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Making shipping greener: comparative study between organic fluids and water for Rankine cycle waste heat recovery
The largest source of energy loss in ships is found in the propulsion system. This study focuses on the concept of managing waste heat energy from the exhaust gases of the main engine. Using waste heat recovery systems to make shipping more efficient represents a good area of opportunity for achieving the shipping industry’s green objectives. Organic Rankine cycles have been applied in land-based systems before, showing improvements in performance when compared with the traditional Rankine cycle. As marine environmental rules requiring greener vessels and engine thermal efficiency continue to increase, thus reducing the available energy in the exhaust, organic Rankine cycle waste heat recovery systems become a more attractive option.
The proposed waste heat recovery system was modelled using Matlab® with a typical ship installation with a slow speed diesel engine and the waste heat recovery system having been installed after the steam boiler in the exhaust gas system. The energy recovered from the exhaust gas flow is transformed via the thermodynamic cycle - coupled with a generator - into electricity which helps to cover the ship’s demand. The Matlab® code found the highest electric power output varying the waste heat recovery system high pressure, maximising the fuel and CO2 emission savings. Water and four organic fluids were considered and their performance was compared over a range of different engine operating conditions. A representative ship operating profile and a typical marine generator were used to measure CO2 emission reductions. The implications of having flammable organic fluids on-board are also briefly discussed. This work demonstrates that a simple organic Rankine cycle can be more effective than a steam cycle for the same engine operating conditions.
Keywords: waste heat recovery systems; organic fluids, CO2 emissions, optimisation. 
Introduction
Shipping CO2 emissions in 2007 represented around 3.3% of global carbon emissions, and is one of the transportation modes with the greatest growth in energy demand between the years 1990 and 2006, 2.0% for Organisation for Economic Co-operation and Development (OECD) members and 7.3% for non-members (International Energy Agency 2009). If no other policies are implemented and the patterns of social and economic behaviour do not change, future CO2 emissions in shipping could grow 400% by 2050 from the 2007 level (International Maritime Organization 2009a). Shipping therefore represents an opportune, and necessary, sector for CO2 emissions reductions.
Within ships, the majority of energy losses are located in the prime mover. The most frequent option to power a commercial vessel is a slow speed, two-stroke marine diesel (Woodyard 2009; Woud & Stapersma 2012), this is due to its high thermal efficiency which can reach up to 53% (International Maritime Organization 2009a). Waste energy from the engine can be found as heat removed by the cooling system (20-30%), heat escaping from the engine surface due to convection or radiation (1-5%), and finally, a significant proportion (25-45%) through exhaust gases (Woodyard 2009; Balaji & Yaakob 2012; MAN Diesel & Turbo 2012). Normally, waste heat coming from the diesel exhaust gases is found as medium quality heat (i.e. between 230˚C and 650˚C), while heat escaping from the water and air cooling system, and from radiative and convective phenomena are generally low grade quality, i.e. between 30˚C and 230˚C (Dharmalingam et al. 2004).
Thermodynamic Waste Heat Recovery Systems (WHRS) absorb part of the waste heat which evaporates a working fluid. The fluid then expands (e.g. inside a turbine) and converts part of the heat energy into mechanical, electrical or cooling work. The use of WHRS in land-based systems has been well covered using low/medium waste heat: in cement processes (Bronicki 2000; Cunningham 2002), solar (Tchanche et al. 2011; Vélez et al. 2012), geothermal (Mlcak 2004; DiPippo 2004; Bronicki 2010; Öhman & Lundqvist 2013) and, land-based vehicles using internal combustion engines (Dinanno et al. 1983; Feng et al. 2010; Weerasinghe et al. 2010; Dolz et al. 2012). The ship WHRS case is a peculiar one when compared to land-based systems: a) The fuels used for vessel propulsion have a higher sulphur content - even when including marine Emission Control Areas – this limits the amount of heat that the WHRS can absorb from the exhaust gas due to sulphuric acid corrosion (Schmid 2004; European Committee for Standardization 2013; International Maritime Organization 2013; Nielsen et al. 2014); b) Installing a WHRS on-board a ship will occupy vital space, resulting in compact designs and will also impose additional constraints on the size and mass of components; c) The mass of the WHRS will increase the displacement of the ship and, hence, the power required to move it; d) Due to optimised weather routing, cargo level and scheduling, there is a more varied operating profile and wider range of power demands, affecting the waste heat availability from the ship’s different heat sources; e) When using seawater as a cooling medium, there will be temperature changes as the ship travels around the globe, with cold sink temperatures which can range from -2˚C to 30˚C (Rayner et al. 2006).
The work of Alvik et al. (2010) showed that WHRS is one of the options which reduces the largest amount of shipping CO2 emissions, just behind slow-steaming and the use of LNG as fuel. The downside is the initial cost of WHRS but, since its CO2 reductions occur from a reduction in fuel use, the impact of the WHRS investment could be reduced in the short to medium term (Theotokatos & Livanos 2012). The preferred thermodynamic WHRS used on-board ships is the water based Rankine Cycle (RC). Some of the reasons (Ringler et al. 2009; Chen et al. 2010; Boretti 2012) include: high critical temperature (i.e. 374˚C); the highest latent heat of vaporisation of any substance helps to deliver large power outputs at high efficiencies; there is no chemical decomposition; and at higher temperatures it can be assured that the vapour will not condense inside the expander, eliminating the problem of erosion. Water is a safe working fluid although there are always dangers associated with high pressure steam. Marine RC WHRS have been researched by Hatchman (1991), Tien et al. (2007), Theotokatos and Livanos (2012), Benvenuto et al. (2014), Dimopoulos et al. (2014), Livanos et al. (2014) and Sakalis and Frangopoulos (2014). WHRS for shipping based on RC have been manufactured and applied with success (Schmid 2004; MAN Diesel & Turbo 2012). Using the BIMCO EEDI calculator, MAN predicted that the use of WHRS would result in a drop in the Energy Efficiency Design Index (EEDI) by around 9.2% (MAN Diesel & Turbo 2012). 
However, as the EEDI pushes for low CO2 emission vessels, the increasing preference of the shipping industry for slow speed steaming, the rise of diesel engine thermal efficiency and other GHG reduction technologies using part of the available waste heat (e.g. exhaust gas scrubbers), it is expected that waste heat quality will be reduced. This makes it harder for the RC to deliver high levels of electric power at a reasonable thermal efficiency. Organic fluids (i.e. those that contain carbon in their molecular structure) using the same cycle proposed by Rankine are good candidates to overcome some of the difficulties found with lower grade waste heat sources (Saavedra et al. 2010). The large catalogue of organic fluids permits the creation of tailored designs for a heat source. The use of isentropic or dry organic fluids eliminates the problem of having droplets in the expansion process (Liu et al. 2004; Chen et al. 2010), see Figure 1. However, organic fluids have lower latent heat than water, which means larger mass flow rates, pump losses and equipment.
[bookmark: _Ref411253247][image: ]
[bookmark: _Ref414010355]Figure 1: Representation of three different types of fluids. Depending on the working fluid's slope in a temperature-entropy diagram, it could be classified as wet fluid when it has a positive slope (e.g. water); Isentropic when its slope is zero (e.g. R11); and Dry when it is negative (e.g. heptane).

ORC systems on-board ships are commonly studied as the bottoming cycle of other WHRS (Fischer 2011; Nielsen et al. 2014; Marine Engineers Review 2014); this is due to the strong ORC performance at low temperatures and its simple layout (Liu et al. 2004; Chen et al. 2010). Opcon Marine manufactures ORC waste heat recovery plants that work for the vessel’s low grade heat sources (i.e. 90-160˚C), such as the engine’s cooling system and steam not used by the vessel (Opcon Energy Systems AB 2012a). These WHRS are installed in MV Figaro with a reported saving in fuel consumption of around 5% (Opcon Energy Systems AB 2012b). 
Yue et al. (2012) studied the possibility of using an isopentane WHRS using the jacket water of a 6,750 kW marine diesel engine as the heat source. The ORC was capable of producing 300 kW at a thermal efficiency of 13.6%. This represented a reduction of around 277 tonnes of heavy fuel oil per year. Using more integral heat management (i.e. using the waste heat available in the charge air cooler, jacket water and exhaust gas system), Larsen et al. (2013) performed a comparison between a marine ORC WHRS using the organic fluid R245ca, a typical water-based RC WHRS and a Kalina cycle under the same design point and conditions. The Kalina cycle is a thermodynamic cycle that uses the concepts of the RC and absorption cycle, using a binary working fluid - water and ammonia in different concentrations - in order to attain a better match for the heat source and sink by having a non-isothermal evaporation/condensation, for more details see Zhang et al. (2012). It was found that the marine ORC outperformed, in power output, the RC and KC by around 34.4% and 40.6% respectively. In another study, a large catalogue of organic fluids was used by Larsen et al. (2013) to recover available heat from the exhaust gas of a low speed two-stroke marine diesel engine. Performance and characteristics of the different WHRS were compared using a multi-objective algorithm with the principle of natural selection. The result showed that if safety is the most important factor, the highest performance was given by R245fa and R236ea. This selection of fluids has its drawbacks since its global warming potential (GWP) is high; meaning that the gas, if it escapes into the atmosphere, will store more energy than a similar mass of CO2 (Myhre et al. 2013). When reducing the importance of safety levels, toluene and pentene deliver the best results. The work of Larsen et al. focused only on the thermal efficiency of the system and not the power output which dictates the WHRS benefit on CO2 reduction and fuel consumption. Samsung Heavy Industries (Lee & Lee 2013) worked with an ORC WHRS concept using a double loop system which absorbs waste heat from the ship’s exhaust gas, cooling water and scavenge air. The results show that the WHRS could cover up to 73% of the electric demand of a Suezmax tanker while in transit.
The work presented here will focus on the usage of low/medium grade waste heat energy from the exhaust gas to produce electric power. The authors studied how the diesel’s engine load affects the performance and design of the WHRS, and the impact in CO2 reduction when compared to a generator using marine diesel oil, helping to understand the performance differences between marine RC and ORC WHRS.  
Methodology
Diesel engine and exhaust gas
The engine used to run the simulations was an 87 MW 12 cylinder slow-speed diesel manufactured by MAN Diesel & Turbo. The model was G95ME-C9.5-TII with four turbo-compressors, model MAN TCA88-24. The engine works with marine diesel oil (MDO), with a price of  €733[footnoteRef:1] per tonne (Bunker Index 2015). The vessel has a steam demand of around 3,800 kg h-1 at any time which will be covered by a waste heat boiler. [1:  Average price for a tonne of MDO between July 2013 and October 2014.] 

The WHRS used the waste heat available from the exhaust gas after it had passed through the turbo-compressors and the waste heat boiler (see Figure 2). Since the fuel contains sulphur in its composition, it was expected that the exhaust gas would contain SOx. Engine manufacturers recommend having a minimum temperature at the exit of the exhaust gas between 160 and 165°C to avoid soot and acid corrosion (Schmid 2004; Huijbregts & Leferink 2004; MAN Diesel & Turbo 2009). This will mean that the WHRS economiser, in this study, could extract energy until the exhaust gas reached a temperature of 165°C.
The exhaust gas was assumed to have similar properties and behaviour to air. Its specific heat at constant pressure was calculated as the average temperature between the temperatures at the turbo compressor’s exit and the minimum possible for the exhaust gas. 
[bookmark: _Ref375133155][image: ]
[bookmark: _Ref414010726]Figure 2: Overview of the WHRS inside the ship.
The engine’s loading conditions considered went from 15% to 100% of the engine’s Maximum Continuous Rating (MCR) in steps of 5%.
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[bookmark: _Ref403577359][bookmark: _Ref414014296]Figure 3: Engine performance and exhaust gas behaviour. Taken at ISO ambient reference conditions (MAN Diesel & Turbo 2014).
Working Fluids
The working fluids (Table 1) were selected principally because of their positive performance as identified by Saavedra et al. (2010) and their low global warming potential (GWP). A value of 1 is assigned to CO2; larger values than one mean that the gas would store more energy, thus, warming the climate system more than a similar mass of CO2. For example, methane has a GWP100 of 28 which means that in a period of 100 years, it will store 28 times more energy than CO2.
	Working Fluids
	GWP100 
	Latent Heat of Vaporization
	Auto-ignition Temperature
	Decomposition Temperature
	Flash Point
	Tc
	Pc

	
	(-)[footnoteRef:2] [2:  For Toluene: (Forster et al. 2007); for Heptane: (Environmental Protection Agency 2013) ; and for MM: (Environment Agency 2011).] 

	(kJ kg-1)[footnoteRef:3] [3:  Taken from (Moore et al. 2014) at 101,325 Pa.] 

	(˚C)[footnoteRef:4] [4:  Taken from (Yaws 1997).] 

	(˚C)[footnoteRef:5] [5:  For Water: (Bilgen et al. 1977), for Benzene: (Brioukov et al. 1999), for Toluene: (Hnat et al. 1982), for heptane:(Appleby et al. 1947) , and for MM: (Heberle et al. 2013).] 

	(˚C) [footnoteRef:6] [6:  Taken from (Yaws 1997).] 

	(˚C)[footnoteRef:7] [7:  Critical points were obtained from (Lemmon et al. 2010).] 

	(MPa)***

	Water
	N/A
	2,257
	-
	2,000
	-
	374
	22.06

	Benzene
	N/A
	394
	562
	760
	-11
	289
	4.91

	Toluene
	2.7
	361
	536
	399
	4
	318
	4.13

	Heptane
	3.0
	317
	223
	550
	-4
	267
	2.74

	Hexamethyldisiloxane
(MM)
	<10
	193
	341
	300
	-2
	246
	1.94


[bookmark: _Ref364884199]Table 1: Working fluids selected with their GWP value in a time interval of 100 years, latent heat, auto-ignition and decomposition temperatures, flash points and, critical temperature and pressure.
The ORC studied here were analysed in their subcritical region. Because of this, the pressure and temperature limits were given by the critical points (shown in Table 1). 
Decomposition temperature describes when the fluid beings to decompose chemically. If the conditions in the system exceed this temperature, the useful life of the fluid will be reduced (Saavedra et al. 2010). An important characteristic of the organic fluid with regard to marine safety is the auto-ignition temperature. 
Thermal oil
In order to transfer the waste heat to the organic fluids, a thermal oil circuit was modelled into the code. For some organic fluids this is essential to protect them from thermal decomposition. Aboard ship it is required, due to the low flash points of the organic fluids selected and regulations given by the International Convention for the Safety of Life at Sea (SOLAS) in Chapter II-2, that organic fluids are not permitted in the engine room (International Maritime Organization 2009b). The thermal oil circuit provides flexibility in layout which is particularly useful for retrofits. The thermal oil used was Therminol VP-1 due to its heat stability and low viscosity at the WHRS operational conditions (Solutia Inc. 1999). A detailed study of the thermal oil circuit was out of the scope for this paper.
Waste heat recovery system
The model iterated the high pressure level in steps of 10 kPa up to the critical pressure (Pc) of each working fluid at the various engine loads. The iterative process stopped when critical pressure was reached or when the working fluid saturation temperature was higher than the value set for the expander’s inlet temperature (T1) in Table 2. The purpose of the iterative process was to find the WHRS maximum electrical power output for a given engine load. 
For this study, the thermodynamic cycle used an economiser, an expander connected to an electrical generator, a condenser with a sea pump, and a second pump for the working fluid. A recuperator is installed after the pump and expander if the expander outlet temperature (T2) is 10% greater than that of the pump (T4). 
[image: ]
[bookmark: _Ref375225734][bookmark: _Ref414012537]Figure 4: WHRS layout including recuperator and thermal oil circuit.
Heat Exchangers
The heat exchangers were counter-flow with a constant pinch point temperature difference of 5 K. These were defined as the difference between the saturation temperature and the heat source or sink temperature.
	
	
	[bookmark: _Ref364888117](1)


A minimum of 5 K was chosen for the approach temperature (Tap), defined in a counter-flow heat exchanger as the temperature difference between the cold fluid inlet and hot fluid outlet, and cold fluid outlet and hot fluid inlet (Shah & Sekulic 2003). The Tap constraint was inside the temperature range of a plate or spiral tube heat exchangers (Tranter 2011; Sun et al. 2013).
The economiser and condenser were subdivided into three regions (Figure 5) in order to accurately measure the energy balance in processes where there were two states of the fluid present (i.e. liquid and vapour).
Subcooler: The region between saturated liquid and the working fluid subcooled region. In the case of the condenser, this region did not exist due to the restrictions imposed.
Evaporator: Region that takes the working fluid from the saturated liquid state to the saturated vapour.
Superheater: Located between the superheater state of the working fluid and the saturated vapour state. 
[bookmark: _Ref365051183][bookmark: _Ref414012408]Figure 5: Representation of the three regions presented in the water’s economiser.
Starting with the economiser, the heat flow available from the exhaust gas is defined as follows:
	
	
	[bookmark: _Ref364889086](2)


With the pinch point temperature difference and the saturation temperature of the working fluid (equation ( 1 )), it is possible to ascertain the heat coming into the subcooler:
	
	
	[bookmark: _Ref364888787](3)


Equating the heat leaving the exhaust gas to that absorbed by the working fluid, it is possible to determine the mass flow rate required by the subcool region, assuming that there is no recuperator:
	
	
	(4)


Where h4a is the high pressure enthalpy at the saturated liquid point of the working fluid, and h4 is the working fluid at the entrance of the heat exchanger.  is used here as the maximum mass flow rate possible which falls inside the restrictions set by the pinch point temperature and the exhaust gas exit temperature. A lower mass flow rate than that set by  will not be able to absorb all the energy available at the subcooler region, but will still be inside the restriction limits. With equations (2) and (3) is possible to determine the mass flow rate required to take the working fluid from its liquid saturated point to the expander inlet enthalpy:
	
	
	(5)

	
	 
	[bookmark: _Ref364932682](6)


The logic of the algorithm will not take into consideration mass flow rates that do not comply with the restriction shown in equation (6) which guarantees that there is no temperature crossover inside the heat exchanger.  is used as the working fluid mass flow rate. From this point onwards the  will be written as . 
The total heat absorbed by the working fluid can be calculated as follows:
	
	
	( 7 )


For the condenser, the heat rejected to the seawater when there is not a recuperator is given by:
	
	
	( 8 )


The recuperator temperatures were restricted by the following expression: 
	
	
	( 9 )


Where the recuperator efficiency (ηr) is given by the following equation assuming constant specific heat:
	
	
	( 10 )


Expander and pump
The power output of the expander is given by:
	
	
	( 11 )


Where h2s is the enthalpy at low pressure after an isentropic expansion. 
The power input of the pump is given by:
	
	
	( 12 )


Where h4s is the enthalpy at high pressure after an isentropic compression. 
WHRS Performance
The net power () is the addition of all the power flows of the WHRS. The thermal efficiency is given by:
	
	
	( 13 )


 is the heat absorbed by the economiser or heat exchanger (per Figure 4 and depending if there is a thermal fluid circuit or not), and it is less or equal than the total heat available in the exhaust gas. h4(r) stands for h4 when the plant does not have a recuperator and h4r when it does. The electric power output is given by:
	
	
	[bookmark: _Ref364993457]( 14 )


Table 2 shows the different constraints and conditions imposed to the different parts of the WHRS model. These values remain constant unless the contrary is stated. Assumptions made for the thermodynamic simulations were that the electrical efficiency of the WHRS’s generator and pumps was 90%, while the thermal efficiency of the expander and working fluid pumps was 75%; all efficiencies were assumed to be constant at off-design conditions. Also, it was assumed that there were no pressure changes except for the expander and pump; no heat losses or leakages and it was a steady-state operation. The recuperator efficiency was set to 90% which guaranteed a recuperator Tap of more than 4 K, inside the capabilities of a plate heat exchanger. Saavedra et al. (2010) studied the effects of changing the sink temperature while keeping constant the inlet temperature and waste heat mass flow rate. They found that changing the sink temperature by 55°C, there was a 35% drop in power output when using n-heptane: 37% for water and 39% for toluene. In this paper, a constant inlet sink temperature of 9°C was assumed. This value is close to the mean annual ocean temperature (Rayner 2003; Rayner et al. 2006). 
	Equipment
	Variable
	Value

	Expander
	
	

	
	Inlet temperature, T1 (°C)
	0.975TH,i

	
	ηexp
	75%

	
	Exit pressure, (kPa)
	10

	Condenser
	
	

	
	Tap (°C)
	> 5

	
	ΔTpp,C (°C)
	5

	
	 Inlet Sink Temperature, TS,i (°C)
	9

	Recuperator
	
	

	
	ηr
	90%

	Pump
	
	

	
	Inlet temperature, T3 (°C)
	Liquid saturation temperature at low pressure

	
	ηp
	75%

	Heat Exchanger/Economizer
	
	

	
	Tap (K)
	> 5

	
	ΔTpp,H (°C)
	5

	
	Inlet Source Temperature, TH,i (°C)
	Per Figure 3 

	
	Minimum exit Source Temperature, TH,o_min (°C)
	165


[bookmark: _Ref378590612]Table 2: Operating parameters for the thermodynamic cycles.
Marine Diesel Generator
In order to measure the CO2 benefit of a marine WHRS connected to the vessel grid, a simple model of a diesel generator was used. The generator was a Wärtsilä 16V32 genset that works with MDO and has a fuel consumption of 176 g kWh-1 (Wärtsilä 2013). It was assumed that the electricity generated by the WHRS will reduce the genset’s work load, hence its fuel consumption: 
	
	
	( 15 )


Where SFOCg is the fuel consumption of the diesel generator in g kWh-1 and CF is the carbon conversion factor set at 3.206 Tonne of CO2 per tonne of MDO is used (International Maritime Organization 2009c). 
Operating hours
It was assumed that the WHRS would be installed in a ship in operation for 6,480 hours per year (i.e. it is in use around 75% of the time) for all its useful life, assumed in this paper to be 20 years. The operating profile, shown in Figure 6, is similar to that found for a 14,000 twenty-foot equivalent unit container ship (MAN Diesel & Turbo 2012). 
[image: ]
[bookmark: _Ref387921860][bookmark: _Ref414013695]Figure 6: Ship's annual operating profile while at sea in percentage and hours per year.
The vessel’s annual CO2 reductions are found by multiplying, for each engine’s loading condition, the CS per the hours operated:  
	
	
	( 16 )


Where n is the number of observations for the engine’s MCR, which for this paper is 18, and t is the time spent at each of the engine’s loading conditions as given in Figure 6. 
Model Validation
The code was validated against results presented by Butcher and Reddy (2007) and Saavedra et al. (2010). The validation process indicated that the WHRS model had an agreement to within 1.4% of the results obtained by Butcher and Reddy (2007). This difference is caused mainly by visual measurement errors when reading the mass flow rates and pinch point temperature graphs from the paper; data tables were not available. When the model is compared against the work of Saavedra et al. (2010), the difference was 0.95%, a small difference due to the varying approaches used to calculate the thermodynamic properties of the working fluids. Saavedra et al. integrated the Peng-Robison Stryek Vera equation of state, while in this work the data was extracted from NIST Refprop 9.0 
Software and databases
The model is programmed in Matlab®. In particular, tools from NIST Refprop 9.0 (Lemmon et al. 2010) for the working fluids, CoolProp (Bell et al. 2014) for the thermal oil and the code developed by Sharqawy and Mistry (2010) for seawater properties are used.
RESULTS AND DISCUSSION
WHRS performance at constant engine loading
In the first section, the engine loading was set at 75% MCR. The thermal efficiency and electrical power output were analysed for different working fluids. 
Figure 7 presents the net electrical power output change with respect to the system’s high pressure (P1). For all the working fluids, the electrical net power output increases as P1 decreases. Since T1 and Tpp_H are fixed, as P1 increases the latent heat and h1 are reduced, also decreasing the mass flow rate and power output. The minimum and maximum pressure values are limited by the constraints given by equations (4)-(6). Benzene is the working fluid that produces the largest electrical power and has the highest thermal efficiency (Table 3). Water was found to reject the most energy absorbed from the exhaust gas to the sink because the RC cannot use a recuperator since the expander and pump exit temperatures are the same. 
[image: ]
[bookmark: _Ref377984382][bookmark: _Ref414014159]Figure 7: WHRS electrical net power output at 75% MCR with the WHRS maximum thermal efficiencies shown.
[bookmark: _Ref364977374]
	Working Fluids
	 
(kWe)
	P
(kPa)
	ηth
(%)

	Water
	886
	750
	19.0

	Heptane
	959
	490
	20.4

	Benzene
	1,040
	760
	22.1

	Toluene
	869
	350
	18.7

	MM
	918
	480
	19.8


Table 3: Data at the maximum net electric power output for different working fluids.
In Figure 8 it is shown that all working fluids increased their thermal efficiency as the high pressure increased. This behaviour is caused by equation (13) which measures thermal efficiency with respect to the heat absorbed, and not by the total heat available at the exhaust gas. As the pressure increases, so does the saturation temperature, reducing the heat absorbed by the cycles. So, although the thermal efficiency increases, the total power output declines as seen in Figure 7. At low pressures, the saturation point is reached at lower temperatures, allowing the working fluid to absorb more heat from the waste heat source. The power demand from the pumps begin to dominate as the pressure increases, causing a reduction in the thermal efficiency gradient. The behaviour of the WHRS thermal efficiency, as measured in this work, is also discussed by Liu et al. (2004) but instead of using the pressure as independent variable they used the saturation temperature. Benzene delivered a maximum thermal efficiency of 22.1% while toluene achieved the lowest at 18.7%. 
[image: ]
[bookmark: _Ref365038175][bookmark: _Ref414014215]Figure 8: Thermal efficiency achieved by the working fluids at 75% MCR.
The ORC operational lines seen in Figure 8 are shorter than those for the water system. This is caused by the thermal oil’s temperature gradient between the heat exchanger’s entrance and exit. The restrictions affected designs with higher P1 which tend to have higher thermal efficiencies.   
WHRS performance at different engine loadings
This section presents the results obtained when the operating conditions of the ship’s engine were changed, as shown in Figure 3. The values used are at the maximum electric net power output obtained for every engine load and working fluid.
[image: ]
[bookmark: _Ref364990561][bookmark: _Ref414014343]Figure 9: Maximum net electric power output at different engine loadings.
As can be seen in Figure 9, the electric power output tends to increase with the engine loading. After the 75% region, a higher growth in net power output for all the working fluids is observed. There is also a rapid increase in power output after the 30% MCR when the turbos start to operate. There are mainly two reasons for this: a) the exhaust mass flow rate is increasing with the engine loading, deriving more waste heat to absorb, and b) the exhaust gas temperature increase requires a higher P1 which translates into a larger energy drop within the expander. 
The maximum CO2 emission reduction per hour is achieved by benzene at 100% MCR with 1.4 tonnes of CO2. A RC WHRS in the same engine loading saved 1.2 tonnes of CO2. This represents reductions of 3.1% for benzene and 2.6% for water when compared to the engine’s own fuel consumption given at almost 14 tonnes of MDO per hour. The biggest marine ORC benefit compared to a water-based RC is found at high engine loading, while at low load they have similar performances. 
The thermal efficiencies for the different marine WHRS are not only strongly influenced by the heat quality of the vessel’s exhaust gas, but also by heat availability. From Figure 3 it is seen that at 35% MCR, there is a temperature rise of more than 42°C in the exhaust gas temperature compared to the 30% MCR due to the turbo operation, and the highest temperature of the engine profile. At this point all five working fluids have their maximum thermal efficiency (see Figure 10) with benzene at 23.60% and water being the lowest at 19.5%. Beyond this point, the temperature and thermal efficiency find their highest points at 100% MCR. Interestingly, even though the exhaust gas temperature at 100% MCR is 22˚C lower than at 35%, the working fluids’ thermal efficiencies for benzene WHRS at 35% and 100% MCR are very similar at 23.64% and 23.60% respectively. The reason behind this is that the system has at these points the same P1, but for the 100% MCR case T1 is lower due to cooler temperature of exhaust gas/thermal oil. This reduces the enthalpy change between the evaporator and superheater (see Figure 5), and per equation (13) the thermal efficiency increases. 
[image: ]
[bookmark: _Ref377997507][bookmark: _Ref414014433]Figure 10: Working fluids’ thermal efficiencies at the maximum net electric power output for different engine loadings.
Mass flow rate and an approximation to sizing
Figure 11 shows the large difference between organic fluids and water with respect to their mass flow rate. Organic fluids have a low latent heat and require a small amount of energy to vaporise, forcing larger mass flow rates to absorb the waste heat available (Maizza & Maizza 1996; Chen et al. 2010). In all scenarios, water had the lowest mass flow rate, while MM showed the largest - more than seven times larger than water at 100% MCR. 
[image: ]
[bookmark: _Ref378085147][bookmark: _Ref414014506][bookmark: _Ref378156024]Figure 11: Comparison of the working fluid’s mass flow rate for different Diesel engine loads. 
With the systems’ mass flow rate, the amount of working fluid required could be calculated. This could be an important factor in the total system’s weight on-board, but also defines the tank size. The volumetric flow rate, on the other hand, can give the first indication of size of other WHRS equipment such as heat exchangers and pipes. The working fluid density changes along the WHRS circuit where the lowest density is seen after the expansion process (point 2 in Figure 4) and the highest after the pump (point 4 in Figure 4). Table 4 shows that after the turbine, the organic vapours are denser than water, meaning that the volume flow rate for organic fluids is much closer to that of water. For example, the MM’s mass flow rate is more than seven times larger than water, while in comparing the volumetric flow rate at point 2, the difference is reduced to around 30%. For the high pressure side, the roles are reversed: now water is denser than the organic fluids and, in converting to volumetric flow rate, the difference is shown to be even larger than in the case of the mass flow rate. Using the same fluids as before, the difference between MM’s volumetric flow rate is above nine times what the RC requires. 
While the scope of the paper does not include the study of heat exchangers, costs and piping, some basic comparison can be made in order to give a deeper understanding of how the volume flow rate affects the sizing and pressure losses of the different WHRS. With the numbers given in Table 4, the RC system brings the most compact plant without sacrificing performance. The ORC systems could have the same equipment size as a RC plant – if the working fluid velocity falls inside the recommended limits[footnoteRef:8]- but with a substantial increase in fluid velocity, especially after the pump. An increase in velocity would bring a larger pressure drop which in turn will reduce the plant’s power output (Shah & Sekulic 2003; Sinnott 2005). If the fluid velocity is maintained equal for the different systems, the WHRS with largest volumetric flow rate will require larger pipe diameters and cross-sectional areas for the heat exchangers, having an impact on plant mass, volume and cost. [8:  The fluid’s velocity limits have the purpose of restricting fouling and corrosion, while also avoiding stagnant flows, inside the heat exchangers (Hesselgreaves 2001; Shah & Sekulic 2003; Sinnott 2005; Rodriguez & Smith 2007; Shen et al. 2014). ] 
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	Working Fluids
	
(kg s-1)
	2
	4

	
	
	ρ
(kg m-3)
	
(m3 s-1)
	ρ
(kg m-3)
	
(x10-3 m3 s-1)

	Water
	4.4
	0.07
	63.9
	990.16
	0.4

	Heptane
	24.2
	0.29
	84.5
	671.04
	3.6

	Benzene
	19.9
	0.25
	78.1
	879.13
	2.3

	Toluene
	22.6
	0.27
	82.7
	843.34
	2.7

	MM
	37.8
	0.45
	83.7
	747.70
	5.1


Table 4: WHRS' mass flow rate at 100% MCR. The table also shows the different system densities and volumetric flow rates after the turbine (point 2) and the pump (point 4).
Safety on-board
Having on-board flammable fluids such as the organic fluids shown in Table 3 presents a major hazard which must be assessed and the vessel design adapted to provide the highest safety level possible. As mentioned before, SOLAS prohibits the presence of low flash point fluids inside the engine room, meaning an ORC WHRS must be located in a separate compartment. Other important safety measures for highly flammable fluids can be drawn from the IGF[footnoteRef:9] draft since LNG flash point is around -188˚C (Burel et al. 2013), much lower than the organic fluids used in this paper. The IGF recommends the use of double-walled piping, ventilation for the enclosed space to the atmosphere, gas detection and firefighting systems according to the fluid used. Equally important are personnel training, risk management (e.g. Enclosed Space Management system, see Allan 2015) and assessments, and safety procedures in case of fire or leakages (Suárez de la Fuente et al. 2015). [9:  International Code of Safety for Ships using Gases or other Low Flashpoint Fuels.] 

The safety requirements for the marine ORC WHRS selected will increase the initial and maintenance cost, but performance may also be affected. For example, depending where the ORC compartment is installed there will be an increase in pump power, for both seawater and working fluid, due to the existence of a larger distance to the heat source and sink. The minimisation of cost and performance loss due to safety requirements should be assessed at the early stages of vessel design.
Short and long term marine WHRS benefits
Using a container ship operating profile (Figure 6), it is possible to assess the environmental benefits of installing a marine WHRS. The overall advantage of installing a marine WHRS is a vessel with reduced fuel consumption and GHG emissions. 
Figure 12 shows that the vessel operator will reduce CO2 and other GHG emissions which, with the potential future introduction of carbon taxes to shipping, could also be financially beneficial. A marine WHRS could bring, at the minimum, savings in the range of 3,300 tonnes of CO2 per year and around 65,500 tonne of CO2 in the ship’s operational life. 
Figure 12 also demonstrates the advantage of using an ORC WHRS: benzene WHRS has an advantage of more than 16% over the traditional RC which will translate over the vessel’s lifetime to a reduction in fuel worth 11,000 tonnes of CO2 when compared to the RC. The CO2 reductions for water and toluene are almost identical.
It is important to compare system complexities and characteristics in order to distinguish which system is better. As seen in Figure 11, toluene has the largest mass flow rate which implies from the previous section that the WHRS will require more space inside the vessel. For some ship types which are weight-driven, such as bulk carriers, this may not be an issue. On the other hand, a toluene expander would be simpler than one designed for water since toluene is a dry fluid, not requiring stages in order to avoid condensation inside the expander.
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[bookmark: _Ref414014944][bookmark: _Ref387921511]Figure 12: CO2 emission reductions achieved by the WHRS under different operating conditions in one year.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]These results can be seen as over-optimistic due to the assumption of having an adaptable WHRS. But they do follow the trend seen in the work of Alvik et al. (2010), achieving high CO2 emission reductions which is in line with shipping industry’s green objectives. One of the main caveats of installing an WHRS is the initial cost. Quoilin et al. (2013) show that the cost of an ORC WHRS module of the size proposed in this paper should be less than £1,640 per kWe[footnoteRef:10], while for an RC WHRS the cost can range between £688 and £862 per kWe (BCS Incorporated 2008). However, the WHRS payback period can be less than three years for any of the cycles tested (Suárez de la Fuente et al. 2015). Thus, the installation of a WHRS is an economically-viable green technology.  [10:  An exchange rate of €1.37 to £1; and $1.53 to £1 was used (European Central Bank 2013; Board of Governors of the Federal Reserve System 2015).] 

Finally, this study has demonstrated that under the same operating conditions and restrictions, ORC WHRS can reduce fuel consumption and environmentally harmful gases to a greater extent than the traditional water-based RC. This behaviour is also seen in the work of Saavedra et al. (2010).
CONCLUSIONS  
This paper has compared the performance of a WHRS based on the RC using five different working fluids, water and four organic fluids with the aim of achieving the highest CO2 emission reduction by covering part of the vessel’s electrical demand - normally supplied by a diesel generator - while also supplying the vessel’s steam requirement. 
The authors first presented the results obtained by modifying the high pressure level of different WHRS for the vessel’s slow speed diesel main engine at 75% MCR. It was possible to distinguish that an ORC WHRS - except in the case of Toluene - could offer a larger power output at higher thermal efficiency than a RC WHRS. The results also showed that the maximum power output did not occur when the WHRS was operating at its maximum thermal efficiency.
In the second part of the simulations, the objective was to find how the RC and ORC WHRS behaved under different ship engine loading conditions without fixing the WHRS design. It was seen that the best performance of the ship’s WHRS was located in the higher engine loading region (i.e. above 75% MCR); this is caused by the amount and quality of the waste heat in the engine exhaust gas. Moreover, it was observed that an ORC WHRS could save up to a maximum of around 77,300 tonnes of CO2 in the ship’s operating life, a 16.7% improvement over what can be delivered by water based RC. Furthermore, it was demonstrated that an ORC WHRS (except for toluene) can outperform the traditional water RC WHRS over the full range of the ship’s loading conditions. Still, it is important to consider that the large mass flow rates of organic fluids will require more space inside the ship, and in addition there will be an installation cost increase due to the flammable and toxic characteristics of such fluids.
References
Allan A. 2015. Enclosed Spaces - management and training. Alert.:6.
Alvik S, Eide MS, Endresen Ø, Hoffmann P, Longva T. 2010. Pathways to low carbon shipping . Abatement potential towards 2030. Høvik.
Appleby WG, Avery WH, Meerbott WK. 1947. Kinetics and Mechanism of the Thermal Decomposition of n-Heptane. Journal of the American Chemical Society. 69:2279–2285.
Balaji R, Yaakob O. 2012. An analysis of shipboard waste heat availability for ballast water treatment. Journal of Marine Engineering and Technology. 11:15–29.
BCS Incorporated. 2008. Waste Heat Recovery: Technology and Opportunities in U.S. Industry. Laurel.
Bell IH, Wronski J, Quoilin S, Lemort V. 2014. Pure and Pseudo-pure Fluid Thermophysical Property Evaluation and the Open-Source Thermophysical Property Library CoolProp. Industrial & engineering chemistry research. 53:2498–2508.
Benvenuto G, Campora U, Trucco A. 2014. Comparison of ship plants layouts for power propulsion systems with energy recovery. In: 12th International Naval Engineering Conference and Exhibition. Amsterdam: Institute of Marine Engineering, Science and Technology; p. 329–340.
Bilgen E, Ducarroir M, Foex M, Sibieude F, Trombe F. 1977. Use of solar energy for direct and two-step water decomposition cycles. International Journal of Hydrogen Energy. 2:251–257.
Board of Governors of the Federal Reserve System. 2015. Foreign Exchange Rates - H.10 [Internet]. [cited 2015 May 23]:1. Available from: http://www.federalreserve.gov/releases/h10/current/
Boretti A. 2012. Transient operation of internal combustion engines with Rankine waste heat recovery systems. Applied Thermal Engineering. 48:18–23.
Brioukov MG, Park J, Lin MC. 1999. Kinetic modeling of benzene decomposition near 1000 K: The effects of toluene impurity. International Journal of Chemical Kinetics. 31:577–582.
Bronicki LY. 2000. Organic Rankine Cycle Power Plant For Waste Heat Recovery. :6.
Bronicki LY. 2010. Organic Rankine Cycle Power Plant For Waste Heat. Ormat Technologies Inc [Internet]. [cited 2012 Aug 23]:5. Available from: http://www.ormat.com/research/papers/organic-rankine-cycle-power-plant-waste-heat-recovery
Bunker Index. 2015. Bunker Index. Prices [Internet]. [cited 2014 Dec 5]:1. Available from: http://www.bunkerindex.com/prices/bixfree.php?priceindex_id=4#Description
Burel F, Taccani R, Zuliani N. 2013. Improving sustainability of maritime transport through utilization of Liquefied Natural Gas (LNG) for propulsion. Energy. 57:412–420.
Butcher CJ, Reddy BV. 2007. Second law analysis of a waste heat recovery based power generation system. International Journal of Heat and Mass Transfer. 50:2355–2363.
Chen H, Goswami DY, Stefanakos EK. 2010. A review of thermodynamic cycles and working fluids for the conversion of low-grade heat. Renewable and Sustainable Energy Reviews. 14:3059–3067.
Cunningham P. 2002. Waste Heat/Cogen Opportunities in the Cement Industry. Cogeneration & Distributed Generation Journal. 17:31–51.
Dharmalingam P, Kumar JN, Suryanarayanan R, Kumar SS. 2004. Waste Heat Recovery. In: The National Certification Examination for Energy Managers and Energy Auditors. 2nd ed. New Delhi: Bureau of Energy Efficiency; p. 1–18.
Dimopoulos GG, Georgopoulou CA, Stefanatos IC, Zymaris AS, Kakalis NMP. 2014. A general-purpose process modelling framework for marine energy systems. Energy Conversion and Management. 86:325–339.
Dinanno LR, Dibella FA, Koplow MD. 1983. An RC-1 Organic Rankine Bottoming Cycle for an Adiabatic Diesel Engine. Cleveland.
DiPippo R. 2004. Second Law assessment of binary plants generating power from low-temperature geothermal fluids. Geothermics. 33:565–586.
Dolz V, Novella R, García A, Sánchez J. 2012. HD Diesel engine equipped with a bottoming Rankine cycle as a waste heat recovery system. Part 1: Study and analysis of the waste heat energy. Applied Thermal Engineering. 36:269–278.
Environment Agency. 2011. Technical Guidance Note: Monitoring VOCs in Stack Gas Emissions. Rotherham.
Environmental Protection Agency. 2013. Global Warming Potentials and Ozone Depletion Potentials of Some Ozone-Depleting Substances and Alternatives Listed by the SNAP Program. Ozone Layer Protection [Internet]. [cited 2013 Dec 18]:1. Available from: http://www.epa.gov/ozone/snap/subsgwps.html
European Central Bank. 2013. Pound sterling (GBP). Exchange Rates [Internet]. [cited 2015 Jun 15]:1. Available from: http://www.ecb.int/stats/exchange/eurofxref/html/eurofxref-graph-gbp.en.html
European Committee for Standardization. 2013. EN590:2013: Automotive fuels. Diesel. Requirements and test methods. :22.
Feng L, Gao W, Qin H, Xie B. 2010. Heat Recovery from Internal Combustion Engine with Rankine Cycle. In: 2010 Asia-Pacific Power and Energy Engineering Conference. Chengdu: IEEE; p. 1–4.
Fischer J. 2011. Comparison of trilateral cycles and organic Rankine cycles. Energy. 36:6208–6219.
Forster, P., V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood, J. Lean, D.C. Lowe, G. Myhre, J. Nganga, R. Prinn, G. Raga, M. Schulz and R. Van Dorland, 2007: Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, p. 129-234. 
Hatchman JC. 1991. Steam cycles for waste heat recovery: A case study. Research and Development Journal. 7:32–38.
Heberle F, Weith T, Preißinger M, Brüggemann D. 2013. Experimental Investigations of Heat Transfer Characteristics and Thermal Stability of Siloxanes. :35.
Hesselgreaves JE. 2001. Compact Heat Exchangers. 1st ed. Oxford: Pergamon.
Hnat G, Patten JSS, Bartone LMM, Cutting JCC, Hnat JG. 1982. Industrial Heat Recovery With Organic Rankine Cycles. In: Proceedings from the Fourth Industrial Energy Technology Conference. Houston: Energy Systems Laboratory of the Texas A&M University System; p. 524–532.
Huijbregts WMM, Leferink RGI. 2004. Latest advances in the understanding of acid dewpoint corrosion: corrosion and stress corrosion cracking in combustion gas condensates. Anti-Corrosion Methods and Materials. 51:173–188.
International Energy Agency. 2009. Transport, Energy and CO2. Paris: International Energy Agency (IEA).
International Maritime Organization. 2009a. MEPC 59/Inf. 10. [place unknown].
International Maritime Organization. 2009b. SOLAS, Consolidated Edition 2009. 5th ed. London: IMO Publishing.
International Maritime Organization. 2009c. MEPC.1/Circ.681 - Interim Guidelines On The Method Of Calculation Of The Energy Efficiency Design Index For New Ships. London: International Maritime Organization.
International Maritime Organization. 2013. Sulphur oxides (SOx) – Regulation 14. Air Pollution and GHG Emissions [Internet]. [cited 2013 Apr 24]:1. Available from: http://www.imo.org/ourwork/environment/pollutionprevention/airpollution/pages/sulphur-oxides-(sox)-–-regulation-14.aspx
Larsen U, Haglind F, Oskar S. 2013. A comparison of advanced heat recovery power cycles in a combined cycle for large ships. In: The 26th International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems. Guilin: Chinese Society of Engineering Thermophysics; p. 13.
Larsen U, Pierobon L, Haglind F, Gabrielii C. 2013. Design and optimisation of organic Rankine cycles for waste heat recovery in marine applications using the principles of natural selection. Energy. 55:803–812.
Lee D, Lee HK. 2013. Optimization of Organic Rankine Cycle to Recover Waste Heat of Marine Diesel Engine. In: ASME ORC 2013. Rotterdam; p. 1.
Lemmon EW, Huber ML, McLinden MO. 2010. NIST Reference Fluid Thermodynamic and Transport Properties Database.
Liu B-T, Chien K-H, Wang C-C. 2004. Effect of working fluids on organic Rankine cycle for waste heat recovery. Energy. 29:1207–1217.
Livanos GA, Theotokatos G, Pagonis D-N. 2014. Techno-economic investigation of alternative propulsion plants for Ferries and RoRo ships. Energy Conversion and Management. 79:640–651.
Maizza V, Maizza A. 1996. Working fluids in non-steady flows for waste energy recovery systems. Applied Thermal Engineering. 16:579–590.
MAN Diesel & Turbo. 2009. Soot Deposits and Fires in Exhaust gas Boilers. Copenhagen.
MAN Diesel & Turbo. 2012. Waste Heat Recovery System ( WHRS ) for Reduction of Fuel Consumption, Emission and EEDI. Copenhagen.
MAN Diesel & Turbo. 2014. Engine room and performance data for 12G95ME-C9.5-TII with part load engine control tuning (ECT) tuning. :9.
Marine Engineers Review. 2014. Calentix converts heat to power. Marine Engineers Review.:10.
Mlcak HA. 2004. An Introduction to the Kalina Cycle. In: Kielasa, L.; Weed GE, editor. The International Joint Power Generation Conference. New York: ASME International; p. 1–11.
Moore J, Grimes R, Walsh E, O’Donovan A. 2014. Modelling the thermodynamic performance of a concentrated solar power plant with a novel modular air-cooled condenser. Energy. 69:378–391.
Myhre G, Shindell D, Bréon F-M, Collins W, Fuglestvedt J, Huang J, Koch D, Lamarque J-F, Lee D, Mendoza B, et al. 2013. 2013: Anthropogenic and Natural Radiative Forcing. In: Stocker TF., Qin D., Plattner G-K, Tignor M;, Allen SK., Boschung J., Nauels A., Xia Y., Bex V., Midgley PM., editors. Climate Change 2013: The Physical Science Basis Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 1st ed. Cambridge and New York: Cambridge University Press; p. 659–740.
Nielsen RF, Haglind F, Larsen U. 2014. Design and modeling of an advanced marine machinery system including waste heat recovery and removal of sulphur oxides. Energy Conversion and Management.
Öhman H, Lundqvist P. 2013. Comparison and analysis of performance using Low Temperature Power Cycles. Applied Thermal Engineering. 52:160–169.
Opcon Energy Systems AB. 2012a. Data Sheet OPB-ORC-750M. :11.
Opcon Energy Systems AB. 2012b. Commissioning and testing of first reference installation of Opcon technology for ships. :2.
Quoilin S, Broek M Van Den, Declaye S, Dewallef P, Lemort V. 2013. Techno-economic survey of Organic Rankine Cycle (ORC) systems. Renewable and Sustainable Energy Reviews. 22:168–186.
Rayner NA, Brohan P, Parker DE, Folland CK, Kennedy JJ, Vanicek M, Ansell TJ, Tett SFB. 2006. Improved analyses of changes and uncertainties in sea surface temperature measured in situ since the mid-nineteenth century: the HadSST2 data set. Journal of Climate. 19:446–469.
Rayner NA. 2003. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth century. Journal of Geophysical Research. 108:4407.
Ringler, J., Seifert M, Guyotot V, Hübner W. 2009. Rankine Cycle for Waste Heat Recovery of IC Engines. SAE Int J Engines. 1:67–76.
Rodriguez C, Smith R. 2007. Optimization of Operating Conditions for Mitigating Fouling in Heat Exchanger Networks. Chemical Engineering Research and Design. 85:839–851.
Saavedra I, Bruno JC, Coronas A. 2010. Thermodynamic optimization of organic Rankine cycles at several condensing temperatures: case study of waste heat recovery in a natural gas compressor station. Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy. 224:917–930.
Sakalis G, Frangopoulos CA. 2014. Towards synthesis and design optimization of steam bottoming Rankine cycles with different ship propulsion engines. In: 27 th International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems. Turku; p. 14.
Schmid H. 2004. Waste Heat Recovery (WHR): Fuel Savings With Less Emissions. In: Green Ship Technology Conference. London; p. 10.
Shah RK, Sekulic DP. 2003. Fundamentals Of Heat Exchanger Design. 1st ed. New Jersey: John Wiley & Sons, Inc.
Sharqawy MH, Lienhard V JH, Zubair SM. 2010. Thermophysical properties of seawater: A review of existing correlations and data. Desalination and Water Treatment. 16:354–380.
Shen C, Cirone C, Yang L, Jiang Y, Wang X. 2014. Characteristics of fouling development in shell-and-tube heat exchanger: Effects of velocity and installation location. International Journal of Heat and Mass Transfer. 77:439–448.
Sinnott RK. 2005. Heat-transfer Equipment. In: Coulson and Richardson’s Chemical Engineering Volume 6 - Chemical Engineering Design. 4th ed. Oxford: Elsevier; p. 634–793.
Solutia Inc. 1999. Therminol VP-1: Vapor Phase/Liquid Phase Heat Transfer Fluid. :11.
Suárez de la Fuente S, Roberge D, Greig AR. 2015. Safety and CO2 emissions: Implications of using organic fluids in a ship’s waste heat recovery system. Marine Policy (under revision).
Sun KN, Wan Alwi SR, Manan ZA. 2013. Heat exchanger network cost optimization considering multiple utilities and different types of heat exchangers. Computers & Chemical Engineering. 49:194–204.
Tchanche BF, Lambrinos G, Frangoudakis A, Papadakis G. 2011. Low-grade heat conversion into power using organic Rankine cycles – A review of various applications. Renewable and Sustainable Energy Reviews. 15:3963–3979.
Theotokatos G, Livanos G. 2012. Techno-economical analysis of single pressure exhaust gas waste heat recovery systems in marine propulsion plants. Proceedings of the Institution of Mechanical Engineers Part M: Journal of Engineering for the Maritime Environment. 227:83–97.
Tien W-K, Yeh R-H, Hong J-M. 2007. Theoretical analysis of cogeneration system for ships. Energy Conversion and Management. 48:1965–1974.
Tranter. 2011. Plate Heat Exchangers | Tranter. :12.
Vélez F, Segovia JJ, Martín MC, Antolín G, Chejne F, Quijano A. 2012. A technical, economical and market review of organic Rankine cycles for the conversion of low-grade heat for power generation. Renewable and Sustainable Energy Reviews. 16:4175–4189.
Wärtsilä. 2013. Wärtsilä Generating Sets Gensets. Wärtsilä 32 generating set [Internet]. [cited 2014 Sep 24]:1. Available from: http://www.wartsila.com/en/engines/gensets/generating-sets
Weerasinghe WMSR, Stobart RK, Hounsham SM. 2010. Thermal efficiency improvement in high output diesel engines a comparison of a Rankine cycle with turbo-compounding. Applied Thermal Engineering. 30:2253–2256.
Woodyard D. 2009. Pounder’s Marine Diesel Engines and Gas Turbines. 9th ed. Oxford: Butterworth-Heinemann.
Woud HK, Stapersma D. 2012. Design of Propulsion and Electric Power Generation Systems. 1st ed. London: IMarEST.
Yaws CL. 1997. Handbook of Chemical Compounds Data for Process Safety. 1st ed. Houston: Gulf Publishing Company.
Yue GQ, Dong SW, Zheng Q, Li JR. 2012. Design of Marine Diesel Engine Waste Heat Recovery System with Organic Rankine Cycle. In: Chang G, editor. Applied Mechanics and Materials. Vol. 148-149. [place unknown]; p. 1264–1270.
Zhang X, He M, Zhang Y. 2012. A review of research on the Kalina cycle. Renewable and Sustainable Energy Reviews. 16:5309–5318. 

Nomenclature
	Symbol
	Name
	Units
	Symbol
	Name
	Units

	CS
	Carbon Savings
	Tonne of CO2 h-1
	t
	Time
	h

	CF
	  Carbon Factor
	-
	T
	Temperature
	K

	Cp
	       Specific heat
	kJ kg-1 K-1
	
	Volume flow rate
	m3 s-1

	h
	Enthalpy 
	kJ kg-1
	
	Power
	kW

	
	Mass flow rate
	kg s-1
	Greek Symbol 
	Name
	Units

	P
	Pressure
	         kPa
	ε
	Ratio of mechanical power returned
	-

	
	Heat transfer rate
	    kW
	          ρ
	Density
	kg m-3

	SFOC
	Specific Fuel 
Oil Consumption 
	g kWh-1
	         η
	Efficiency
	%
















	Subscripts and superscripts
	Name
	Subscripts and superscripts
	Name

	a,b
	Thermal oil circuit section
	o
	Outlet/Out

	ap
	Approach
	min
	Minimum

	C
	Sink
	n
	Observations

	co
	Condenser
	p
	Pump

	c
	Critical
	pp
	Pinch Point

	e
	Electrical
	r
	Recuperator

	eq
	equipment
	rvap
	Reduced saturated
vapour point

	ev
	evaporator
	S
	Seawater/Sink

	exp
	Expander
	Sat
	Saturation

	g
	Generator
	sc
	Subcooler

	gen
	Generated
	sh
	Superheater

	H
	Source
	t
	Net

	h
	High pressure
	th
	Thermal

	ha
	Heat absorbed
	v
	Vessel

	i
	Inlet/In
	wf
	Working fluid

	l
	Low pressure
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