𝑈 𝑝𝑢𝑏𝑙𝑖𝑐 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  

𝑓𝐴𝐻𝑈 𝑝𝑢𝑏𝑙𝑖𝑐 +  ∑ 𝜙𝑠𝑡𝑎𝑖𝑟𝑠 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝑠𝑡𝑎𝑖𝑟𝑠 +  ∑ 𝜙𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝑠𝑒𝑟𝑣𝑖𝑐𝑒 (2.7)

  

𝜙𝐹𝐶𝑈𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝑠 = ∑ 𝜙𝐹𝐶𝑈 𝑐𝑎𝑏𝑖𝑛 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝐹𝐶𝑈 𝑐𝑎𝑏𝑖𝑛𝑠 + ∑ 𝜙𝐹𝐶𝑈 𝑝𝑢𝑏𝑙𝑖𝑐 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  

𝑓𝐹𝐶𝑈 𝑝𝑢𝑏𝑙𝑖𝑐 +  ∑ 𝜙𝑡𝑒𝑐ℎ.  𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝑡𝑒𝑐ℎ. +  ∑ 𝜙𝑙𝑎𝑢𝑛𝑑𝑟𝑦 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 ∗  𝑓𝑠𝑒𝑟𝑣𝑖𝑐𝑒 (2.8)  

2.2.2 Chill and freezer systems dimensioning for provision stores 

In the dimensioning of provision store chill and freezer systems, the heat loads such as sen-

sible, latent, the heat of respiration, infiltration, auxiliaries, occupancy, and heat transmis-

sions are considered. A sensible heat load consists of cooling liquids or solids food products. 

A latent heat load includes food phase change during freezing process. A respiration heat is 

considered as sensible heat and it is a chemical reaction created especially by the vegetables 

and fruits when stored. An infiltration includes heat load from food product transportation 

via door. The auxiliaries heat load includes the usage of floor heating, air conditioning, light-

ing, fan motor and defrost heaters. An occupancy heat load consists of heat load of the crew 
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working inside provision store. A transmission is a heat gain from surrounding decks, bulk-

heads, and doors. (G. F. Hundy et al. 2016) 

 

Table 2.11. Typical temperatures used in chill and freezer systems heat load calculations 

System  Space / Product Temperature [°C] 

Chill Walk-in cold rooms  +1..+2 

Chill Dry stores +15 

Chill Garbage rooms +4 

Freezer Walk-in freezer rooms  -28..-25 

N/A Food transportation areas +26 

N/A Galley +26 

N/A Accommodation  +23 

N/A Machinery  +45 

N/A Outdoor +35 

 

In general, as shown at table (2.11) the freezer system is used for the spaces where the tem-

perature is below 0 °C and the chill system is used for the spaces where the temperature is 

between  +1 °C to +20 °C. However, the temperatures shown in the table (2.11) are indicative 

and shall be verified for each project separately.  

 

The required cooling capacity and energy used for cooling depend on the product receiving 

temperature. If the product is already in the storage temperature on arrival, then sensible and 

latent cooling load is disregarded. However, the sensible load can´t be disregarded, since 

normally frozen foods are transported within freezer trucks, where the temperature is held 

constantly in – 24 °C. As safety guideline the frozen food product won´t be received if the 

food temperature rises above -16 °C. Thus, for the freezer system dimensioning -15 °C is to 

be used as frozen foods arrival temperature and the latent heat load can be disregarded (Io-

annidis 2020). For refrigerated, non-frozen potentially hazardous food the temperature must 

be +5 °C or below when received (USPH 2018). The table (2.12) indicates a typical receiving 

temperatures of different food products according to the system. However, receiving tem-

peratures must be confirmed by the client in order to carry out correct heat load calculations 

for the provision store chill and freezer systems.   
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Table 2.12. Typical receiving temperatures of the foods  

System  Product Arrival temperature [°C] 

Freezer Fish, meat, poultry, vegetables -15 

Freezer Ice cream, Ice blocks -15 

Chill Vegetables, fruits, baked goods +15 

Chill Beer, soft drinks, wine, spirits +20 

Chill Fish, meat, eggs, dairy, poultry +5 

 

For the mass estimation of food products in provision store, the empirical values shown on 

table (2.13) are used. However, food storage factors must be verified for each project. The 

total mass of food products can be calculated according to the equation (2.9). 

 

Table 2.13. Typical food storage factors for provision store according to the food products  

System Food product Surface density [kg/m²] 

Freezer Ice cream, ice blocks 150 

Freezer Vegetables 170 

Freezer Poultry  210 

Freezer Meat 230 

Freezer Fish 170 

Chill Beer, soft drinks, wine, spirits 250 

Chill Bananas 180 

Chill Eggs 200 

Chill Cold garbage 200 

Chill Vegetables 200 

Chill Fish  150 

Chill Dairy 175 

Chill Fruits 200 

 

 𝑚𝑓𝑜𝑜𝑑 = 𝐴 ∗ 𝐹𝑓        (2.9) 

𝐴 = Area of the provision store [m2] 

𝐹𝑓 = Food product storage factor [kg/m2] 

 

Additionally, the required cooling capacity depends the storage temperature, with the higher 

food storage temperature, the higher COP of the chiller is achieved (G. F. Hundy et al. 2016). 

For the chill rooms, where products´ sensible heat is removed the required cooling capacity 

can be calculated according to equation (2.10).  For the freezer rooms, where a food product 

is received in the frozen state the required cooling capacity for sensible heat removal is cal-

culated according to the equation (2.11). Typically, after 24 hours a food product is received 
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the food product is cooled down to the storage temperature. The typical values of the food 

products specific and latent heats are shown at table (2.14). In practice, the total number of 

received food products varies since depending on the length of cruise, the number of people 

and available food products onboard.  

 

𝐶ℎ𝑖𝑙𝑙 𝑟𝑜𝑜𝑚 𝑄𝑓𝑜𝑜𝑑 = ∑ 𝑚 ∗ 𝑐𝑎 ∗ ∆𝑇𝑎 ∗ 𝑡     (2.10) 

 

𝐹𝑟𝑒𝑒𝑧𝑒𝑟  𝑟𝑜𝑜𝑚 𝑄𝑓𝑜𝑜𝑑 = ∑ 𝑚 ∗ 𝑐𝑏 ∗ ∆𝑇𝑏 ∗ 𝑡     (2.11)  

 

𝑄𝑓 = Total quantity of heat removed [kWh] 

𝑚 = Mass of product [kg] 

𝑐𝑎 = Specific heat capacity above freezing [kJ/kg K] 

∆𝑇𝑎= Temperature decrease above freezing (arrival – storage) [K] 

𝑐𝑏 = Specific heat capacity below freezing [kJ/kg K] 

∆𝑇𝑏 = Temperature decrease below freezing (arrival – storage) [K]  

𝑡 = Time available for cooling [h]  

 

Table 2.14. Typical values for specific and latent heats of the food products (G. F. Hundy et al. 2016) 

Product 

Ca Specific heat  

capacity above  

freezing [kJ/kg K] 

Highest  

freezing  

point [°C] 

hl Latent  

heat of freezing  

[kJ/kg] 

Cb Specific heat  

capacity below  

freezing [kJ/kg K] 

Bananas 3.35 -0.8 250 1.78 

Beer 3.85 -2,2 - - 

Milk 3.75 -0.6 - - 

Cheese 2.1 -13 125 1.3 

Fish, white 3.55 -2.2 270 1.86 

Fish, blue 2.9 -2.2 210 1.63 

Meats, bacon 1.5 -2 64 1.07 

Beef 3.2 -2 230 1.7 

Pork 2.6 -2.5 125 1.3 

Poultry 3.3 -2.8 246 1.77 

 

Some preserved food products are living organism and release heat when sugar and starch 

reserves are slowly consumed. This is known as respiration due oxygen consumption during 
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the process. The heat release is depending on the sugar or starch content of the product (G. 

F. Hundy et al. 2016). Food respiration is considered only for chill stores regarding vegeta-

bles and fruits. For the freezer stores, respiration can be disregarded. The respiration can be 

calculated according to equation (2.12) and heat load from respiration can be calculated ac-

cording to the table (2.15).  

 

𝑄𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 = ∑ 𝑚 ∗ 𝜙𝑟 ∗ 𝑡       (2.12) 

𝑚 = Storage mass of food product [t] 

𝜙𝑟 = Heat respiration according to table (2.15) [W/t] 

𝑡 = Storage time per day [h] 

 

Table 2.15. Typical values for heat of respiration (G. F. Hundy et al. 2016) 

Product Temperature [°C] 𝜑𝑟  Heat of respiration [W/t] 

Apples 2 12 

Bananas 13 48 

Pears 1 16 

Potatoes 1.5 9 

 

The infiltration air from food transportation area enters to the provision store via access door 

during the food transportation. For walk-in provision stores, which are less than 50 m3, the 

infiltration heat load, can be calculated according to the empirical equation (2.13). Infiltra-

tion heat load is considered for both chill and freezer rooms. Additionally, the infiltration 

heat load can be reduced by 30-50 percent with the strip curtain installation (Hakala and 

Kaappola 2019). 

 

𝑄𝑑𝑜𝑜𝑟 = 70 ∗ √𝑉 ∗ 𝜌 ∗ ∆ℎ        (2.13) 

𝑉 = Volume of the provision store [m3] 

𝜌 = Air density of food transportation area [kg/m3] 

∆ℎ = Air enthalpy difference (provision store and food transportation area) [kJ/kg] 

 

Floor heating can be dimensioned according to the equation (2.14). The floor heating is con-

sidered only for the freezer stores and the heating is on 24 hours per day.  
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𝑄𝑓𝑙𝑜𝑜𝑟 = 𝜙𝑓 ∗ 𝐴 ∗ 𝑡          (2.14) 

𝜙𝑓 = Floor heating power per area, 25 W/m2, can be used as a preliminary value 

𝐴 = Floor area of the provision store [m2] 

𝑡 = Storage time per day [h] 

 

The air conditioning must be provided for the provision stores in order to maintain low CO2 

levels in the spaces when occupied. The heat gain from the air conditioning system can be 

calculated according to the equation (2.15). The air flow is dimensioned according to 8 dm3/s 

per person (ISO 7547). The Air conditioning is active 24 hours per day and is provided for 

both chill and freezer stores.  

 

𝑄𝑎𝑖𝑟 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 = 𝜌𝑎𝑖𝑟 ∗ �̇� 𝑎𝑖𝑟 ∗ 𝐶𝑝 ∗ ∆𝑇 ∗ 𝑡       (2.15) 

𝜌𝑎𝑖𝑟 = Density of supply air [kg/m3]              

�̇� 𝑎𝑖𝑟 = Volume flow of supply air [m3/s] 

𝐶𝑝 = Specific heat capacity of supply air [J/kg K] 

∆𝑇 = Air temperature difference (provision store and supply air) [K] 

𝑡 = Air conditioning active per day [h] 

 

For the lighting, an average value of 15 W/m2 is used in calculation in case of information 

from the lighting supplier is unknown. Typically, lighting is active approximately 6 hours 

per day. The heat gain from the lighting can be calculated according to the equation (2.16) 

and is considered for both chill and freezer rooms. 

 

𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 𝜙𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 ∗ 𝐴 ∗ 𝑡         (2.16) 

𝜙𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = Lighting heat gain per area [W/m2] 

𝐴 = Area of the provision store 

𝑡 = Lighting active per day [h] 

 

 

Heat gain from the people in provision store is considered according to 300 W at the tem-

perature of +0 °C and 400 W at the temperature of -20 °C of sensible heat load. The heat 
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gain from the people can be calculated according to the equation (2.17) and is valid for both 

chill and freezer rooms. Typically, the heat load from the people is neglected since impact 

on the total heat load is minor.  

 

𝑄𝑃𝑒𝑜𝑝𝑙𝑒 = 𝜙𝑝𝑒𝑟𝑠𝑜𝑛 ∗ 𝑛𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠 ∗ 𝑡        (2.17) 

𝜙𝑝𝑒𝑟𝑠𝑜𝑛 = Heat gain from the person [W] 

𝑛𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡𝑠  = Number of occupants in provision store [pieces] 

𝑡 = Occupancy time of provision store [h] 

 

Heat transmission from surrounding decks and structures is depending on the temperature 

difference between the provision store and adjoining spaces and as well as U-value of the 

structure. In the initial design phase, U-values as shown at the table (2.16) can be used, if 

other information is unavailable. Transmission heat load can be calculated with equation the 

(2.18) and the heat load is considered for the period of 24 hours. Additionally, heat gain from 

solar radiation is considered if the provision store located towards outdoor area. Transmis-

sion heat gain is considered for both chill and freezer rooms. 

 

Table 2.16. Typical U-values of provision store boundaries  

Space  U-value [W/m2] 

Walk-in freezer rooms  0.3 

Walk-in cold rooms  0.4 

Garbage rooms 0.85 

 

𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑈 ∗ 𝐴 ∗ ∆𝑇 ∗ 𝑡        (2.18) 

𝑈 = U-value according to table (2.16) [W/m2 K] 

𝐴 = Area of provision store bulkheads, ceiling, doors, and deck [m2] 

∆𝑇 = Temperature difference between provision store and adjected spaces [K] 

𝑡 = Time the load active [h] 
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The heating element of the evaporator condensation water pipe is considered for the freezer 

rooms heat load. The heat gain from the condensation pipe can be calculated with equation 

(2.19). Typically, the heat gain from condensation water pipe heating is considered as 100 

W/m and the heating is active 24 hours per day. Additionally, possible heat load from door 

heating elements is to be considered if will be installed but these are uncommon in ships.  

 

𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = 𝜙𝑃𝑖𝑝𝑒 ∗ 𝐿 ∗ 𝑡        (2.19) 

𝜙𝑃𝑖𝑝𝑒 = Heat gain from condensation pipe [W/m] 

𝐿 = Length of condensation pipe [m] 

𝑡 = Time the load active per day [h] 

 

For freezer rooms, based on the room size a selection for evaporator capacity can be esti-

mated supplier´s data sheets. According to the selected evaporator type, the number of fans 

in the unit and required electrical power can be found. For the chill room, where fan coils 

are used for cooling, the heat gain of the fans are to be verified from the supplier. The heat 

gain from fans can be calculated according to the equation (2.20). Normally, fans are running 

all the time, except the defrosting periods (G. F. Hundy et al. 2016). The heat gain from the 

fans is considered for both chill and freezer rooms. 

 

𝑄𝑓𝑎𝑛 = 𝑛𝑓 ∗ 𝑃𝑓 ∗ 𝑡          (2.20)  

𝑛𝑓 = The number of fans [n] 

𝑃𝑓 = Fan electrical power [W] 

𝑡 = Fan running time per day[h] 

 

In order to maintain evaporator´s dimensioned cooling capacity, the defrosting is required 

between regular intervals, normally between 6 – 8 hours. With defrosting function, the build-

up ice from the evaporator´s heat transfer surface is removed, which otherwise would ob-

struct the heat transfer via evaporator (G. F. Hundy et al. 2016). Typically, approximately 

30 percent of the electrical power taken by electric defrost element is heat load (Hakala and 

Kaappola 2019). The heat gain from defrost element can be calculated according to equation 

the (2.21).  The heat gain from the fans is considered for both chill and freezer rooms. Typ-

ically, in a passenger ship the defrosting occurs 4 times in day, each period of 20 minutes. 



29 

 

𝑄𝑑𝑒𝑓𝑟𝑜𝑠𝑡 = 0,3 ∗ 𝑃𝑑 ∗ 𝑡         (2.21)   

𝑃𝑑 = Defrost element electrical power [W] 

𝑡 = Defrost element operational hours per day [h] 

To verify selected evaporator sufficiency, first the daily average heat load is calculated accord-

ing to equation the (2.22) for chill rooms and according to (2.23) for freezer rooms. After the 

daily average loads are calculated, the results are multiplied with the reciprocal value of the 

defined compressor operational hours per day. This value must be smaller than the selected 

evaporator´s maximum cooling capacity. Typically, according to the passenger ship technical 

specification, the designed running time for compressors is 18 hours in 24 hours at maximum 

design conditions. For the chill system provision stores, the selected evaporator sufficiency can 

be verified according to the equation (2.24) and for the freezer system equation the (2.25) ap-

plies.  

𝐶ℎ𝑖𝑙𝑙 �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ = 𝑄𝑓𝑜𝑜𝑑 + 𝑄𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑑𝑜𝑜𝑟 + 𝑄𝑎𝑖𝑟 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 + 𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 

𝑄𝑃𝑒𝑜𝑝𝑙𝑒 + 𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝑄𝑓𝑎𝑛 + 𝑄𝑑𝑒𝑓𝑟𝑜𝑠𝑡      (2.22)  

 

𝐹𝑟𝑒𝑒𝑧𝑒𝑟 �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ =  𝑄𝑓𝑜𝑜𝑑 + 𝑄𝑑𝑜𝑜𝑟 + 𝑄𝑓𝑙𝑜𝑜𝑟 + 𝑄𝑎𝑖𝑟 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 + 𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔  

𝑄𝑃𝑒𝑜𝑝𝑙𝑒 + 𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑓𝑎𝑛 + 𝑄𝑑𝑒𝑓𝑟𝑜𝑠𝑡  (2.23)    

 

𝐶ℎ𝑖𝑙𝑙 𝜙𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 >  (
24

18
)

1

ℎ
∗  𝐶ℎ𝑖𝑙𝑙 �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ    (2.24)    

 

𝐹𝑟𝑒𝑒𝑧𝑒𝑟 𝜙𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 >  (
24

18
)

1

ℎ
∗ 𝐹𝑟𝑒𝑒𝑧𝑒𝑟 �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ   (2.25) 

 

An evaporator with higher cooling capacity than summarized heat loads is selected. If evap-

orator cooling capacity found smaller the new type is selected and sufficiency is to be recal-

culated.  
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For the compressor dimensioning, the vapor compression cycle process must be drawn into 

selected refrigerant P-h diagram, as shown in figure (2.5). In this process, a super heating of 

5 K included and as per the European Standard EN12900 subcooling is ignored.  

 

In the freezer provision store, evaporation occurs via air, within the temperature of -25 °C. 

The condensation occurs into the LT cooling water, where the delivery temperature is the 

maximum of +38 °C.  

 

In the chill provision store, where indirect chill system is used, evaporation occurs via brine, 

within the temperature of -6 °C according to brine returning temperature. The condensation 

occurs to the same LT cooling water loop as used for freezer room. 

 

 

Figure 2.5. Provision freezer room vapor compression cycle according to the R1234yf refrigerant. 

 

After different enthalpy values according to the stages of vapor compression cycle are clar-

ified the mass flow of refrigerant can be solved. The mass flow can be calculated according 

to the equation (2.26).   
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�̇� =  
(

24

18
ℎ)

1

ℎ
∗  �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ 

∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 
        (2.26) 

(
24

18
ℎ)

1

ℎ
= 1.33 safe margin for evaporator dimensioning [1/h]   

 �̅�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 24ℎ= The daily average load of evaporator [kWh] 

∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = Refrigerant´s enthalpy increase during evaporation stage [kJ/kg] 

 

After mass flow is clarified the remaining minimum capacities for the compressor and con-

denser can be calculated. The cooling load of the compressor can be calculated with equa-

tion (2.27) and the cooling load of the condenser can be calculated with equation (2.28). 

 

𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑙𝑜𝑎𝑑 =  �̇� ∗  ∆ℎ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟      (2.27) 

 

𝜙𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 𝑙𝑜𝑎𝑑 =  �̇� ∗  ∆ℎ𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟      (2.28) 

 

�̇� = Mass flow solved according to the equation (2.24) [kg/s] 

∆ℎ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = Refrigerant´s enthalpy increase during compression stage [kJ/kg] 

∆ℎ𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = Refrigerant´s enthalpy increase during condense stage [kJ/kg] 

 

During the selection of the compressors and condenser, the capacity of these components 

must be higher compared to theoretical loads given by the equations (2.27) and (2.28).   
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3 PASSENGER SHIP CHILLERS 

The main function of refrigeration chiller is to provide comfort for people onboard via the 

air conditioning system. Chillers are additionally used for provision stores chill and freezer 

systems to preserve food and prevent spoilage. (A. Hafner et al. 2019). The chiller utilizes 

the vapor compression cycle for the heat transfer. During the process, a refrigerant phase 

changes between the liquid and gaseous within the limits of refrigerant´s freezing point and 

critical temperature (G. F. Hundy et al. 2016). In the vapor compression cycle process, as 

shown in the figure (3.1), a refrigerant circulates between the evaporator, compressor, con-

denser, and expansion valve.  

 

In the evaporator, a refrigerant absorbs the heat from the surrounding fluid and start to va-

porize. After the refrigerant is gasified a refrigerant enters the compressor, where the gas 

temperature and pressure increase due to the compression. At the condenser, a gaseous re-

frigerant temperature is higher compared with a surrounding fluid, which results in the re-

frigerant liquefaction and heat release to the surrounding fluid by the condensation. After 

the condenser, the liquid refrigerant enters to the expansion valve, where refrigerant´s pres-

sure and temperature decreases and fluid phase changes to the gas liquid mixture (Sandberg. 

E et al. 2014a). In general, the classification of the vapor compressions chillers is done ac-

cording to the compressor type (PHDengineer 2020).    

 

 

Figure 3.1. Passenger ship chiller operation principle  

 

The chiller compressors are divided into two groups, positive displacement and dynamic 

compressors (G. F. Hundy et al. 2016). All most known compressor types are shown in the 

figure (3.2).  
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Positive displacement compressors compress a vaporized refrigerant into higher pressure 

and smaller volume, resulting in temperate increase. Reciprocating piston, rotary vane, ro-

tary screw, rotary vane compressors are all positive displacement types. (G. F. Hundy et al. 

2016). 

  

In dynamic compressors, the pressure rise is achieved by first accelerating a gas velocity 

with a rotating impeller. Second a gas velocity is decelerated with a diffuser to transform gas 

kinetic energy into static pressure.  There are two main types of dynamic compressors: axial 

and centrifugal. (Atlas Copco 2015) 

 

Figure 3.2. Approximate cooling capacities according to the compressor types (G. F. Hundy et al. 2016) 

3.1 Chiller compressor types for accommodation and provision spaces 

Based on the statistics, the latest air conditioning systems of the cruise ships are delivered 

with centrifugal compressors. The cruise ships built in early 2000 are delivered with screw 

compressors. Additionally, screw types compressors are used for provision store systems of 

the cruise ship since early 2000. 

 

The screw compressor as shown in figure (3.3) is a positive displacement compressor and 

uses two rotors in the gas compression.  The main advantage of the screw compressor is the 

high compression ratio. The compressor is smaller and lighter compared to the reciprocating 

piston and centrifugal compressor with the same cooling capacity rate. Screw chillers are 
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well known from their reliability and simplicity. However, screw compressors cost is prom-

inent for the first investment. In general, with larger cooling capacity demand a centrifugal 

chiller is inexpensive and with small cooling capacity demand a reciprocating piston chiller 

is more economical selection. (PHDengineer 2020) 

 

Figure 3.3. Semi-hermetic screw compressor from Bitzer (G. F. Hundy et al. 2016) 

 

A centrifugal compressor as shown in figure (3.4) is a dynamic compressor and uses a rotat-

ing impeller and stationary diffuser for gas compression. First, the gas is pulled into the 

center of a rotating impeller and then pushed towards to the outer edge of impeller blades by 

centrifugal forces. The radial movement of the gas creates pressure rise and kinetic energy 

is generated. Second, the gas passes through a stationary diffuser and casing where kinetic 

energy is transformed into pressure. In centrifugal compressors, gas compression can be 

completed in several stages, where each stage takes care of the overall pressure rise of the 

compressor unit. The multi-stage gas compression allows gas intercooling to reduce required 

power and energy consumption. (Atlas Copco 2015, 41)  

    

Figure 3.4. 10.5MW Semi-hermetic centrifugal chiller with two-stage compression from Carrier.  
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The main advantages of the centrifugal compressor are high operational efficiency at full 

load and high capacity. The main disadvantages are poor efficiency at the part load less than 

40 percent from rated output as shown in the figure (3.5). When centrifugal chiller load falls 

below 20 percent from rated output, the risk of surging increases. Manufacturers have added 

special controls to prevent damages from surging (PHDengineer 2020). Within the air con-

ditioning system, the chiller´s condensers are connected to the sea water cooling system via 

heat exchanger.  

 

 

Figure 3.5. Centrifugal chiller electrical COP with VFD and without according to the seawater temperature.   

3.2 Cooling capacities of chillers in passenger ships 

According to the statistics, the air conditioning chiller cooling capacities varies between 0.65 

MW – 7.0 MW. Normally, smaller chillers from 0.65 MW – 2.6 MW are for the chilled 

water system serving technical spaces, special entertainment spaces or cabin area fan coils. 

Large chillers from 4.5 MW – 7.0 MW are for the chilled water system, which is connected 

to the air handling unit´s cooling coils. In the figure (3.6) a chilled water system used for air 

handling units is separated from the chilled water serving the cabins, special spaces, and 

technical spaces fan coils. The chilled water temperature for the air handling units is chang-

ing according to the outdoor air temperature and chilled water temperature for the cabins, 

special spaces and technical spaces is constant due to the lack of external heat loads.  
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Figure 3.6. Operation principle for passenger air conditioning and fan coils chillers  

 

 

Figure 3.7. Passenger ships chiller total cooling capacity according to the ship volume [m3] 

 

As shown in figure the (3.7) the ratio between the maximum chiller cooling capacity and 

volume is between 0.04 – 0.05 kW/m3. The values can be used in the passenger ship initial 

design phase for chiller capacity calculations.  

 

Regarding to provision cooling chiller capacity estimations, a passenger ship volume is not 

a suitable figure to compare a chiller power since ratio between people onboard and ship 

volume is not fixed. A volume of the provision store areas is depending on the number of 

𝜙 = 4*10-05 [MW/m3]*V [m3] - 0.3589 [MW]

0

5

10

15

20

25

350000 370000 390000 410000 430000 450000 470000 490000 510000 530000 550000

C
h

ill
er

s 
m

ax
. c

o
o

lin
g 

ca
p

ac
it

y 
in

 
n

o
rm

al
 o

p
er

at
io

n
 [

M
W

]

Ship volume [m3]

Total operational chillers cooling capacity according to ship volume



37 

 

passenger and crew onboard as well as the length of cruises. According to industry standard, 

there are less passengers onboard in more expensive cruises, which effects the ratio between 

cooling capacity and the ship volume. Thus, it is reasonable to compare available chiller 

cooling capacity to the number of passenger and crew onboard.   

 

The figure (3.8) illustrates that the cooling capacity of the provision store brine chillers varies 

between ~250 - 750 kW and operational chiller cooling capacity per person varies between 

60 - 100 W/person onboard.  

 

 

Figure 3.8. Operational cooling capacity of brine chillers comparing to the people onboard 

 

The figure (3.9) demonstrates that the cooling capacity of the provision store freezer system 

chillers varies between 55 - 140 kW. Operational chiller cooling capacity per person varies 

10 - 20 W/person onboard. 

 

 

Figure 3.9. Operational cooling capacity of freezer chillers comparing to the people onboard 
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In general, the required number of the chillers is based on the principle that all cooling sys-

tems will retain required cooling capacity in case when one of the chillers is under mainte-

nance or out of the order. Thus, the total number of chillers can be calculated according to 

the equation (3.1). 

 

𝑁𝑢𝑚𝑏𝑒𝑟𝑜𝑓 𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝑠 =  
𝐻𝑒𝑎𝑡 𝑙𝑜𝑎𝑑𝑠 𝑖𝑛𝑐.  𝑠𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 [𝑀𝑊]

𝑂𝑛𝑒 𝑐ℎ𝑖𝑙𝑙𝑒𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [
𝑀𝑊

𝑐ℎ𝑖𝑙𝑙𝑒𝑟
]

+  𝑂𝑛𝑒 𝑐ℎ𝑖𝑙𝑙𝑒𝑟𝑠𝑡𝑎𝑛𝑑𝑏𝑦    (3.1) 

     

The equation (3.1), applies for all the systems utilizing chillers for the heat transfer.   

3.3 Refrigerants today and in future 

Refrigerant is a fluid used to transfer heat in a refrigeration system. A refrigerant absorbs 

heat at the lower pressure and temperature of fluid and releases heat at high pressure and 

temperature. The process includes fluid phase change. (SFS. 2017) 

 

 

Figure 3.10. Timeline of refrigerants (G. F. Hundy et al. 2016) 
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Air was the first working fluid used in mechanical refrigeration as per the figure (3.10). At 

the beginning carbon dioxide and ammonia were only fluids used in refrigeration. At the 

time, the usage of ammonia and methyl chloride were challenging to utilize in refrigeration 

due to the toxicity. Carbon dioxide was used, but challengers were faced related to high 

pressure required for the fluid. At early 1930s, chlorofluorocarbon (CFC) R12 was invented 

and it changed commercial, domestic and air conditioning refrigeration equipment markets. 

The refrigerant is desirably nontoxic, nonflammable, good thermodynamic properties and 

oil miscibility characteristics. The use of ammonia continued in industrial applications due 

to the refrigerant´s excellent thermodynamic properties and low cost. (G. F. Hundy et al. 

2016) 

 

However, the refrigerants, especially CFCs and hydrochlorofluorocarbons (HCFC), were 

found harmful for environment because there´s a link that these chemicals enhance ozone 

depletion and global warming. In 1987, the Montreal Protocol was signed by 197 member 

countries of United Nations and a phase out of the CFCs production by the year 1995 was 

agreed. Eventually, in 2007, the Montreal Protocol was revised and completely phase out of 

HCFCs by the year 2020 was agreed to by all parties. Except the developing countries, which 

agreed to the phase out of HCFCs by 2030. (UN Environment 2020) 

 

Due to the environmental concerns of the CFCs and HCFCs refrigerants, the refrigeration 

equipment suppliers started to use non-ozone depleting hydrofluorocarbons (HFC). (G. F. 

Hundy et al. 2016) 

 

The HFCs still have a negative impact on environment despite the substances non-ozone 

depleting properties. A some of HFCs refrigerants have global warming potential (GWP) 

value as high as 14 000. The annual growing rate of HFC emissions presents 8 percent and 

it have been estimated to reach 7-19 percent level from global CO2 emissions. To limit the 

rise of HFCs emissions, the Montreal Protocol was amended in 2016 by the Kigali Amend-

ment. The Kigali Amendment applies from January 1st, 2019. According to the amendment, 

all countries agreed for the gradual phase-down of HFCs to 15-20 percent compared to the 

agreed base levels by 2047. (UN Environment 2020) 
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Due to the HFCs phase out plans and environmental impacts the refrigerant suppliers have 

developed a new class of hydrofluoroolefin (HFO) refrigerants. HFOs environmental impact 

is a little due to the low GWP value and those are non-ozone depletive, but the refrigerants 

are highly flammable and currently expensive compared to other refrigerants. Today, devel-

opment work of natural refrigerants continues by refrigerant and equipment suppliers in or-

der to find a sustainable solution for environmental issues. The safety classes, ozone deple-

tion potential (ODP) and GWP values of the selected refrigerants are shown at table (3.1). 

(G. F. Hundy et al. 2016) 

 

Table 3.1. List of selected refrigerants (G. F. Hundy et al. 2016). 

ASHRAE code  Type ODP GWP 100 Safety class 

R12 (Freon) CFC 1 (high) 10900 A1 

R22 HCFC 0,055(medium) 1810 A1 

R404A HFC 0 3922 A1 

R410A HFC 0 2088 A1 

R407F HFC 0 1824 A1 

R134a  HFC 0 1430 A1 

R32 HFC 0 675 A2L 

R513A HFC/HFO -blend 0 631 A1 

R1234yf HFO 0 4 A2L 

R1234ze HFO 0 6 A2L 

R717 (ammonia)  Natural 0 0 B2L 

R744 (CO2)  Natural 0 1 A1 

 

In the table (3.2) refrigerants are divided into groups based on flammability and toxicity. 

Safety classes are defined in ISO 817:2014 standard. Toxicity classification is divided into 

two groups A and B according to toxicity. Group A refrigerant having lower toxicity com-

paring with the group B. Refrigerants with exposure limit 400 ppm or more are classified to 

group A and refrigerant having exposure limit less than 400 ppm are in the group B. The 

exposure limit is calculated according to weighted average from 8-hour time period. (Dar-

ment 2020) 

 

For instance, in the group B a higher than 400 ppm concentrations are accepted long as 

weighted average will be less than 400 ppm. There are three groups for flammability: flam-

mability groups are based on the maximum burning rate speed and the heat of combustion. 

Group 1 responds to no-flame propagation when refrigerant tested in the air at +60 ºC and 



41 

 

101.3 kPa. Group 2L refers to low flammability since the refrigerant has the burning rate 

less than 10 cm / s in the air at the pressure of 101.3 kPa at the temperature of +23 °C and 

heat of combustion of less than 19000 kJ/kg. Group 2 refers to lower flammability due to 

the higher burning rate, which is higher than 10 cm / s in the air at a pressure of 101.3 kPa 

at the temperature of +23 °C and similar heat combustion criteria as for group 2L. Group 3 

has the highest flammability class with the similar burning speed as for the group 2, but with 

a higher heat of combustion criteria, which is higher than 19000 kJ/kg. (Darment 2020) 

       

Table 3.2. Refrigerant safety classes 

  A: Low toxicity B: High toxicity 

1: No flame propagation 
A1: CFCs, HCFCs and the most 

HFCs 
B1: R123 

2L: Lower burning velocity 

class 

A2L: The most HFCs with low GWP 

value, HFOs, and HFO blends  
B2L: R717 Ammonia 

2: Lower flammability A2: R152a 
B2:  No refrigerants in 

this class  

3: Higher flammability 
A3: Hydrocarbons, such as propane 

(R290) and isobutane (R600a) 

B3: No refrigerants in 

this class at the mo-

ment 

 

3.4 Refrigerants in passenger ships 

In passenger ships, the refrigeration systems are mainly used for air conditioning to provide 

comfort for passengers and crew and in provision stores for freezing and chilling to prevent 

food spoilage. (A. Hafner et al. 2019)  

 

According to the IMO, in 2014, refrigerants on board of a merchant fleet were mainly 

HCFCs (70% of R22) and HFCs (26% of R134 and 4% of R404A). The annual release of 

these refrigerants is estimated as 8400 tons, which is equivalent to approximately 15 million 

tons of carbon dioxide emissions. The figures are presenting approximately 2 percent of 

global shipping GWP emissions. (A. Hafner et al. 2019) 

 

Commonly used HFC refrigerant 404A is considered harmful to the environment due to the 

high GWP value. Thus, the refrigerant is one of the major substances of the European Union 

F-gas directive as well as the Montreal protocol. Even HFO refrigerants are more environ-

mentally friendly comparing with HCFC and HFC refrigerants due to the lower GWP value, 
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these refrigerants are still considered dangerous on board due to the flammability. (A. Hafner 

et al. 2019) 

 

The recommendation for the future regulations should have refrigeration equipment utilizing 

only natural working fluids on board of the ship. There are disadvantages regarding to uti-

lizing natural working fluids. For instance, use of propane R290 contains a risk of high flam-

mability. Ammonia R717 is considered toxic, but it has been used for the refrigeration sys-

tems for 150 years. Carbon dioxide R744 demands high working pressure, which makes it 

challenging to use it as replacement refrigerant for an old system, without component up-

grades. Additionally, R744 is harmful for people if the CO2 concentration is high in the air. 

Therefore, gas leakage detection system in the case if CO2 used as working fluid. Thus, as 

per the table (3.3) the recommendation is to utilize environmentally friendly HCF or HFO 

refrigerants and use natural refrigerants if it is found feasible in the future. (A. Hafner et al. 

2019) 

 

Table 3.3. Mid and long-term plan towards natural refrigerants   

Refrigeration equipment 

Air conditioning and 

provision chilling provision stores freezing  

Today´s most common 

working fluid R134a R404A 

GWP value 1430 3922 

Future issues with the 

today´s working fluids 

High cost and availability of HFCs, due to the EU F-gas directive and Mon-

treal Protocol, Kigali Amendment 

Mid-term refrigerant al-

ternative 

R513A (blend of 

R134a & R1234yz) R407F (blend of R125, R32 and R134a) 

GWP value 631 1825 

Advantages of midterm 

working fluids 

No remarkable re-

duction in equipment 

performance nor 

cooling capacity, 

when changing from 

R134a 

Small improvement in equipment cooling capacity 

with the same power, when changing R404A 

Long-term refrigerant 

alternative  R717 Ammonia R744 Carbon dioxide 

GWP value 0 1 

Advantages of long-term 

working fluids  

Air conditioning 

chiller efficiency 

Air conditioning chiller efficiency, non-flammabil-

ity, and global availability 
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3.5 Rules for refrigerants 

All the passenger ships are obligated to follow the rules set by the International Maritime 

Organization (IMO). The IMOs International convention MARPOL covers international 

agreements regarding to the prevention of pollution of the marine environment by ships from 

operational or accidental causes. According to the regulation 12 – Ozone depleting sub-

stances (ODS) the use of CFC or halon refrigerants are prohibited for the new ships. New 

installations for the existing ships after the date 19th May 2005. Additionally, the use of 

HCFCs is prohibited for new ships and new installation after the date 1st January 2020. A 

use of the CFC and HCFC refrigerants in existing systems are still permitted and can be 

recharged when necessary. (A. Hafner et al. 2019)   

 

However, when utilizing ozone depleting substances, such as HCFCs, the discharge into 

atmosphere is prohibited. Thus, all utilizing ozone depleting substances must be recovered 

and reused onboard or shipped to reception facilities for recycling or destruction. A ship 

utilizing ozone depleting substances onboard, must have a record book, which must contain 

information regarding to related repair, recharging, supply, discharge and disposal opera-

tions. (IMO 2020b). There is no GWP limit requirement for refrigerant by the IMO. Thus, 

there are no restrictions of using HFCs on board of the ships. (A. Hafner et al. 2019)   

 

For the ship owners, it is possible to achieve additional class notation for a new ship. For 

instance, classification society DNVGL has introduced the clean notation, which verifies 

owner´s voluntary compliance with extra pollution measures and upcoming environmental 

regulations. With clean notation, a ship owner can show that their ship exceeds the applicable 

environmental legislative level for shipping. The ship owners can achieve value from the 

additional class notation in their marketing process.  During the marketing phase, the owner 

can emphasize their environmentally friendly ship towards their customers. The additional 

class notation will increase a ship´s reselling value, due to the increasing demand for more 

environmentally friendly shipping. (DNVGL 2020a) 

 

The DNVGL clean notation is applied for all refrigeration systems which have more than 

10kg of refrigerant. Only domestic refrigerators and air conditioning units such, as water 

coolers, ice machines, small air-conditioning units and other small equipment are excluded 
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from the notation. According to the class notation, HFC refrigerants having GWP value of 

≤ 2000 or only natural refrigerants, are allowed to use on board. The annual refrigerant leak-

age rate of the system must be as low as possible, but no more than 10 percent of the total 

refrigerant charge for each system. Leakage rates are documented and additional measures 

must be taken to detect a possible leak at early stage (DNVGL 2017). Other classification 

societies have their own class notations containing rules for refrigerants. For instance, 

Lloyd´s Register´s ECO and Bureau Veritas´s Ultra-Low Emission Vessels (ULEV) class 

notations. 

 

The first F-gas regulation No. 842/2006 from European Union came into force in 2006. The 

target of the regulation was to reduce fluorinated greenhouse gas emissions via periodic 

leakage tests, proper recovery, bookkeeping and certification. This applied only for station-

ary equipment, thus the regulation was not applicable for the ships. During the year 2014, a 

new amended revision of F-gas regulation was agreed and the regulation came into force on 

January 1st, 2015. By the new regulation, a leakage prevention measure changed and it dic-

tated quotas for F-gas production and usage. The rule was nonapplicable to ships. (A. Hafner 

et al. 2019)   

 

However, the new regulation contains a service ban for HFC refrigerants, which applies to 

EU region ships. Recharging with new HFC refrigerant having GWP value of higher than 

2500 and an amount corresponding to 40 tons CO2 equivalents is prohibited starting on Jan-

uary 1st, 2020. Recharging with recycled HFC refrigerant having GWP value of higher than 

2500 is not allowed after January 1st, 2030.  Additionally, European Union F-gas quotas and 

as well as the prohibition of F-gases in new equipment will create indirect impact on the 

marine sector, especially regarding to costs as well as availability of high GWP refrigerants 

such as R404A. (A. Hafner et al. 2019)   

3.6 Impact from refrigerant change to cooling capacity of chiller 

Refrigerants efficiencies can be compared according to the ideal vapor compression cycle 

COP. An ideal vapor compression cycle is calculated according to the equation (3.2). The 

ideal vapor compression cycle COP value is depending on refrigerant properties and tem-

perature differences between condenser and evaporator. The real COP of the refrigeration 
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system will be lower than ideal vapor compression cycle COP due to the mechanical and 

thermal losses. Thus, the ideal vapor compression cycle COP does not give a real indication 

regarding to the system performance, but is informative. System COP includes all power 

inputs included in the system, such as pumps and fans in addition to the compressor power, 

which are ignored in this comparison. The ideal vapor compression cycle includes refriger-

ant phase change between the liquid and the gaseous states. The whole cycle includes evap-

oration, compression, condensation, and expansion phases. (A. Hafner et al. 2019)  

 

𝐼𝑑𝑒𝑎𝑙 𝑣𝑎𝑝𝑜𝑢𝑟 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑐𝑦𝑐𝑙𝑒 𝐶𝑂𝑃 =
ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡 

ℎ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 
     (3.2)   

 

The ideal vapor compression cycle COP values are calculated for air conditioning chilled 

water, provision store chill and freezer systems with the temperatures and refrigerants given 

at table (3.4). As shown in the figure (3.11), a super heating with 5 K is considered in the 

evaporator in order to ensure that the fluid is completely in gaseous phase prior entering the 

compressor. Subcooling is not considered since, it is not required according to the European 

Standard EN12900. However, when subcooling is used, the purpose of the stage is to ensure 

that all fluid is in liquid phase after the condensing stage prior entering expansion valve. (A. 

Hafner et al. 2019) 

 

Figure 3.11. R134a pressure-enthalpy diagram showing vapor compression cycle. 
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Table 3.4. Typical refrigerants used in passenger ships  

System  Refrigerant 

Evaporation tem-

perature [°C] 

Condensing temper-

ature [°C] 

Air conditioning R134a 12 32 

Air conditioning R134a 12 27.2 

Air conditioning R513A 12 32 

Air conditioning R513A 12 27.2 

Air conditioning R717 (ammonia)  12 32 

Air conditioning R717 (ammonia)  12 27,2 

Provision store chill system  R134a -6 38 

Provision store chill system  R513A -6 38 

Provision store chill system  R717 (ammonia)  -6 38 

Provision store chill system  R744 (Carbon dioxide) -6 6 

Provision store freezer system  R404 -25 38 

Provision store freezer system  R407F -25 38 

Provision store freezer system  R744 Carbon dioxide -25 6 

 

Table (3.4) illustrates air conditioning system´s refrigerants ideal COP. The chilled water 

system´s refrigerant evaporation temperature is +12 °C, based on the maximum chilled water 

return temperature. Condensing temperature is +32 °C according to maximum sea water 

temperature of the building specification. Additionally, annual average sea water tempera-

ture +27.2 °C measured from Caribbean Sea between 24th June 2016 and 23rd June 2017 is 

used for condensing.  

 

 

Figure 3.12. Air conditioning system ideal vapor compression cycle COP according to selected refrigerants  

 

As shown in the figure (3.12) the new environmentally friendly refrigerants R513A and 

R717 have higher efficiencies comparing to R143a. 
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The provision store chill system is an indirect cooling system utilizing brine as a secondary 

cooling medium. The brine system is typically dimensioned according to the -10 °C supply 

and -6 °C return fluid temperatures. Thus, the evaporating temperature of the refrigerant is -

6 °C. The brine system condensing occurs to the low temperature engine cooling water loop, 

which have supply water temperature dimensioned according to +38 °C. A provision store 

freezer system is typically a direct cooling system. Thus, the evaporation temperature -25 

°C is equivalent to the air temperature inside of freezer. Condensation of the freezer system 

occurs to the low temperature engine cooling water loop as in the case of a chill system. (A. 

Hafner et al. 2019) 

 

Due to the R744 carbon dioxide refrigerant´s critical temperature of +31 °C the subcritical 

cascade system is to be considered for provision store chill and freezer systems. The subcrit-

ical cycle with the condensing temperature of +31 °C or less haves better efficiency com-

paring to transcritical cycle, where the condensing temperature is higher than +31 °C. The 

disadvantages of transcritical cycle comparing to subcritical cycle are higher compressor 

pressure and unexpected system behavior when fluid operates close to critical temperature. 

(G. F. Hundy et al. 2016)  

 

In the figure (3.13), R744 carbon dioxide is used for the heat absorption from the provision 

store chill and freezer systems. When utilizing an indirect cooling system for chill plant, the 

evaporation temperature of the R744 is -6 °C according to return temperature of the brine 

system. In the direct cooling freezer system, the evaporation temperature is -25 °C according 

to air temperature of the room. The R744 heat rejection occurs by condensation into the air 

conditioning chilled water system, where supply water temperature is +6 °C. Finally, all heat 

is rejected to sea water via air conditioning chillers. (A. Hafner et al. 2019) 
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Figure 3.13. Cooling concept for a provision store freezer and a chill room with the R744/R717 cascade system  

 

Based on the chill system comparison shown in the figure (3.14), a new mid-term refrigerant 

alternative R513A will provide less efficiency comparing with R134a, but ammonia effi-

ciency is 2 percent more. Additionally, refrigerant R744 condensing into air conditioning 

chilled water system instead of low temperature engine cooling water loop provides signifi-

cant improvements of the ideal COP.  

 

 

Figure 3.14. The ideal vapor compression cycle COP in chill system according to the selected refrigerants 
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Figure 3.15. The ideal vapor compression cycle COP in freezer system according to the selected refrigerants  

 

As shown in the figure (3.15), approximately 6 percent higher efficiency is gained for the 

freezer system when refrigerant changed from R404A to R407F. Significant efficiency im-

provement is gained when refrigerant R744 is used and condensation occurs into the air 

conditioning chilled water system instead of the low temperature engine cooling water loop. 

 

In general, changing the refrigerants to environmentally friendly alternatives does not have 

a significant negative impact on equipment efficiency. Based on the ideal vapor compression 

cycle COP comparison, the impacts are mainly positive. The ultimate recommendation is to 

use natural working fluids only since new environment friendly HFO refrigerants impacts 

on human health and environment are not familiar.  

 

However, there are still challenger with natural working fluids as well. Ammonia is consid-

ered toxic and carbon dioxide is only A1 safety-rated working fluid. Carbon dioxide requires 

higher working pressure, which makes the usage complicated in old equipment without com-

ponent upgrades. Additionally, in 2020, the chiller manufacturers do not have large R744 

compressors available with enough of cooling capacity. However, despite the issues with the 

natural working fluids, there is still potential available. Thus, more research and develop-

ment work should be targeted to the refrigerants to achieve replacements in passenger ships 

(A. Hafner et al. 2019)  
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3.7 Safe Return to Port regulations – Refrigeration aspect  

The need for the SRtP regulations became due to the increased size of cruise ships with 

thousands of people onboard. Before the SRtP regulations become mandatory, an evacuation 

time as well as search and rescue services for the cruise ships were dubious since rescuing 

thousands of people from survival craft was found challenging (IMO 2015). The SRtP reg-

ulations are mandatory for the passenger ship built after 1st of July 2010, having the length 

of 120 m or more or having three or more vertical fire zones. An object of SRtP regulation 

is to increase the vessel ability to safety return to port after an incident of fire or flooding. 

After the incident within the limits of regulation, the essential systems will remain in opera-

tion and the ship will be capable of returning to the port. (DNVGL 2016)  

 

Returning range to the port during the SRtP mode is defined during ship´s initial design 

phase. For the cruise ship operating in remote areas such as Polar Waters, a 1500 nm SRtP 

range is recommended and for the standard cruise ship a 1000 nm SRtP range is approved 

case by case (Bureau Veritas 2016). During the SRtP mode, the ship must achieve a mini-

mum speed of 6 knots within the weather condition comparable to the Beaufort scale 8 (IMO 

2010). If the casualty threshold limit is exceeded the ship´s essential systems must remain 

operational for at least three hours to support orderly evacuation (IMO 2015). All classifica-

tion societies have their own SRtP design guidelines, which are based on IMO´s 

MSC.1/Circ. 1369. 

 

A fire and flooding casualties are defined in the SRtP regulations. As shown in figure (3.16), 

in the event of fire and a space of fire origin is protected with fixed extinguishing system, 

the casualty threshold will not reach further than to the nearest A-class division. However, 

if space of the fire origin is not protected with the fixed fire extinguishing system the casualty 

threshold spreads until the next protected space.  

 

In cases of the limited fire casualty threshold as described, the essential systems will remain 

operational and a ship can return to port. In the event of fire, the casualty threshold exceeded 

and the whole main vertical fire zone is lost, the ship can be orderly evacuated by the deci-

sion of the captain. (Babicz 2015) 
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Figure 3.16. Casualty thresholds in the event of fire   

 

In the event of flooding as shown in the figure (3.17), the casualty threshold is limited to the 

boundaries within one watertight compartment. In cases of limited flooding casualty, the 

essential systems will remain operational and the ship is able to return to port. When more 

than one watertight compartment is lost, the casualty threshold is exceeded. In such case, 

part of the essential systems must remain operational to support orderly evacuation if such 

decision is made by a captain. (Babicz 2015) 

 

 

Figure 3.17. Casualty thresholds in the event of flooding  
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In order to achieve safe return to port, the essential systems must be operational after the 

casualty of fire or flooding is isolated. Restoration time containing the manual actions of 

essential systems is one hour. However, the systems required for firefighting and flooding 

mitigation must remain in operation immediately, even during the incident. (IMO 2010) 

 

After the fire or flooding casualty is isolated, all people on board, excluding crew on duty, 

will be transferred to safe areas. The safe areas are in accommodation spaces such as cabins, 

restaurant and casino. The size of safe area is based on the required time for SRtP. For SRtP 

voyage over 12 hours, a required space is 2 m2 per person and if the voyage is less than 12 

hours, a 1 m2 per person is sufficient. Ambient temperature of the safe areas must be main-

tained between +10 °C and +30 °C to prevent hypothermia or heat stress. Thus, ship chillers, 

re-heating water heaters and air handling units serving safe areas are considered as essential 

systems. (The Bahamas Maritime Authority 2018) 

 

Food must be available for all people onboard. A quantity of the food is calculated according 

to 2500 kcal per person per day consumption. In general, refrigeration is not particularly 

required by the rules. For long SRtP voyages up to ten days, food refrigeration may be 

needed to ensure food availability for the time period. Thus, provision stores chill rooms and 

freezers are not refrigerated during SRtP and have no impact on required cooling capacity. 

(Bureau Veritas 2016) 

 

As shown at table (3.5), the chiller operation is required during the SRtP mode to maintain 

spaces temperatures at suitable level to prevent equipment overheating and provide comfort 

to people onboard. However, during the evacuation, only a natural ventilation is available 

and during the hot summer days the temperature of the ventilated spaces can raise up to +45 

°C.  
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Table 3.5. List of selected spaces and cooling requirements during the SRtP and evacuation modes  

Space (Air cooled) 

Chilled water 

needed during 

SRtP 

Cooling fan 

needed dur-

ing SRtP 

Chilled water 

needed dur-

ing evacua-

tion 

Cooling fan 

needed dur-

ing evacua-

tion 

Safe areas inc. accommodation and 

public spaces not affected by casu-

alty  

yes  yes no no 

Bridge inc. safety center and equip-

ment rooms 

yes  yes no yes 

SRtP Bridge no yes no yes 

Engine control room yes yes no yes 

Electrical substations yes yes no yes 

Emergency switchboard room yes yes no yes 

Main switchboard room no yes no yes 

Computer rooms yes yes no no 

External communication rooms yes yes no yes 

Public announcement room yes yes no yes 

Machinery ventilation switchboard 

rooms 

yes yes no yes 

 

Special consideration must be taken regarding to electrical power supply for the equipment 

to ensure that the power supply continues for fire zones not lost during the casualty. In SRtP 

case, only one main engine compartment is considered lost. Thus, at least one engine com-

partment will remain active and provides electricity for the grid if the rest of the main fire 

are zones not affected by the casualty. In the event of the evacuation emergency ventilation 

power supply is provided by the UPS batteries and emergency generator to prevent equip-

ment overheating. 

 

As shown in the figure (3.18), during the SRtP mode, chilled water distribution for the air 

handling units and fan coil units must be achieved. Thus, to ensure chiller water distribution 

the chillers must be located in different watertight compartments and preferably in the dif-

ferent fire zones. Typically, chilled water pipes must be routed through the main fire zones 

longitudinally on two different decks. Additionally, isolation valves are needed between wa-

tertight compartment and main fire zones for isolation to ensure functionality of the remain-

ing part of the systems. 

 

During the SRtP mode, the cooling capacity of the remaining chillers must be sufficient to 

maintain safe areas temperatures at maximum of +30 °C, while outdoor temperature is +35 
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°C. (ISO 7547- 2002). The outdoor temperature must be verified from the contract specifi-

cation for the system dimensioning. The temperatures of technical spaces varies between 

+25 °C..+45 °C. Thus, the temperatures for technical spaces must be verified from the equip-

ment suppliers for the system dimensioning. Additionally, an air conditioning system must 

provide 4.5 m3/h fresh air per person to safe areas. (IMO 2010) 

 

 

Figure 3.18. Air conditioning chiller location and loss of chiller compartment scenario    

 

 

Figure 3.19. Air conditioning re-heater location and loss of re-heater compartment scenario    

 

As shown in the figure (3.19) the re-heating water system is similar comparing with the 

chilled water system. Re-heaters must be located in different watertight compartments and 
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preferable in different fire zones. The longitudinal SRtP pipeline must be built on two dif-

ferent decks. Isolation valves are required for the main fire zone and watertight compartment 

boundaries for the partial system isolation after the casualty. The re-heating water system 

serves air handling units, but does not normally serve fan coil units and technical spaces. 

During the SRtP mode, the available heating capacity of the remaining re-heaters must be 

sufficient for maintaining safe areas temperatures above +10 °C while outdoor temperature 

is -20 °C (ISO 7547- 2002). The outdoor temperature must be verified from the contract 

specification for the system dimensioning. The heating of technical spaces is done via equip-

ment heat load.  

 

In general, SRtP regulation creates challenges for designers, since heat load and heat loss 

calculation must be performed according to the ambient conditions mentioned in contract 

specification. The chillers and reheaters capacities are dimensioned according to SRtP sce-

nario where the watertight compartment with most of the chiller and re-heater capacities are 

located is affected by casualty. The remaining cooling and heating capacities must be suffi-

cient to maintain the requested temperatures in safe areas and technical spaces. The heat loss 

and heat load calculations are based on the ISO-7547 standard. 
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4 POTENTIAL ENERGY SAVING OPTIONS OF REFRIGERATION 

In order to reduce passenger ship emissions and operational costs, the systems must be as 

efficient as possible onboard. The major passenger shipowners have environmental pro-

grams, which targets cutting of environmental impact of their fleet. The requirement levels 

of the environmental programs are typically more demanding than IMO´s Energy Design 

Index (EEDI) level, which is the industry minimum. For instance, Royal Caribbean Cruises 

Ltd, which have more than 60 ships in the fleet and have “Save the Waves®” program.  The 

world´s largest cruise ship company Carnival Corporation, with more than 100 ships in the 

fleet, have “Sustainability From Ship to Shore” program. The passenger shipowners´ envi-

ronmental programs contain goals such as a cutting carbon footprint, improving water use 

efficiency, the reduction of waste and improving wastewater treatment. (Carnival Corpora-

tion 2020, RCCL 2019)  

 

In new building projects, the shipyard is obligated to build the ship according to the contract 

specification and fulfill the IMO´s EEDI requirements (IMO 2020a). However, passenger 

shipowners are responsible for operational costs after the ship is delivered. As the contract 

specifications are mainly based on ships, which can be up to 10 years old. Thus, the latest 

specifications are typically lacking novel technologies to achieve prominent energy savings. 

This conflict of interest leads to the events where a shipyard must study different energy 

saving technologies and propose the most suitable technologies for the shipowner.  The suit-

able technologies for energy saving are not free of charge since items are missing from the 

contract specification. Based on the price, the shipyard calculates the payback period (PBP) 

for different types of technologies, which are typically between 2 – 10 years.  

 

In this thesis, two energy saving technologies for refrigeration are estimated regarding an-

nual energy savings according to two different cruise profiles. Based on the annual energy 

savings, the PBP of the technologies are estimated. Today all major cruise line owners such 

as Carnival, MSC, Disney, Royal Caribbean, and TUI are choosing LNG fueled engines for 

their new ships. LNG must be heated up to NG state prior to distribution to engines. The 

thesis the cold energy recovery potential from the LNG to NG heating process is calculated 

and utilization for the air conditioning, refrigeration appliances and provision stores are es-

timated (Marine Log 2019). Additionally, due to remarkable amount of available surplus 
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heat during the ship´s sea days the potential energy savings from the absorption refrigeration 

technology is estimated. 

4.1 Reference ship  

All energy saving calculations are done for the reference cruise ship having the main dimen-

sions and characteristics as shown the table (4.1).  

 

Table 4.1. Reference ship main dimensions and engines  

Item Value Unit 

Engine model MAN 12V51/60DF n/a 

Number of the engines 5 pcs 

Max. total mechanical power output / engine 12.6 MW 

Max. total mechanical power output 63 MW 

Max. electrical propulsion power output 44.2 MW 

𝑃𝑃𝑇𝐼 Max. hotel electrical power output 18.2 MW 

Length (length over all)  355 m 

Width 40 m 

Gross Tonnage 155,000 GT 

Speed 24 kn 

 

The calculations are based on two different cruise profiles in Eastern Caribbean Sea. The 

shorter cruise is considered according to three nights and longer cruise is seven nights as 

shown in the figure (4.1). The distance between the port of calls has been taken from internet 

(Searoutes. 2020). 

 

 

Figure 4.1. Cruise profiles of energy saving calculations 

 

The ship itineraries have been taken from the cruise shipowners´ cruise booking internet 

pages, where detailed plans regarding arrival and departure time are shown. The itinerary of 

three nights cruise is shown in the table (4.2) and for seven nights at the table (4.3). The 
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tables (4.2) and (4.3) contains information regarding to the position of the ship, cruising 

distance, required time for cruising and cruising speed. 

 

Table 4.2. Ship itinerary for the 3 nights cruise 

Day Ship´s status Time [h] Distance [nm] Speed [kn] 

0 Departure Port Canaveral 0 0 0.0 

0 At Sea 8.25 127 15.4 

1 At Sea, arrival to Nassau 9.5 146 15.4 

1 Nassau harbor 7.75 273 0.0 

1 At Sea, departure from Nassau 6.75 28 4.2 

2 At Sea, arrival to Southern Cay 8.5 36 4.2 

2 Southern Cay harbor 8.25 64 0.0 

2 At Sea, departure from Southern Cay 7.25 125 17.3 

3 At Sea, arrival to Port Canaveral 7.5 130 17.3 

3 At Port Canaveral 8.25 255 0.0 

Total 72 592   

 

Table 4.3. Ship itinerary for the 7 nights cruise  

Day Ship´s status Time [h] Distance [nm] Speed [kn] 

0 Departure Port Canaveral 0 0 0 

0 At Sea 8.25 139 16.9 

1 At Sea 24 405 16.9 

2 At Sea 24 405 16.9 

3 At Sea, arrival to Tortola 7.5 126 16.9 

3 Tortola harbor 10.25 1075 0.0 

3 At Sea, departure from Tortola 6.25 14 2.2 

4 At Sea, arrival to St Thomas 7.75 17 2.2 

4 St Thomas harbor 8.25 31 0.0 

4 At Sea, departure from St Thomas 8 160 20.0 

5 At Sea 24 481 20.0 

6 At Sea, arrival to Southern Cay 10.25 205 20.0 

6 Southern Cay harbor 6.75 847 0.0 

6 At Sea, departure from Southern Cay 7 109 15.5 

7 At Sea, arrival to Port Canaveral 7.5 116 15.5 

7 At Port Canaveral 8.25 225 0.0 

Total 168 2178   

 

4.2 Attained EEDI for reference ship 

The IMO´s EEDI came into effect in 2011 and became mandatory for the new passenger 

ships and cruise ship in 2014. The EEDI is a technical measure, which promotes the usage 

of energy efficient equipment and engines in order to reduce GHG emissions. The actual 

value of EEDI presents CO2 emissions per ship capacity-nautical mile. In order to improve 

the efficiency and reduce GHG emissions of the ship the EEDI criterion tightening every 

fifth year and thus forces the shipyards and owners towards constant development. The EEDI 
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is compared with the reference line from the ships built between 2000 and 2010. (IMO 

2020a). In the year 2025, the EEDI value of the new ship shall be at the least 30 percent less 

comparing to reference level as shown at the table (4.4). The reference line is calculated 

according to the equation (4.1) for the cruise and passenger ships. The actual required mini-

mum level of EEDI is shown in the figure (4.2) according to the ship size and building time. 

As in the figure (4.2) the EEDI requirement becomes demanding as the size of the ship in-

creases. (IMO 2016) 

 

Table 4.4. Cruise ships EEDI reductions comparing to reference line (IMO 2016)  

Size 

Phase 0  

1 Jan 2013 –  

31 Dec 2014  

Phase 1  

1 Jan 2015 –  

31 Dec 2019 

Phase 2  

1 Jan 2020 –  

31 Dec 2024  

Phase 3  

1 Jan 2025  

and onwards  

85,000 GT  

and above  n/a 5% (*) 20 % 30 % 

(*) Phase 1 commences for cruise and passenger ships on 1 September 2015. 

 

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐸𝐸𝐷𝐼 = 170.84 ∗ 𝐺𝑇 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑖𝑝 −0.214   (4.1) 

 

 

Figure 4.2. EEDI value according to the ship size and EEDI phase (IMO 2016) 

 

The estimated EEDI value for the cruise ship can be calculated with the equation (4.2). The 

EEDI value calculation below has been estimated for the reference ship used in the thesis 

for the energy saving calculations. The main dimensions, engines and electrical outputs of 

the reference ship are shown at the table (4.1). 

 

𝐸𝐸𝐷𝐼 =
(𝑃𝐴𝐸+𝑃𝑃𝑇𝐼)∗(𝐶𝐹∗𝑆𝐹𝐶)

𝐺𝑇∗ 𝑣𝑟𝑒𝑓
        (4.2) 
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The maximum electrical power requirement for hotel load, in the most demanding cruise 

conditions is calculated according to the equation (4.3). The hotel load consists all required 

electrical power excluding the propulsion power. In calculation, an efficiency of 97% is used 

for the generator. (IACS 2016) 

 

𝑃𝐴𝐸  = 
𝐻𝑜𝑡𝑒𝑙 𝑙𝑜𝑎𝑑𝑀𝑎𝑥

𝜂𝐺𝑒𝑛 
         (4.3) 

 

The electrical power requirement for propulsion motor at 75 percent load is calculation ac-

cording to the equation (4.4). The propulsion electrical efficiency (𝜂𝑃𝑟𝑜) consists of items 

such as generator, the main switch board, transformer, propulsion frequency converter and 

electrical losses in the propulsion motor. Typically, the value of 90.5 percent has been used 

for the propulsion electrical efficiency. (IACS 2016) 

 

𝑃𝑃𝑇𝐼 = 
0.75∗ 𝑅𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑚𝑜𝑡𝑜𝑟

𝜂𝑃𝑟𝑜
     (4.4)  

 

𝐶𝐹= The carbon emission factor. For the engines using NG as primary fuel and MDO 

as pilot fuel the 𝐶𝐹𝐴𝐸  value is approximately 2.77 
𝑔 𝐶𝑂2

𝑔 𝑓𝑢𝑒𝑙
. (IACS 2016) 

 

𝑆𝐹𝐶 = The specific fuel consumption of the engine MAN 51/60DF using NG as 

primary fuel and MDO as pilot fuel, the 𝑆𝐹𝐶 is 171.2 
𝑔

𝑘𝑊ℎ
 at 75 percentages of engine 

load. (MAN 2018) 

 

𝐺𝑇 = The gross tonnage of a ship [GT]. 150 000 for the reference ship. 

  

𝑣𝑟𝑒𝑓 = The ship speed at the 75 percentages of the rated output from the electric 

propulsion motors [nm]. According to reference ship speed and power curve, the  

𝑉𝑟𝑒𝑓 speed is approximately 20.5 kn, when 75 percent from the maximum power of 

propulsion motors are used. (IACS 2016) 

 

𝐸𝐸𝐷𝐼 =
(

18,200 𝑘𝑊

0.97
+

0.75∗40,000 𝑘𝑊

0.905
)∗(2.77 

𝑔 𝐶𝑂2
𝑔 𝑓𝑢𝑒𝑙

∗171.2 
𝑔

𝑘𝑊ℎ
)

155,000∗ 20.5 𝑘𝑛
 =  7.51 

𝑔 𝐶𝑂2

𝑡  𝑛𝑚
   (4.5) 
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For the reference ship, the calculated EEDI value is well below of reference line of phase 3, 

as shown in the figure (4.2). However, the final verification of EEDI value will be done 

during the ship commissioning sea trials, where actual values shown equation (4.3) are meas-

ured onboard (IACS 2016). In general, EEDI is flexible, thus the shipyard and owner can 

agree on technologies utilized to achieve required EEDI criteria. As long as the criteria of 

EEDI is fulfilled, the shipyard and owner are free to use the most cost-efficient solutions. 

(IMO 2020a) 

4.3 Energy savings calculation 

In the calculation process, as shown in the figure (4.3), all start from the speed and power 

estimation curve, where from required propulsion power according to defined speed is esti-

mated. Hotel load must be estimated based on the statistics. The hotel load consists of an 

average electrical power demand for all consumers excluding propulsion. After the total re-

quired of electrical power is estimated the required fuel consumption can be verified from 

the engine supplier´s product guide. Based on the fuel consumption, the cold recovery po-

tential from liquified LNG heating to gaseous NG state can be estimated. The recovered low-

grade energy is primarily used in systems where the largest energy savings achieved. With 

the engines and the generator, electricity is generated and then distributed to propulsion and 

hotel consumers via the main electrical switch board.  

 

Waste heat from the exhaust gas is recovered with the exhaust gas boiler (EGB) and the heat 

is used for the steam generation. Steam is primary used for the steam consumers shown in 

the figure (4.3) and secondarily for the air conditioning system absorption chiller. Waste 

heat from the main engines HT-water loop is recovered with waste heat recovery (WHR) 

system, where from HT-water loop excess heat is transferred, primary for the consumers 

shown in the figure (4.3) and secondary for the air conditioning system absorption chiller. 

LT-water loop surplus heat is only considered for LNG to NG heating. However, in the cases 

where EGB steam production and/or WHR heat transfer are insufficient for fulfill consumers 

demand, the steam boiler is used as a backup. The steam boiler is not used for absorption 

refrigeration due to the low COP of absorption chillers. 
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Figure 4.3. The calculation processes  

 

The fuel costs used in calculations are based on DNVGL report dated on July 30th, 2020. 

Based on the report, a bunkered price for MGO is 400 USD/ton (DNVGL 2020b). The price 

for LNG is more complicated to estimate, since the prices are not public. Instead of public 

pricing, the LNG pricing is based on long-term contracts with the shipping company and 

energy provider. The cost of 543 USD/ton has been used for LNG in the calculation. The 

cost is formed from the items shown at the table (4.5). (Sea\LNG 2020) 

 

Table 4.5. LNG price $/ton 

Henry Hub, natural gas price according NCV 3.54 $/MMBTU 

Liquefying natural gas into LNG 3 $/MMBTU 

LNG logistics 3 $/MMBTU 

Bunkering barge expenses  2 $/MMBTU 

Total  11.54 $/MMBTU 

Total  0.04 $/kWh 

Total  0.011 $/MJ 

Net caloric value of LNG 49630 kJ/kg 

LNG price 0.54 $/kg 

LNG price 543 $/ton 
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4.4 Electrical power demand for propulsion and hotel 

At the beginning of energy saving calculations, the electrical power demands for propulsion 

and hotel are estimated. The ship propulsion power has been estimated from the speed and 

power chart as shown in the figure (4.4). 

 

 

Figure 4.4. The speed and power curve of reference ship 

 

Propulsion power is estimated from the “Pp with sea margin [15%]” trend line, which con-

tains experimental 15 percent additional power demand due the waves, which are not con-

sidered in towing tank tests. Additionally, the propulsion efficiency is considered according 

to the value 90.5 percent. The losses from the generator, the main switch board, a trans-

former, a propulsion frequency converter and a propulsion motor are considered in the pro-

pulsion efficiency. Thus, the engine power required for the thrust is calculated according to 

the equation (4.6). 

 

𝑃Propulsion,   𝑒𝑛𝑔𝑖𝑛𝑒 =  
1 073.44181∗𝑒0.16054∗𝑣

𝜂𝑃𝑟𝑜
      (4.6) 

 

Hotel electrical demand is estimated according to statistical internally used values shown at 

the table (4.6). Based on the defined variables, the hotel load can be estimated. In calculation, 

the customer experience factor 𝑃C.𝐸. is calculated according to the equation (4.7). The cus-

tomer experience factor contains amusement onboard of the cruise ship such as a water park, 

rollercoaster, skydiving simulator and similar equipment.   

Pp = 1 073.44181e0.16054*Speed[kn]
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Table 4.6. Hotel electrical load statistical values and estimation 

Electrical demand according variables 

600 W/cabin 

60 W/m2 for public spaces and service spaces 

40 kW/installed MW of engine power 

120 W/person for laundry 

120 W/person for galley 

Reference Cruise Ship 

5600 Persons on-board 

4000 Passenger 

2100 Number of cabins (passenger and crew) 

63 MW engine power installed 

22500 m2 of public spaces 

Base load calculation 

1260 kW, cabins 

1350 kW, public spaces 

2520 kW, machinery spaces 

672 kW, laundry 

672 kW, galley 

1619 kW, customer experience (25%) 

8093 kW, TOTAL 

 

𝑃C.𝐸. =  25% ∗ (𝑃cabins +  𝑃public spaces + 𝑃mach.  spaces + 𝑃laundry +  𝑃galley)   (4.7) 

 

Additionally, the generator efficiency of 97 percent is considered in calculations in order to 

calculate the actual power demand from the engines. Thus, the hotel power demand from the 

engines is calculated according to the equation (4.8). In the calculations, the hotel electrical 

load has been considered constant and not depending on the ship´s speed as the propulsion 

power demand. 

 

𝑃hotel,   𝑒𝑛𝑔𝑖𝑛𝑒 =  
𝑃hotel,   𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝜂𝐺𝑒𝑛
        (4.8) 

4.5 Engine fuel consumption  

At the beginning of energy saving calculations, the engine fuel consumption according to 

different engine loads must be clarified. Since the reference ship is sailing in Eastern Carib-

bean Sea the technical performance values according to the tropic conditions are used from 

the engine supplier´s product guide. The tropic conditions are shown at the table (4.7). 
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Table 4.7. Tropic conditions (MAN 2018)  

Air temperature  45.0  °C  

Total atmospheric pressure, p 100.0 kPa 

Relative humidity, Rh 60.0 % 

Cooling water temp. before air cooler (LT stage) 38.0  °C  

 

The fuel consumption increase due to the engine driven HT-water, LT-water and lubrication 

oil pumps are calculated with the equations (4.9-4.12). (MAN 2018) 

 

𝑓𝑝𝑢𝑚𝑝𝑠 =  (𝑓𝐻𝑇 𝑝𝑢𝑚𝑝𝑠 +  𝑓𝐿𝑇 𝑝𝑢𝑚𝑝𝑠 +  𝑓𝐿𝑂 𝑝𝑢𝑚𝑝𝑠) ∗  
1,050𝑘𝑊/𝑐𝑦𝑙

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 𝑐𝑦𝑙.
    (4.9) 

𝑓𝐻𝑇 𝑝𝑢𝑚𝑝𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝐻𝑇 𝑝𝑢𝑚𝑝𝑠 ∗ 0.0018 ∗ 
100 %

𝑙𝑜𝑎𝑑 %
∗ (

𝑛𝑥

𝑛𝑛
)

3

   (4.10) 

𝑛𝑥 = Actual speed [rpm] 

𝑛𝑛 = Nominal speed [rpm] 

𝑓𝐿𝑇 𝑝𝑢𝑚𝑝𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝐿𝑇 𝑝𝑢𝑚𝑝𝑠 ∗ 0.0021 ∗
�̇�𝑝𝑢𝑚𝑝

100
∗  

100 %

𝑙𝑜𝑎𝑑 %
∗ (

𝑛𝑥

𝑛𝑛
)

3

 (4.11) 

�̇�𝑝𝑢𝑚𝑝 = Volume flow of pump in m3/h unit, but no units in equation  

𝑓𝐿𝑂 𝑝𝑢𝑚𝑝𝑠 = 0.0097 ∗
100 %

𝑙𝑜𝑎𝑑 %
∗ (

𝑛𝑥

𝑛𝑛
)

1

       (4.12) 

 

Based on the reference ship engines, the additional fuel consumption increase is shown at 

the table (4.8) according to different engine loads. In the calculations, one pump is consid-

ered for HT-water and LT-water. LT-water pump volume flow is 170 m3/h as per the product 

guideline. The nominal output of a cylinder is 1,050 kW/ cylinder. (MAN 2018) 

 

Table 4.8. Additional fuel consumption due to pumps according to different engine loads 

Engine load [%] 100 % 85 % 75 % 50 % 25 % 

Engine speed [rpm] 500 500 488 450 391 

HT CW service pump 0.0018 0.0021 0.0022 0.0026 0.0034 

LT CW service pump 0.0036 0.0042 0.0044 0.0052 0.0068 

Lube oil service pump 0.0097 0.0114 0.0126 0.0175 0.0303 

f pumps  1.015 1.018 1.019 1.025 1.041 

 

The engine MAN 12V51/60DF is a dual fuel marine engine, using LNG as the primary fuel 

and MGO as the pilot fuel. The total fuel consumption per engine, with different loads and 

fuels, are calculated according to the equation (4.13). In the calculations, the net caloric value 
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(NCV) of 49 630 kJ/kg is used for LNG and 42 700 kJ/kg is used for MGO. Actual con-

sumptions are shown at the table (4.9).  

 

𝑚 ̇ 𝐹𝑢𝑒𝑙 =
𝑆𝐹𝐶𝑙𝑜𝑎𝑑 %∗ 𝑓𝑝𝑢𝑚𝑝𝑠∗ 𝑓𝑎𝑔𝑖𝑛𝑔 ∗ 𝑃𝑒𝑛𝑔𝑖𝑛𝑒

𝑁𝐶𝑉 𝑓𝑢𝑒𝑙∗3600
       (4.13) 

𝑆𝐹𝐶𝑙𝑜𝑎𝑑 % = Specific fuel consumption according to different engine loads [kJ/kWh] 

𝑓𝑝𝑢𝑚𝑝𝑠 = According to the equation (4.7)  

𝑓𝑎𝑔𝑖𝑛𝑔 = 10 percent of additional fuel consumption increase due to the engine ageing 

and time between overhauls 

𝑃𝑒𝑛𝑔𝑖𝑛𝑒 = Engine output according to different engine loads [kW] 

𝑁𝐶𝑉 𝑓𝑢𝑒𝑙 = Net caloric value of fuel [kJ/kg] 

 

Table 4.9. Consumption of the LNG and MGO according to the engine load per engine 

Engine load  100 % 85 % 75 % 50 % 25 % 

Output [kW] 12600 10710 9450 6300 3150 

LNG mass flow [kg/s] 0.56 0.47 0.43 0.30 0.17 

MGO mass flow [kg/s] 0.0092 0.0097 0.0096 0.0102 0.0102 

Total mass flow [kg/s] 0.57 0.48 0.44 0.31 0.18 

 

The chart and equations from the figure (4.5) are used for fuel consumptions estimations 

during the intermediate loads. 

 

Figure 4.5. The consumption of the LNG and MGO during intermediate loads 

MGO Qm = -0.0013 *Engine load [%] + 0.0107 [kg/s]

LNG Qm = 0.5094*Engine load [%] + 0.0456 [kg/s]

Total Qm  = 0.5081*Engine load [%]  + 0.0563 [kg/s]
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4.6 LNG cold recovery  

LNG cold recovery diagram is shown in figure (4.6). LNG is stored at the temperature of -

163 °C and absolute pressure of one bar.  

 

Figure 4.6. The LNG cold recovery principle diagram 

 

Prior to feeding fuel to engines, LNG will be heated to reach the gaseous state, first with the 

LNG cold recovery vaporizer up to -20 °C. The LNG cold recovery vaporizer heating occurs 

by the air conditioning chilled water and the brine system of chill rooms or by the LT-system 

return water. The LNG heating source is adjusted by the Hycool 50 system´s three-way 

valve, which controls heating power between the brine and glycol systems. When the cooling 

demand is high, the most of recovered cryogenic energy is utilized primary for chill system´s 

brine chiller and secondary for air conditioning chilled water system. The greatest electrical 

consumption savings is achieved from brine chiller due to the low COP. In the case of low 

cooling demand, the most of the LNG will be heated with LT return water via the glycol 

system. Prior the fuel is fed to the engines, the NG heater is utilized for heating the NG from 

-20 °C up to +20 °C by the LT-return water via glycol system. As a guideline, due to the 

variable cooling capacity of the cold recovery system, the brine and AC chillers must be 

dimensioned without the influence of the cold recovery.   
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In the calculations, the LNG properties are considered as 94 mol% methane, 5 mol% ethane 

and 1 mol% propane in 1 bar pressure. With the mentioned properties, a vaporization of 

liquid LNG starts at -161.01°C and ends at -110.41°C, where LNG is totally converted to 

NG gas. The enthalpy of different temperatures for LNG and NG is calculated with HTRI 

Xchanger suite software and are shown at the table (4.10). The first stage maximum cold 

recovery potential of LNG cold recovery vaporizer can be calculated according to the equa-

tion (4.14). The required heating power for second stage NG heater can be calculated ac-

cording to the equation (4.15).  

 

𝜙𝐶𝑅 = 𝑚 ̇ 𝐿𝑁𝐺 ∗ [(ℎ𝐿𝑁𝐺−110,41°𝐶 − ℎ𝐿𝑁𝐺−163°C) + (ℎ𝐿𝑁𝐺−20°𝐶 − ℎ𝐿𝑁𝐺−110,41°𝐶)] (4.14)  

 

𝜙𝑁𝐺 = 𝑚 ̇ 𝐿𝑁𝐺 ∗ (h𝐿𝑁𝐺+20°C − h𝐿𝑁𝐺−20°C)      (4.15) 

 

𝑚 ̇ 𝐿𝑁𝐺 = Mass flow of LNG fuel [kg/s] 

 

h𝐿𝑁𝐺 nn°C = Enthalpy of LNG / NG according to the temperature [kJ/kg] 

 

Table 4.10. Enthalpies of LNG and NG according to temperatures 

Temperature Enthalpy Unit 

 -163 °C -308.64 kJ/kg 

 -110.41 °C 312.501 kJ/kg 

 -20 °C 498.421 kJ/kg 

 +20 °C 585.34 kJ/kg 

 

The recovery potential of LNG cold recovery vaporizer and heating power required by the 

NG heater according to the different engine loads are shown at the table (4.11).  

 

Table 4.11. The LNG cold recovery potential according to engine loads 

𝑬𝒏%Engine load  100 % 85 % 75 % 50 % 25 % 

φCR LNG cold recovery vaporizer [kW] 450.6 383.2 344.1 243.9 139.5 

φNG NG heater [kW] 48.5 41.3 37.1 26.3 15.0 

Heating demand without cold recovery [kW] 499.1 424.4 381.2 270.2 154.5 
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To estimate cold recovery potential and NG heating power demand in the intermediate en-

gine loads the equation (4.16) and (4.17). The figure (4.7) illustrates the heating power ac-

cording to engines load given by the engine supplier. The trendline demonstrates the heating 

demands during the intermediate engine loads.  

 

 𝜙𝐶𝑅 𝑖𝑛𝑡
=  411.14 ∗ 𝐸𝑛% +  36.79      (4.16) 

 

𝜙𝑁𝐺 𝑖𝑛𝑡
=  44.28 ∗ 𝐸𝑛% +  3.96      (4.17) 

 

 

Figure 4.7. Cold recovery potential according to engine loads per engine 

4.7 Waste heat generation and recovery 

In marine diesel engines, as shown in the figure (4.8) approximately 52 percent of fuel en-

ergy fed into engines is converted to mechanical energy, remaining approximately 47 percent 

are converted waste heat and 1 percent is used for auxiliary boiler. Waste heat is divided into 

the exhaust gas ~ 29 percent, HT water cooling loop ~ 12 percent and LT water cooling ~ 6 

percent. (Z. Guangrong et al. 2017) 

CR capacity = 411.14 kW*Engine load [%] + 36.79 kW

NG heating = 44.28 kW*Engine load [%] + 3.96 kW
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Figure 4.8. Typical Sankey diagram of a cruise ship, adapted from Guangrong et al. (2017)  

 

In order to improve the efficiency of the ship, the waste heat recovery systems must be im-

plemented. The heat recovery systems reduce the fuel consumption, thus making the ship 

more environmentally friendly due to the reduced fuel consumption and exhaust gas emis-

sions. The most suitable waste heat sources of a combustion engine are exhaust gas, engine 

jacket cooling water, lubrication oil cooling water and turbo charger cooling water (Senary. 

K. et al. 2016). However, the lubrication oil cooling water heat recovery is not taken into 

account, since cooled by LT- water system. LT-cooling water system have return tempera-

ture of ~+60 °C, which is not suitable for absorption chiller.  

 

The high temperature flue gas heat from the engines is recovered by the EGB and utilized 

for the steam production. However, all heat from the flue gas can´t be recovered since too 

prominent temperature decrease of flue gas creates a risk of sulfuric acid condensation, 

which leads to the corrosion of exhaust gas pipes. Thus, the engine suppliers have set the 

minimum flue gas temperature at +180 °C, which is used in calculations (MAN 2018). The 

flue gas temperatures, according to different engine loads prior to the EGB, are shown in the 

table (4.12) as well as the flue gas mass flows and steam production capacities. The heat 

recovery from the engine flue gas can be calculated according to the equation (4.18). 

 

 

𝜙𝐸𝐺𝐵 = 𝑚 ̇ 𝑔𝑎𝑠 ∗ 𝐶𝑝𝑔𝑎𝑠
∗  𝑇𝑔𝑎𝑠𝑖𝑛

− 𝑇𝑔𝑎𝑠𝑜𝑢𝑡
      (4.18) 
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𝐶𝑝𝑔𝑎𝑠
 = Flue gas specific heat capacity, value of 1,09 

kJ

kgK
 used in calculations 

 

 Table 4.12. The exhaust gas recovery potential from EGB according to engine loads.  

𝑬𝒏%Engine load  100 % 85 % 75 % 50 % 25 % 

Output [kW] 12600 10710 9450 6300 3150 

Exhaust gas mass flow [kg/kWh] 6.0 5.8 6.1 6.3 7.0 

Exhaust gas mass flow [kg/s] 21.0 17.3 15.9 11.0 5.5 

Exhaust gas temperature before EGB [°C] 292 280 276 296 335 

Steam production from EGB [kW] 2568.0 1880.8 1664.6 1389.6 929.2 

 

For intermediate load estimations the equations (4.19) can be used as shown in the figure 

(4.9) 

 

𝜙𝐸𝐺𝐵𝑖𝑛𝑡 = 691.933 ∗ 𝑒1.248∗𝐸𝑛%         (4.19) 

 

 

Figure 4.9. The steam production capacity of EGB per engine 

 

The main engine high temperature cooling water loop enables significant potential of heat 

recovery due up to +90 °C return water temperature (F. Baldi 2018). The main heat source 

of HT- water loop are the turbo charge air cooler and engine jacket cooling. The heat recov-

ery potential of HT-water loop is calculated according to the equation (4.20) and available 

heat according to different engine loads are shown at the table (4.13). 
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𝜙
 𝐻𝑇𝑤𝑎𝑡𝑒𝑟= 

(𝜙𝑪𝒉𝒂𝒓𝒈𝒆 𝒂𝒊𝒓 𝒄𝒐𝒐𝒍𝒆𝒓  +𝜙𝑱𝒂𝒄𝒌𝒆𝒕 𝒄𝒐𝒐𝒍𝒊𝒏𝒈 )∗𝑃𝑶𝒖𝒕𝒑𝒖𝒕 

3600
 
     (4.20)  

 

Table 4.13. HT-cooling water loop heat recovery potential according to engine loads 

𝐸𝑛%Engine load  100 % 85 % 75 % 50 % 25 % 

Output [kW] 12600 10710 9450 6300 3150 

Charge air cooler [kJ/kWh] 1183 853 783 452 225 

Jacket cooling [kJ/kWh] 320 352 382 484 500 

HT total [kJ/kWh] 1503 1205 1165 936 725 

HT total [kJ/h] 18937800 12905550 11009250 5896800 2283750 

HT total [kW] 5261 3585 3058 1638 634 

 

For the heat recovery potential estimations of HT-cooling water loop during the engine in-

termediate loads, the equation (4.21) is used as indicated in the figure (4.10).  

 

 𝜙𝐻𝑇𝑖𝑛𝑡 = 356.7423 ∗ 𝑒2.7602∗𝐸𝑛%        (4.21) 

 

 

Figure 4.10. The HT- cooling water loop heat dissipation according to engine load per engine  

 

Heat dissipation from the LT-cooling water loop is created by the lube oil cooler and turbo-

charge air cooler. However, the heat recovery from the system is challenging due to +60 °C 

temperature cooling water return temperature. However, cooling down of LT-return water 

from approximately +60 °C to +32 °C can be done within NG heater where the NG fuel is 

heat from –20 °C to +20 °C prior to distribution to engines. The heat dissipation from LT-

cooling water loop is calculated according to the equation (4.22) and heat dissipation ac-

cording to different engine loads are shown at the table (4.14). 

𝜙 HT int = 356,7423e2,7602 * 𝐸𝑛𝑔𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 [%]
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𝜙
 𝐿𝑇𝑤𝑎𝑡𝑒𝑟= 

(𝜙𝑪𝒉𝒂𝒓𝒈𝒆 𝒂𝒊𝒓 𝒄𝒐𝒐𝒍𝒆𝒓 +𝜙𝑳𝒖𝒃𝒆 𝒐𝒊𝒍 𝒄𝒐𝒐𝒍𝒆𝒓  )∗𝑃𝑶𝒖𝒕𝒑𝒖𝒕

3600
 
     (4.22)  

 

Table 4.14. LT cooling water loop heat dissipation according engine loads per engine 

𝐸𝑛%Engine load  100 % 85 % 75 % 50 % 25 % 

Output [kW] 12600 10710 9450 6300 3150 

Charge air cooler [kJ/kWh] 441 441 415 291 225 

Lube oil cooler [kJ/kWh] 284 346 350 488 600 

LT total [kJ/h] 9135000 8428770 7229250 4907700 2598750 

LT total [kW] 2538 2341 2008 1363 722 

 

For the heat dissipation estimations of LT-cooling water loop during the engine intermediate 

loads the equation (4.23) is used as indicated in the figure (4.11).  

 

𝜙𝐿𝑇𝑖𝑛𝑡 = 2505.7 ∗ 𝐸𝑛% + 115.6       (4.23)  

 

 

Figure 4.11. LT- cooling water loop heat dissipation according to engine load per engine  

4.8 Heat demand  

The heat consumers of the reference ship are divided according to steam and HT-heat con-

sumers. Additionally, the heat consumption onboard of a cruise ship during port days is 

smaller comparing to sea days, since many of guests and crew members are visiting the port 

of call instead of staying onboard. The heat demands at sea and port days are shown at the 

table (4.15). 
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Table 4.15. Reference ship heat demand estimations 

TROPIC CONDITIONS In port At sea 

Heat consumers System [kW] [kW] 

Galley Steam 825 1125 

Laundry Steam 1350 1350 

Bio Food Waste Dryer Steam 800 800 

Tank Heating Steam 100 100 

LO equipment Steam 115 115-460 (*) 

Swimming pools Steam 300 300 

HVAC HT 1300 1300 

Potable Water HT 1050 1600 

Engine pre-heating HT 336 84-336 (**) 

Reverse Osmosis Plant LT 0 (***) 0 (***) 

Total consumption [kW]  6176 6774-7371 

(*) 115 kW per engine in service 

(**) 7 kW per cylinder in stand-by mode 

(***) No pre-heating required when sea water temperature > 5 °C 

 

The values on the table (4.15) are based on internal statistics from several cruise ships. Ad-

ditionally, at sea, the engine preheating and lubrication oil equipment heat demands are de-

pending on the number of stand-by engines. According to the engine supplier´s product 

guideline, the required heat for preheating shall be considered as 7 kW/cylinder on stand-by 

(MAN 2018). The heat demand for lubrication oil equipment has been considered as 115 

kW for an engine in service. Regarding to freshwater production, reverse osmosis plant sea 

water preheating is not considered in calculation, since a sea water inlet temperature is above 

+5 °C in tropic conditions.  

4.9 Absorption cooling  

Sorption cooling utilizes a heat to produce cold instead of electrically driven compressors as 

used in vapor compression systems. Thus, it makes sorption cooling suitable for the waste 

heat utilization. The sorption cooling comprises both absorption and adsorption cooling, 

where from absorption cooling is more common. The energy savings from absorption cool-

ing are calculated. In general, there are two different combinations of working fluids that are 

used in absorption cooling. The first is a mixture of the water-lithium-bromide (water-LiBr), 

and the second is ammonia-water (NH3H2O), where from water-LiBr tends to be more com-

mon. However, if the evaporation temperature is below +0 °C the ammonia-water working 

fluid must be selected, because the water-LiBr freezes in the temperature (Cibse 2012). In 
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the cycle, where the mixture of water-LiBr is used as working fluid, the water is acting as a 

refrigerant and lithium as an absorbent. On the other hand, in the cycle where NH3H20 is 

used, the water is used as the absorbent and ammonia as the refrigerant. In general, as shown 

in the figure (4.12), the COP of the absorption chiller using water-LiBr as working fluid is 

very weak since the COP is changes between 0.7 to 0.81 depending on the cooling capacity 

of the unit.  

  

 

Figure 4.12. 2.5MW Absorption chiller COP according to cooling capacity 

 

Another challenge of the absorption chiller integration into the ship is the size of unit. Due 

to the large size of unit as indicated at the table (4.16), a finding of required space from the 

ship machinery areas is complicated. Thus, the retrofit integration can be practically ex-

cluded. Nevertheless, if space reservation of the unit(s) is done at the early stage in the pro-

ject, the integration is feasible.  

 

Table 4.16. The physical dimensions of absorption chillers. (Tyssen 2020, A. Hafner et al. 2019) 

Supplier 

Cooling capac-

ity [kW] 

Length 

[m] 

Width 

[m] 

Height 

[m] 

Volume 

[m3] 

Cooling density 

[kW/m3] 

Teknotherm 1500 6.0 2.6 3.2 49.9 30.0 

Hitachi  2500 5.7 4.4 3.3 82.8 30.2 
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The operating principle of a single effect water-LiBr cycle is shown in the figure (4.13). In 

the absorber, all water vapors from the evaporator are absorbed into solution due to the cool-

ing effect of the sea water cooling loop. Then a part of the solution is pumped into a gener-

ator, where the separation between refrigerant and absorbent occurs by the surplus heat from 

HT- water loop and steam systems. During the separation in the generator, water starts to 

evaporate and is led to the condenser and created strong LiBr solution is led back to the 

absorber via an expansion valve. In the condenser, evaporated water is condensed back to 

the liquid state and a heat is transferred into the sea water cooling loop. After the condenser, 

liquid water flows through the expansion valve and back to the evaporation, where the heat 

from the chilled water system is added into cycle. (Salmi. W. et al. 2017) 

 

 

Figure 4.13. The working principle of a single effect absorption chiller with water-LiBr cycle  

 

For the absorption cooling system, the COP is defined according to the equation (4.24).  

 

𝐶𝑂𝑃 =
𝜙𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 

𝜙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ℎ𝑒𝑎𝑡+𝑃𝑃𝑢𝑚𝑝 𝑒𝑙𝑒𝑐𝑟𝑖𝑐𝑎𝑙  
       (4.24) 

 

However, economic COP will be higher since the heat supplied into the generator is waste 

heat from the HT- and steam consumer, which would be otherwise lost into to the sea. Thus, 

the economic COP is calculated according to the equation (4.25).   

 

𝐶𝑂𝑃𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑎𝑙  =
𝜙𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 

𝑃𝑃𝑢𝑚𝑝 𝑒𝑙𝑒𝑐𝑟𝑖𝑐𝑎𝑙 
        (4.25) 

 



77 

 

The Carnot COP for the absorption cooling system is calculated according to the equation 

(4.26). 

 

𝐶𝑎𝑟𝑛𝑜𝑡 𝐶𝑂𝑃 =
𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟∗ (𝑇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟−𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟)

𝑇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟∗ (𝑇𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟−𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟) 
    (4.26) 

 

In the reference cruise ship case, an ideal Carnot COP would be according to the equation 

(4.27).  

 

𝐶𝑎𝑟𝑛𝑜𝑡 𝐶𝑂𝑃 =
𝑇𝐴𝐶−𝑐ℎ𝑖𝑙𝑙𝑒𝑑 𝑟𝑒𝑡𝑢𝑟𝑛∗ (𝑇𝐻𝑇−𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑢𝑟𝑛−𝑇𝑠𝑒𝑎 𝑤𝑎𝑡𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑦)

𝑇𝐻𝑇−𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑢𝑟𝑛∗ (𝑇𝑠𝑒𝑎 𝑤𝑎𝑡𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑦−𝑇𝐴𝐶−𝑐ℎ𝑖𝑙𝑙𝑒𝑑 𝑟𝑒𝑡𝑢𝑟𝑛) 
    (4.27) 

 

𝐶𝑎𝑟𝑛𝑜𝑡 𝐶𝑂𝑃 =  
283.15𝐾∗(361.15𝐾−303.15𝐾)

361.15𝐾∗(283.15𝐾−303.15𝐾)
= 2.27   

    

In the reference ship, two times of 2.5 MW absorption chillers are considered in calculations. 

Additionally, based on the figure (4.12) an average COP of 0.735 according to +28 °C sea 

water temperature is used in the calculations.  

4.10 Energy savings according to the cruise profiles 

Based on the cruising speed, the total power requirement of the main engines for electricity 

production can be defined according to the equation (4.28).  

 

∑ 𝑃𝑇𝑜𝑡𝑎𝑙 = 𝑃Propulsion,   𝑒𝑛𝑔𝑖𝑛𝑒 +  𝑃hotel,   𝑒𝑛𝑔𝑖𝑛𝑒 =
1 073.44181∗𝑒0.16054∗𝑣

𝜂𝑃𝑟𝑜
+

𝑃hotel,   𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝜂𝐺𝑒𝑛
   (4.28) 

𝜂𝑃𝑟𝑜= 0.905,  𝜂𝐺𝑒𝑛 = 0.97 

 

According to the total power requirement from the main engines, the number of the engines 

in service is defined. In the calculations, the maximum continuous rating (MCR) of 90 per-

cent has been considered as maximum for engines. If the limit is exceeded the next engine 

is commissioned and increased engine load is divided equally between all engines in opera-

tion. Based on the ship speed the power demand for the main engines and operational sta-

tuses are shown in the table (4.17). 

 



78 

 

Table 4.17. Reference ship engines loads according to different cruising speed  

Conditions Tropic 

Tropic 

at sea 

Tropic 

at sea 

Tropic 

at sea 

Tropic 

at sea 

Tropic 

at sea 

Tropic 

at sea 

Tropic 

at sea 

Speed [kn] 0.0 2.2 4.2 15.4 15.5 16.9 17.3 20.0 

PPropulsion, engine [MW] 0.0 1.7 2.3 14.1 14.3 17.9 19.1 29.4 

PHotel, engine [MW] 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 

PTotal, engine [MW] 8.3 10.0 10.7 22.4 22.6 26.2 27.4 37.8 

No. of engines in service [pcs] 1 1 1 2 2 3 3 4 

No. of engines stand-by [pcs] 4 4 4 3 3 2 2 1 

Engine load [%] 66 % 80 % 85 % 89 % 90 % 69 % 73 % 75 % 

 

Based on the number of engines on service and engine loads, the heat balance of the ship 

can be created. The LNG cold recovery potential is calculated according to the equation 

(4.29), required power for NG heating is calculated according to the equation (4.30). The 

HT-cooling water loop heat dissipation is calculated with the equation (4.31), LT-cooling 

water loop heat dissipation is calculated with equation (4.32) and EGB steam production 

capacity to be calculated according to equation (4.33). The results, based on the ship speeds 

required during the three- and seven-nights cruises, are shown at the table (4.18). 

 

∑ 𝜙𝐶𝑅 𝑖𝑛𝑡
=  𝑁𝑜.𝐸𝑛𝑔.∗ (411.14 ∗ 𝐸𝑛% +  36.79 )    (4.29) 

∑ 𝜙𝑁𝐺 𝑖𝑛𝑡
= 𝑁𝑜.𝐸𝑛𝑔.∗ (44.28 ∗ 𝐸𝑛% +  3.96 )    (4.30) 

∑ 𝜙𝐻𝑇𝑖𝑛𝑡 =  𝑁𝑜.𝐸𝑛𝑔.∗ (356.7423 ∗ 𝑒2.7602∗𝐸𝑛%)     (4.31) 

∑ 𝜙𝐿𝑇𝑖𝑛𝑡 = 𝑁𝑜.𝐸𝑛𝑔.∗ (2505.7 ∗ 𝐸𝑛% + 115.6  )    (4.32)  

∑ 𝜙𝐸𝐺𝐵𝑖𝑛𝑡 = 𝑁𝑜.𝐸𝑛𝑔.∗ (691.933 ∗ 𝑒1.248∗𝐸𝑛%)    (4.33)     

 𝑁𝑜.𝐸𝑛𝑔.= Number of engines in service  

 

Table 4.18. Engines waste heat production according to speed and systems 

Speed kn 0 2.2 4.2 15.4 15.5 16.9 17.3 20 

φ Cold recovery 

Total kW 309 364 385 804 812 966 1005 1379 

φ Cold recovery 

Provision chill stores kW 300 300 300 300 300 300 300 300 

φ Cold recovery 

Air conditioning kW 9 64 85 504 512 666 900 1079 

φ NG heating To-

tal kW 33 39 41 87 87 104 108 149 

φ HT heat dissi-

pation Total kW 2219 3212 3694 8295 8505 7263 7921 11284 

φ LT heat dissi-

pation Total kW 1775 2110 2238 4685 4731 5562 5798 7971 

φ EGB steam 

production Total kW 1581 1869 1991 4196 4244 4935 5132 7050 
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As shown at the table (4.18), in order to maximize the energy saving potential of the LNG 

cold recovery system, all low-grade heat recovered is utilized primarily for the provision 

store brine system and secondarily for the air conditioning chilled water system. The brine 

system of the reference ship has two chillers, one is in service and the other on stand-by. In 

the calculations, the operational brine chiller has an average cooling capacity of 300 kW 

with the COP of 2.0. The remaining low-grade heat above of 300 kW from LNG cold recov-

ery is utilized for the air conditioning chilled water system, with chillers having COP of 6.0.     

 

The heat demands of all heat consumers in tropic conditions are listed in the table (4.19) 

according to the heat source and the speed of ship. 

 

Table 4.19. The heat demand for steam, HT and LT consumers according to ship speed 

Consumer Speed kn 0 2.2 4.2 15.4 15.5 16.9 17.3 20 

Swimming Pools  Steam kW 300 300 300 300 300 300 300 300 

Tank Heating  Steam kW 100 100 100 100 100 100 100 100 

LO Heating  Steam kW 115 115 115 230 230 345 345 460 

Galley  Steam kW 825 1125 1125 1125 1125 1125 1125 1125 

Laundry  Steam kW 1350 1350 1350 1350 1350 1350 1350 1350 

Bio Food Waste Dryer  Steam kW 800 800 800 800 800 800 800 800 

Total Steam kW 3490 3790 3790 3905 3905 4020 4020 4135 

Engine pre-heating  HT kW 336 336 336 252 252 168 168 84 

Potable Water HT kW 1050 1600 1600 1600 1600 1600 1600 1600 

AC Reheating HT kW 1300 1300 1300 1300 1300 1300 1300 1300 

Total HT kW 2686 3236 3236 3152 3152 3068 3068 2984 

NG Heating LT kW 33 39 41 87 87 104 108 149 

Total LT kW 33 39 41 87 87 104 108 149 

 

The MGO fired steam boiler is used when the heat demand is higher than the waste heat 

production of the main engines. The fuel consumption of the MGO fired boiler is calculated 

according to the equation (4.34).  In the calculation, the 90 percent efficiency is used for 

boiler and the net caloric value of 42 700 kJ/kg is considered for the MGO fuel. 

 

𝑚 ̇ 𝐵𝑜𝑖𝑙𝑒𝑟 =  
𝜙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠 

𝜂𝐵𝑜𝑖𝑙𝑒𝑟∗ 𝑁𝐶𝑉 𝑀𝐺𝑂 
       (4.34) 

 

In order to determinate available surplus heat for the absorption chiller, the heat demand of 

steam and HT-consumers must be summarized and subtracted from the engine waste heat 
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production. However, the maximum surplus heat utilized for the absorption chiller is limited 

to 5.0 MW due to the equipment dimensioning. The heat balance of the ship is shown in 

table (4.20) and available surplus heat potential in the full scale, at different speed is shown 

in the figure (4.14) and the full scale LNG cold recovery potential is shown in the figure 

(4.15).  

 

Table 4.20. The heat balance of the ship according to the speed of the ship  

Speed kn 0 2.2 4.2 15.4 15.5 16.9 17.3 20 

Steam balance kW -1909 -1921 -1799 291 339 915 1112 2915 

HT-balance kW -467 -24 458 5143 5353 4195 4853 8300 

Surplus heat po-

tential for ab-

sorption chiller 

(EGB & HT) kW 0 0 458 5435 5692 5110 5964 11215 

Actual surplus 

heat utilized for 

absorption 

chiller kW 0 0 458 5000 5000 5000 5000 5000 

Steam produc-

tion from oil 

fired boiler  kW 2376 1945 1799 0 0 0 0 0 

LT balance kW 1741 2071 2196 4599 4643 5458 5690 7822 

Surplus heat to-

tal (EGB, HT & 

LT) kW -635 126 856 10034 10335 10568 11654 19037 

 

 

Figure 4.14. The total surplus heat potential for absorption chillers 
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Figure 4.15. Total LNG cold recovery potential  

 

After the speed-based heat balances are calculated the possible energy savings according to 

three- and seven- nights cruise profiles can be calculated. The energy savings of provision 

chill stores from the LNG cold recovery system is calculated according to the equation (4.35) 

and saving of the air conditioning system according to the equation (4.36). For example, the 

LNG cold recovery energy savings are calculated in the equation (4.37). In this example, the 

ship is sailing at speed of 15.4 kn for 8.25 hours. The energy savings due to the installation 

of the absorption chillers are calculated according to the equation (4.38). In the equation 

(4.39), the absorption chiller COP of 0.735 is used, speed and time in calculation are identical 

with the equation (4.36). 

 

𝐸𝐶𝑅𝐶ℎ𝑖𝑙𝑙 𝑟𝑜𝑜𝑚𝑠
= 𝜙𝐶ℎ𝑖𝑙𝑙 𝑟𝑜𝑜𝑚𝑠 ∗ 𝑡𝑎𝑐𝑐.  𝑠𝑡𝑎𝑡𝑢𝑠       (4.35)  

 

𝐸𝐶𝑅𝐴𝐶
= (∑ 𝜙𝐶𝑅 𝑥𝑥 𝑘𝑛

− 𝜙𝐶ℎ𝑖𝑙𝑙 𝑟𝑜𝑜𝑚𝑠  ) ∗ 𝑡𝑎𝑐𝑐.  𝑠𝑡𝑎𝑡𝑢𝑠      (4.36)  

𝐸𝐶𝑅 = (804 − 300)𝑘𝑊 ∗ 8.25ℎ = 4162 𝑘𝑊ℎ    (4.37)  

 

𝐸𝐴𝐵𝑆 = ∑ 𝜙𝑆𝑢𝑟𝑝𝑙𝑢𝑠 (𝐻𝑇 & 𝑆𝑡𝑒𝑎𝑚)  𝑥𝑥 𝑘𝑛
∗ 𝑡𝑎𝑐𝑐.  𝑠𝑡𝑎𝑡𝑢𝑠 ∗  𝐶𝑂𝑃𝐴𝐵𝑆  (4.38)  

𝐸𝐴𝐵𝑆 = 5000 𝑘𝑊 ∗ 8.25ℎ ∗  0.735 = 30319 𝑘𝑊ℎ     (4.39) 

 

The summaries of cooling energy savings with LNG cold recovery and absorption chillers 

are shown in tables below.  Three nights´ cruise savings are presented in the table (4.21) and 

saving regarding to seven nights cruise are illustrated in the table (4.22).  

 

309 364 385 486 539
658

804

812
966

1005
1200

1379

0

500

1000

1500

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

𝜙
[k

W
]

Speed [kn]

LNG to NG vaporation cold recovery potential according to ship´s 
speed



82 

 

Table 4.21. The cooling energy savings of cold recovery and absorption chiller according to three days´ cruises 

Day Ship status 

Time 

[h] 

ECRChill
 

[kWh] 

ECRAC
 

[kWh] 

Surplus to-

tal [kWh] 

EABS, COP=0.735 

[kWh] 

0 

Departure Port Ca-

naveral 0 0 0 0 0 

0 At Sea 8.25 2475 4162 41250 30319 

1 

At Sea, arrival to 

Nassau 9.5 2850 4792 41250 30319 

1 Nassau harbor 7.75 2325 70 0 0 

1 

At Sea, departure 

from Nassau 6.75 2025 574 3094 2274 

2 

At Sea, arrival to 

Southern Cay 8.5 2550 722 3896 2864 

2 

Southern Cay har-

bor 8.25 2475 74 0 0 

2 

At Sea, departure 

from Southern Cay 7.25 2175 5110 36250 26644 

3 

At Sea, arrival to 

Port Canaveral 7.5 2250 5286 37500 27563 

3 At Port Canaveral 8.25 2475 74 0 0 

Total 72 21600 20864 163240 119981 

 

Table 4.22. The cooling energy savings of cold recovery and absorption chiller according to seven days´ cruises 

Day Ship status 

Time 

[h] 

𝐄𝐂𝐑𝐂𝐡𝐢𝐥𝐥
 

[kWh]] 

𝐄𝐂𝐑𝐀𝐂
 

[kWh] 

Surplus to-

tal [kWh] 

EABS, COP=0.735 

[kWh] 

0 

Departure Port Ca-

naveral 0 0 0 0 0 

0 At Sea 8.25 2475 5495 41250 30319 

1 At Sea 24 7200 15986 120000 88200 

2 At Sea 24 7200 15986 120000 88200 

3 

At Sea, arrival to 

Tortola 7.5 2250 4996 37500 27563 

3 Tortola harbor 10.25 3075 92 0 0 

3 

At Sea, departure 

from Tortola 6.25 1875 401 0 0 

4 

At Sea, arrival to 

St Thomas 7.75 2325 497 0 0 

4 St Thomas harbor 8.25 2475 74 0 0 

4 

At Sea, departure 

from St Thomas 8 2400 8634 40000 29400 

5 At Sea 24 7200 25901 120000 88200 

6 

At Sea, arrival to 

Southern Cay 10.25 3075 11062 51250 37669 

6 

Southern Cay har-

bor 6.75 2025 61 0 0 

6 

At Sea, departure 

from Southern Cay 7 2100 3583 35000 25725 

7 

At Sea, arrival to 

Port Canaveral 7.5 2250 3839 37500 27563 

7 At Port Canaveral 8.25 2475 74 0 0 

Total 168 50400 96681 602500 442838 
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The energy consumption saving from the main engines must be calculated prior to PBP cal-

culations. The electricity savings of provision chill rooms are compared to brine chiller´s 

COP.  The air conditioning system´s electricity savings are compared to COP of air condi-

tioning chillers. According to information received from the shipowner, typically the annual 

COP of the air conditioning system chiller is ~6.0 as shown in the figure (4.16). The LNG 

cold recovery electricity consumption savings of three nights´ cruise are calculated annually 

according to the equation (4.40) and for seven nights´ cruise with the equation (4.41). 

 

 

Figure 4.16. Cruise ship chiller´s coefficient of performance. 
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The electricity consumption savings of the absorption chiller must be compared to the air 

conditioning system chiller´s efficiency, which would be otherwise utilized for the air con-

ditioning chilled water system refrigeration. The annual electricity consumption savings of 

three nights´ cruise is calculated in the equation (4.42) and seven nights´ cruise with the 

equation (4.43). 
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4.11 Annual fuel consumption savings 

The annual fuel consumption savings are estimated to define cost savings based on the mar-

ket price of the fuel. In the MGO and LNG fuel consumption saving calculations, the specific 

fuel consumption at 75 percent of engine load is used. Additionally, the fuel consumption 

increases because of pumps attached to engine and engine ageing as well as the losses from 

the generator. The electrical specific fuel consumption for MGO can be calculated with the 

equation (4.44) and for LNG with the equation (4.45).   

 

𝑀𝐺𝑂, 𝑆𝐹𝐶𝐸𝑙. =
𝑆𝐹𝐶𝑀𝐺𝑂 @75%∗𝑓𝑝𝑢𝑚𝑝𝑠∗ 𝑓𝑎𝑔𝑒𝑖𝑛𝑔

𝜂𝐺𝑒𝑛∗𝑁𝐶𝑉 𝑓𝑢𝑒𝑙
=

140
𝑘𝐽

𝑘𝑊ℎ
∗1.019∗1.1∗1000

0.97∗42700
𝑘𝐽

𝑘𝑔

= 3.79
𝑔

𝑘𝑊ℎ
    (4.44) 

 

𝐿𝑁𝐺, 𝑆𝐹𝐶𝐸𝑙. =
𝑆𝐹𝐶𝐿𝑁𝐺 @75%∗𝑓𝑝𝑢𝑚𝑝𝑠∗ 𝑓𝑎𝑔𝑒𝑖𝑛𝑔

𝜂𝐺𝑒𝑛∗𝑁𝐶𝑉 𝑓𝑢𝑒𝑙
=

7190
𝑘𝐽

𝑘𝑊ℎ
∗1.019∗1.1∗1000

0.97∗49630
𝑘𝐽

𝑘𝑔

= 167.41
𝑔

𝑘𝑊ℎ
 (4.45) 

 

The fuel savings are calculated in the equation (4.46) for LNG cold recovery and absorption 

chiller systems for three- and seven-nights´ cruise profiles. The total summary of system-

based fuel savings according to the cruise profiles are shown in the table (4.23).  

 

𝑚𝑓𝑢𝑒𝑙𝑎𝑛𝑛𝑛𝑢𝑎𝑙
= 𝐸𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑛𝑛𝑢𝑎𝑙

∗ 𝑆𝐹𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙    (4.46) 

 

Table 4.23. Annual fuel savings from the system integration according to the cruise profiles 

System  Fuel Cruise profile 

E saving annual 

[kWh] 

SFC @75% electrical 

[g/kWh] 

Fuel savings 

[tons] 

LNG Cold Recovery  MGO 3-Nights 1737077 3.8 6.6 

LNG Cold Recovery  LNG 3-Nights 1737077 167.4 290.8 

Absorption Chiller MGO 3-Nights 2432954 3.8 9.2 

Absorption Chiller LNG 3-Nights 2432954 167.41 407.3 

Total of CR and ABS  MGO 3-Nights 

  

15.8 

Total of CR and ABS  LNG 3-Nights 698.1 

LNG Cold Recovery  MGO 7-Nights 2154207 3.8 8.2 

LNG Cold Recovery  LNG 7-Nights 2154207 167.4 360.6 

Absorption Chiller MGO 7-Nights 3799796 3.8 14.6 

Absorption Chiller LNG 7-Nights 3799796 167.4 644.3 

Total of CR and ABS  MGO 7-Nights 

  

22.8 

Total of CR and ABS  LNG 7-Nights 1004.9 
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5 RESULTS 

The payback period (PBP) is the time required to earn back the capital invested. In general, 

the shorter the PBP, the better the investment is. In a realistic PBP calculation, the interest 

rate is considered, since the investors have other profitable options for their investments. 

Practically, the interest rate increases the PBP compared to a PBP without interest rate but 

describes the cost of equity and profit from alternative investments. In the PBP calculations, 

inflation and the operational cost of investment are excluded. The PBP with an interest rate 

can be calculated with the equation (5.1), when the annual profit of the investment is constant 

(Vaasan yliopisto 2016). In the ship building industry, the PBP of investment, in the retrofit 

projects, must be less than three years. In new building projects, PBP can be up to seven 

years. In the PBP calculations, a currency of the United States Dollar is used.   

𝑃𝐵𝑃𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 =  
𝑙𝑛(

𝑆

𝑆−𝐼0𝑖
)

𝑙𝑛(1+𝑖)
        (5.1) 

𝐼0 = Value of investment [USD] 

𝑆 = Annual savings from the investment [USD/a] 

𝑖 = Interest rate [%] 

5.1 Annual savings due to the system integrations  

Based on the annual fuel savings of the system integration and the market prices of the bun-

kered MGO and LNG fuel, the annual cost savings is calculated according to the equation 

(5.2). A summary of savings in US dollars according to systems´ per three nights cruise 

profiles, are shown in the table (5.1) and saving with seven nights cruise profile are shown 

in the table (5.2).  

 

𝑆 =  𝑚𝑓𝑢𝑒𝑙𝑎𝑛𝑛𝑛𝑢𝑎𝑙
∗ 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓𝑓𝑢𝑒𝑙           (5.2) 

 

Table 5.1. The annual fuel savings from the system integration according to the three nights´ cruise profile 

System  Fuel Cruise profile 

Fuel savings 

[tons] 

Fuel price 

[USD/ton]  

Annual savings 

[USD] 

LNG Cold Recovery  MGO 3-Nights 6.6 400 2633 

LNG Cold Recovery  LNG 3-Nights 290.8 543 157861 

Absorption Chillers MGO 3-Nights 9.2 400 3688 

Absorption Chillers LNG 3-Nights 407.3 543 221101 

Total for both  MGO 3-Nights 15.8 400 6322 

Total for both  LNG 3-Nights 698.1 543 378962 
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Table 5.2. The annual fuel savings from the system integration according to the seven nights´ cruise profile 

System  Fuel Cruise profile 

Fuel savings 

[tons] 

Fuel price 

[USD/ton]  

Annual savings 

[USD] 

LNG Cold Recovery  MGO 7-Nights 8.2 400 3266 

LNG Cold Recovery  LNG 7-Nights 360.6 543 195769 

Absorption Chillers MGO 7-Nights 14.6 400 5834 

Absorption Chillers LNG 7-Nights 644.3 543 349739 

Total for both  MGO 7-Nights 22.8 400 9100 

Total for both  LNG 7-Nights 1004.9 543 545508 

5.2 Price estimation for the systems delivery 

The budgetary price estimations, regarding the LNG cold recovery and absorption chiller 

systems components, are received from the suppliers. Additional costs related to design, in-

stallation, commissioning and builder margin are estimated by the Foreship company. The 

cost estimation for LNG cold recovery integration is shown in the table (5.3) and absorption 

chiller integration cost is estimated in the table (5.4).  

 
Table 5.3. Cold recovery system budgetary costs estimations. 

Item   Capacity Responsible Price $ [VAT 0%] 

Hycool 50 system pumps (1 In running / 1 stand-by) 110 m3/h Supplier 

177000 
Control valves and instruments (Hycool) N/A Supplier 

NG heater 200 kW Supplier 

Brine cooler 2.5 MW Supplier 

Manual isolating valves for maintenance purposes N/A Supplier 

Glycol heater 2.5 MW Shipyard 30000 

AC-chilled water cooler 2.5 MW Shipyard 30000 

Brine pump upgrades 600 m3/h Shipyard 30000 

Integration to IACMS, including cables N/A Shipyard 25000 

Instruments (brine and AC) N/A Shipyard 25000 

Cold recovery system design N/A Shipyard 147500 

Installation, commissioning and materials N/A Shipyard 118000 

Total costs for shipyard Total 582500 

Builder margin 20% 116500 

Total costs of integration Total 699000 

 

Table 5.4. Absorption chiller budgetary costs estimations 

Item   Capacity Responsible Price $ [VAT 0%] 

Absorption chiller unit 1 (a´300 $/kW) 2.5 MW Supplier 750000 

Absorption chiller unit 2 (a´300 $/kW) 2.5 MW Supplier 750000 

Manual isolating valves for maintenance purposes N/A Shipyard 5000 

Control valves and instruments N/A Shipyard 30000 

Absorption chiller pump 360 m3/h Shipyard 10000 

Integration to IACMS including cables N/A Shipyard 15000 

Absorption chiller system design N/A Shipyard 35000 

Installation, commissioning, materials N/A Shipyard 100000 

Total costs for shipyard Total 1695000 

Builder margin 20% 339000 

Total costs of installation Total 2034000 
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5.3 Payback period 

The PBP is calculated based on the annual savings from the systems and the price of the 

system integrations. In the PBP calculations an interest rate of 5% is used. A summary of 

PBP according to systems and cruise profiles are shown in the table (5.5). The calculations 

are done according to the equation (5.1).  

 

Table 5.5. The PBP of the system integrations  

System  Cruise profile Total annual savings [$] Integration cost [$] PBP [a] 

LNG Cold Recovery  3-Nights 160495 699000 5.0 

LNG Cold Recovery  7-Nights 199035 699000 4.0 

Absorption Chillers 3-Nights 224789 2034000 12.3 

Absorption Chillers 7-Nights 355573 2034000 6.9 

 

The annual fuel savings related costs the LNG cold recovery system makes the system inte-

gration economically feasible in both three- and seven-nights cases. In the case of the seven 

nights´ cruise profile the annual savings of the LNG cold recovery system are higher due to 

the higher fuel consumption of the ship. However, the PBP time of 4.0 to 5.0 years makes 

the system integration economically appealing in the new building projects.  

 

The annual fuel savings from absorption chiller are still prominent, but due to the high inte-

gration costs of the system the investment will be discretionary. In the case of three nights´ 

cruise profile the system integration can provide the PBP of 12.3 years. Over 10 years of 

PBP is not attractive for a shipowner, since the investors can have other targets for their 

investments with less PBP. However, in the case of seven nights cruises profile the fuel 

energy savings from absorption chillers are higher due to the higher speed of the ship. Ac-

cording to the seven nights´ cruise profile, the PBP of 6.9 years is achieved, which makes 

the system integration economically feasible.  

 

As mentioned, the PBP is highly depending on the fuel. In the sensitivity analysis, illustrated 

in the figure (5.1), the costs of LNG fuel vary between 300 USD/ton and 600 USD/ton and 

the price of MGO pilot fuel is constant 400 USD/ton. Based on the different scenarios of 

fuel costs the PBP of LNG cold recovery varies between 3.6 to 10.1 years. The PBP of the 

absorption chiller varies between 6.1 to 33.8 years. In the calculations, an interest rate of 5% 

is used. 
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Figure 5.1. PBP of LNG cold recovery and absorption chillers according changing fuel costs with 5% interest 

 

Furthermore, the interest rate has a prominent effect on the PBP. In the scenario illustrated 

in the figure (5.2), the interest rate of 6% is used. With the 6% interest rate, the LNG cold 

recovery integration PBP varies between 3.6 to 10.8 years. The PBP of absorption chiller 

integration varies between 6.4 to 59.9 years. Due to the significant change of the PBP, de-

pending on the fuel and integration costs and the interest rate, its highly crucial to agree used 

values with the client prior to the PBP calculations.   

 

 

Figure 5.2. PBP of LNG cold recovery and absorption chillers according changing fuel costs with 7% interest   
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6 DISCUSSION  

The LNG cold recovery system integration provides emission reductions and possible en-

ergy savings for the shipowners regarding to the operational costs. Based on the calculation, 

when the ship is operated according to seven nights´ itinerary, an annual energy savings of 

2154 MW are gained. These savings are corresponding to 8.2 tons of MGO and 360.6 of 

LNG fuel consumption. The payback period to the system with 5% interest rate will be be-

tween 4.0-5.0 years, which makes the system integration economically attractive. The most 

prominent savings are created in the provision store chill system, where chiller efficiency is 

weak due to the low return temperature of the brine and the high condensing temperature of 

LT-cooling water system. Moreover, to increase electricity saving potential, an integration 

of the provision store freezer system cooling into LNG cold recovery can be implemented 

too.  

  

The absorption chiller integration enables emission reductions and energy savings for the 

shipowner. As demonstrated in calculations, the highest savings from the system are 

achieved when the speed of ship is above 10 kn. Within the lower speed, the surplus heat 

created by engines is transferred to the EGB and HT consumers instead of absorption chill-

ers. According to the calculations, when the ship operates according to seven nights´ cruise 

profile, the annual energy savings of 3438 MWh are achieved. These savings are correspond-

ing to 14.6 tons of MGO and 644.3 of LNG fuel consumption. The payback period of the 

absorption chiller system integration is 6.9 to 12.3 years. The PBP of 12.3 year is excessive 

for a shipowner, but the PBP of 6.9 according to seven nights´ cruise profile makes the in-

vestment reasonable for new building projects, not to retrofit projects.  

 

Additionally, due to the massive size of the absorption chiller the retrofit project could be 

challenging since a finding of available space for the absorption chiller inside of passenger 

ship engine compartments is a challenge. However, absorption chiller installations onboard 

of passenger ships are uncommon, but the situation will probably change in the future when 

shipowners are more familiar with the technology and its energy saving potential. As sum-

mary, all PBP calculations done are indicative and are highly depending on the fuel retail 

prices, system integration costs as well as interest rate. Thus, the values used in the PBP 

calculations must be agreed with the client prior to the calculations.  
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In the global scale, according to shipyard´s order books, 37 cruise ships, larger than 80 000 

GT will be built between the years 2021 and 2023. In numbers, these would mean a building 

sequence of approximately 12 ships per year. An average gross tonnage of the ships is 

154500, which is almost directly proportional to the ship used for calculations in this thesis. 

By the similar LNG cold recovery and absorption chillers integrations for these ships, the 

energy and fuel savings would be remarkable. Only for the ships build during one year, the 

energy saving from the LNG cold recovery integrations are estimated between 20.8 to 25.9 

GWh depending on the cruise profile. In the fuel consumption savings, this would mean the 

savings of 79.0 tons to 98.0 tons of MGO and 3489.6 tons to 4327.6 tons of LNG. The energy 

savings from the absorption chillers integrations are prominent as well. In the scale of one 

year, the energy savings are estimated from 29.2 to 46.2 GWh depending on the cruise pro-

file. The absorption chillers integrations would provide the fuel savings of 110.7 tons to 

175.0 tons of MGO and 4887.6 tons to 7731.3 tons of LNG.   

 

Further studies related to the thesis can be done for the cold thermal storage system. The 

cold thermal storage system provides the possibility to reduce installed air conditioning sys-

tem chillers´ cooling capacity, electricity consumption and related emission from engines 

and refrigerant leakages. In principle, the cold thermal storage is loaded during the night and 

stored low grade energy us released during daytime, when the cooling demand is the highest. 

By this configuration, the air conditioning chillers can operate within the best efficiency. 
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