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ABSTRACT 

Currently, diesel engines are still the most widely used option to power many types of ships. Modern large diesel 

engines are about 50% efficient in using the fuel's calorific value and the rest is lost to the environment as waste 

heat. Moreover, the rise of fuel prices due to the depletion of fossil fuel energy and unlimited carbon dioxide let-

off are creating a renewed interest in techniques to increase the thermal efficiency ofmarine diesel engines. The 

efficient use of waste heat energy can improve the efficiency of the propulsion system and reduce emissions, by 

using a dedicated waste heat recovery system for power generation or for heating and drying needs. Different 

types of waste heat recovery technologies available onboard ships have been discussed from the perspective of 

technical principle and application feasibility. The objective of the paper is to focus on evaluating and analyzing 

the technical characteristics of typical heat utilization cycles including Kalina cycle (KC) and Rankine cycle (RC) 

to highlight the flexible application of KC and RC on ships. Furthermore, this work mainly focuses on evaluating 

the efficient heat utilization of low-temperature waste heat sources that are difficult to exploit through thermal 

cycles. As a result, the article drew the conclusion that waste heat recovery and its utilization will remain a good 

prospect in future marine engine application. 
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INTRODUCTION 

Emissions from marine vehicles such as ships and vessels are one of the main causes of environmental pollution 

and the 'Greenhouse Effect'. CO2 emissions from ships were responsible for about 3% of the average global CO2 

emissions from 2007 to 2012, according to the the International Convention for the Prevention of Pollution from 

Ships (MARPOL 73/78) in 2014 [1]. Also in this work, the authors predicted that between 2012 and 2050, these 

emissions will increase by 50%-250%, depending on future social and economic conditions [2-4]. In order to 

improve the above, IMO has developed its own regulation of CO2 emissions in “MARPOL Annex VI” with 

Energy Efficiency Design Index (EEDI), despite international shipping being omitted from the “Paris Agreement” 

[5,6]. EEDI is used to calculate the energy efficiency of ships, and this regulation will gradually be tightened in 

the future. Thus, under this regulation, ships built between 2020 and 2024 must be 20% more efficient than ships 

built in 2013. Similarly, ships built from 2025 or later must be 30% more efficient [7-9].  

Most marine vessels have their own generators (using diesel engines, steam turbines and gas turbines) to meet the 

energy requirements for on-board operations, at the same time, ensuring their mobility and location. To meet the 

needs of different forms of energy required by the users, these systems burn fossil fuels to convert combustion 

heat into mechanical energy [10-12]. After fuel combustion, combustion by-products and emissions are released 

into the environment. As a result, most emissions on ships increase in tandem with their fuel consumption [13]. 

Therefore, fuel consumption needs to be reduced compared to current levels in order to reduce emissions in the 

maritime field to an acceptable level. One of the solutions chosen to solve this problem is to improve the overall 

efficiency of the ship's generators [14,15]. On internal combustion engines, it is a fact that up to 70% of the energy 

emitted by the engine's fuel will be released to the environment as losses, mainly in the form of heat losses. About 

25-30% of the energy emitted by the engine is dissipated as exhaust energy loss. Even the most efficient modern 
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engines only have a thermal efficiency of 25 ~ 50%, so it can be seen that up to 50 ~ 85% of the remaining low 

heat value of the fuel is released into the environment in the form of heat transfer and exhaust enthalpy [16,17].  

If this emission enters the surroundings directly, it will not only waste energy but also pollute the environment. 

Recognizing this problem, shipbuilders and marine engine manufacturers are the first to enter this field of research 

to find out the solutions to recover this waste. Among these research works, the typical is exhaust gas utilization 

system introduced by MAN Group, which could bring a 10% increment to the engine efficiency [18]. Similarly, 

a recovery system containing a boiler and dual-pressure turbine, developed by Wartsila, could improve engine 

efficiency by 11.4% [19]. ABB Ltd. proposed two types of recovery systems for marine diesel engines with 

different capacity of power outputs. These systems could efficiently utilize the waste heat from engine exhaust 

gas [20,21]. And last but not least, two types of recovery systems for marine diesel engines with different 

capacities of power outputs were proposed by ABB Ltd. These systems could efficiently utilize the waste heat 

from engine exhaust gas [22,23]. To recover the energy content of low-temperature streams such as 

thermodynamic cycles (Organic Rankine cycle (ORC), Kalina cycle), boiler feed water preheating (BFW), heat 

generators, heat pumps... many different technologies have been researched and developed [24,2].  

Technologies such as thermodynamic cycling and thermal energy storage, chemical heat pumps have been 

developed and presented by Chan et al. [25]. Besides, the integration of different waste heat recovery methods 

(heat pump, ORC, absorption refrigeration, BFW heating) into a utility system considering constant and variable 

waste heat temperature has also been researched by P. Song et al.[26]. In this work, the authors stated that ORC 

was the best choice during the winter period when low grade heat were available at a fixed temperature. In contrast, 

boiler feedwater heating was the most promising solution in both winter and summer in the practical case when 

low-grade heat was available at various temperatures. Beside the process industries, waste heat recovery is also 

important in the transport sector. Singh and Pedersen [27] examined the applicability of several waste heat 

recovery methods to improve the efficiency of internal combustion engines on marine vessels in a recently 

published paper. This work has investigated the characteristics of waste heat on shipboard and the efficiency of 

recovery that can be achieved to determine the most suitable heat recovery technologies for use on the ships in 

the maritime industry, at the same time, discuss the features of each type of system. 

WASTE HEAT RECOVERY TECHNOLOGIES 

Kalina cycle (KC)  

In 1983, Alexander Kalina proposed a thermodynamic power cycle utilizes mixture of two working fluid ammonia 

and water and his name has been named this cycle known as Kalina cycle (KC) [28]. KC which is a modified 

Rankine cycle (RC), shows a higher operating efficiency in some applications. The most promising utilization 

and significant efficiency gains are realized in the low temperature heat sources, making it a suitable option for 

waste heat recovery [29]. According to the existing reports, KC has been utilized in geothermal applications, 

industrial process, and exhaust waste heat recovery. A review of Kalina cycle was carried out by Zhang, He, and 

Zhang [30], in which both energy and exergy analyses are studied, and they also compared configurations as well 

as applications of various Rankine and Kalina cycles. Their obtained findings revealed that concerning to 

geothermal waste heat recovery, compared to the ORC system, the efficiency of KC was more significant and its 

cost was more benefit. The competition of the KC to the ORC in the low-grade waste heat recovery was also 

claimed in the study of Saghafifar et al. [31].  
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Figure 1. Schematic of a simple Kalina cycle plant.  [27] 

The operational success of a KC power plant has been shown at a demonstration plant at Department of Energy’s 

Energy Technology Engineering Center near Canoga Park in California, USA. Another plant has been 

successfully operating using geothermal fluid as source at Husavik, Iceland. This case demonstrated that the 

performance advantage of KC was 20–25% better than an ORC [32]. The advantage of the KC plant in comparison 

to water-based RC is to operate possibly at conditions lower than freezing temperatures. Ammonia–water solution 

has lower freezing temperature, consequently the temperature for condensing process may decline, which is 

appropriate with Arctic navigation routes. The KC is able to apply conventional steam turbines of axial-flow type 

because the molecular weight of ammonia and water is near similar (17 and 18). In addition, the KC plants are 

smaller and cheaper than the RC plants because they use back pressure turbines while vacuum condensers 

typically are installed in the RC plants. As a result, there is a reduction in the specific volume of the working fluid 

at turbine exhaust for the KC system [33].  

This feature is useful as designing ships with small space [34,35]. There is no remarked request in selecting 

materials technology for the KC and the use of carbon steels is applicable in applications that operate at low 

temperature, such as WHR. Corrosion caused by ammonia–water mixtures may not be happened with the use of 

some stainless steels [30,36].  Another commonly investigated thermodynamic cycle is the Kalina cycle that uses 

ammonia water mixtures as working fluid. The ammonia is easier to volatile and tends to vaporize before pure 

water as heating liquid mixture, that is a benefit of this cycle [30]. As there is a decrease in the concentration of 

ammonia in the remaining liquid, there is an increase of saturation temperature which makes greater compatibility 

to a waste heat source in comparison to evaporation of a pure substance (water/steam, hydrocarbons) at the 

constant temperature [37,38]. The working fluid is divided into different concentrations streams to provide a large 

amount of flexibility for heat recovery optimization as well as help the condensation process occur under greater 

pressure compared to atmospheric pressure.  

It is possible to improve continuously the Kalina cycle. The enhancement of component efficiencies has been paid 

attention in the currently published journals are reviewed in the following. Pinch point characteristics of the binary 

working fluid in both the evaporator and condenser were assessed by a method recommended in the study of Kim 

et al. [39]. A modification in the turbine effluent absorption system was conducted by Junye et al. [40] which then 

was compared to a conventional cycle arrangement. They concluded that the power recovery efficiency obtained 

between 16.6% and 39.8% with their modifications. KC systems employed a single vaporization and dual 

vaporization were compared by Guo et al. [41]. Their finding indicated that when inlet temperature of heat 

resource was at the range of 350°C to 400°C, the single pressure system had the lower power recovery efficiency 

compared to the dual-pressure system. In a triple-pressure Kalina cycle, based on results of a study, the parameters 

of the evaporator were optimized by Hua [42].  

Analysis of energy and exergy was taken place, and they presented optimal temperature of dew-point and 

corresponding energy recovery along with exergy efficiencies [43,44]. A split-cycle is proposed by Larsen et al. 

[45] in an effort for improving a traditional KC in terms of compatibility between the heat source and temperatures 
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of fluid, in which streams are split and mixed with various concentrations of ammonia to change the concentration 

of ammonia-water solution as evaporating. The genetic algorithm optimization method was developed for a multi-

variable and the observed results recommended that the thermal efficiency of the split-cycle process with the 

reheat usage was higher than the conventional KC (23.2% compared to 20.8%) [46]. 

Rankine cycle 

Rankine cycle (RC) is understood as the thermodynamic cycle in which heat energy is converted to mechanical 

work. The continuous evaporation and condensation during the operation are implemented by circulating working 

fluid. A basic RC power plant consists of four major ingredients: the vapor-generator (boiler + superheater), the 

expanding device (turbine), the condenser, and the feed-pump. In Figure 2 has illustrated the ingredients of the 

system arranged in order. Conventional techniques utilized in industrial waste heat recovery systems, cannot 

transform effectively the low-grade temperature heat from the exhaust to electrical power [47,48]. The topic that 

has been spoken about in this section is research on converting these low-grade temperature heat sources by 

utilizing the Rankine cycle. In order to create electricity from emission heat, there are many other types of 

thermodynamic cycles that have been suggested. They are called names such as Kalina, supercritical Rankine, 

organic Rankine, trilateral flash, and cycles of Goswami.  

In the last several years, many researchers have examined the similarities between organic Rankine cycles [49]. 

When utilizing Rankine cycle from emission and motor coolant, Pandiyarajan et al.[50] has noticed that the 

efficiency of a static internal combustion motor with the system of ORC and reach a 12% increased productivity. 

The ORC technique is utilized on the low-temperature fuel dual combustion motor for researching the emissions 

ability of WHR gas, the study has been implemented by Srinivasan et al. [51]. The study reaches positive results 

when the fuel economy improved by 7% and the amount of NOx and CO2 emissions decreased by 18%. Tahani, 

Javan, and Biglari [52] investigated two different Organic Rankine cycle configurations capable of simultaneously 

recovering waste heat from the emission gas and coolant of a 12L diesel motor: the primary objective of the 

optimization process was to archive maximum power generation and cycle thermal efficiency. A WHR has been 

delineated by Condle [53] as a system that recovers waste heat from the coolant and emissions systems and utilizes 

the things obtained for supplying the power to the Rankine cycle which uses that energy to squeeze and then ignite 

a stationary gas compression ignition engine [54-56].  

Yu et al. [57] demonstrated an ORC system capable of recovering waste heat from both motor emission gas and 

jacket water utilizing R245fa as the working liquid; they also examined the effect of evaporation pressure and 

motor conditions on the system's performance. Vaja and Gambarotta [58] have suggested three distinct heat 

recovery cycles for engines: a basic cycle using just motor exhaust gas, a simple cycle that gas of emission and 

engine cooling water used, and a regeneration cycle. Utilizing ORC system for the waste heat recovery of engines 

of marine diesel has been examined in the study of Song, Song, and Gu [2]. Two distinct ORC devices are built 

for collecting waste heat from both the cooling water of the jacket and the emission gas [59]. In order to select the 

suitable working liquid and determine the parameters optimize system, the highest net power output is used as the 

assessment criteria. Two ORC systems intended to use waste heat from both the sheath cooling water and the 

engine emission gas have been formatted for operating with R245fa and benzene as the working liquid. For the 

marine diesel engine, the total net power production was determined to get 101.1 kW, resulting in an efficiency 

increase of 10.2 %.  

Utilizing the shell cooling water as the preheating medium and the engine gas of emission for evaporation, a 

method efficiency for waste heat recovery is delineated. The system of ORC optimization recovery is indicated. 

The low-temperature shell cooling water is utilized to pre-heat the working liquid, while the high-temperature 

emission gas is employed to evaporate it. Two waste heat resources need a system of single ORC and an additional 

heat exchanger. With cyclohexane as the operating liquid, the optimized system's maximum net power production 

is 99.7 kW, just 1.4 percent less than the combined output of the two separated systems. For determining the 

optimum operating state, the effect of preheating temperature on the performance of the system is studied. The 

optimized system is subjected to conduct the economy and off-design analysis. According to the simulation 

findings, the improved system is a practicable technique and attractive economy [2,60]. A study by Larsen et al. 

[61] has been presented that the ORC system is one of the advisable techniques for changing the low-grade heat 

into electricity.  
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In order to use and make use of waste heat from both the shell coolant and the engine emissions, the ORC system 

is of very significant importance. This cycle has been demonstrated as transferring low-temperature heat to useful 

work. ORC is the most promising system due to it has been demonstrated to be a technique for energy conversion 

with a relatively simple electricity cycle that is flexible, efficient, and high reliability in using medium and low-

temperature heat resources. Many kinds of research on ORC have been conducted owing to its numerous 

advantages, which include the strong thermal performance at low temperatures, system simplicity, environmental 

considerations, and economic benefits [61-65]. The methods of waste heat recovery methods such as the Rankine 

cycle [66], flue gas heat fired boiler [67], thermal power production [68], production of electricity via turbine 

[69], refrigeration by using waste heat [70], can transform different kinds of wasted energy into other forms of 

accessible energy without increasing consumption or polluting the environment  [71]. In different kinds of sectors 

of the energy reuse process, these technologies are utilized.  

Because of the high efficiency and simple structure of the Rankine cycle, it is investigated widely by scientists 

and engineers. For proving the efficiency of this system in practice, Alshammari and Pesyridis [72] developed a 

tiny organic Rankine cycle (ORC) experimental test device for showing its efficacy by recovering waste heat 

motor from an engine for power production. 9 kW, 35% và 4% is the respective experimental results of the power 

generation, turbine productivity, and thermal efficiency of the system of ORC. Zhao et al. [73] used a particle 

swarm optimizer to do a global optimization of electricity production and fuel-saving, taking into account the 

cooperative impact of operation parameters on the entire system. 3,24% và 3,13% is the respective increase of 

power generation and brake-specific fuel consumption in the system. Although the Rankine cycle has used very 

efficient waste heat, many aspects need additional investigation by the scientist Rashid et al.[74]. Because of the 

air and water coolers for cooling low-temperature flow (<150 °C) in any system, large quantities of heat are 

wasted.  

According to Varga and Palotai [75], the study summarizes the research results for a partial replacement of an air 

cooler that cools a hydrocarbon flow from 130 to 70 degrees Celsius and Spreading 12.1 megawatts of heat into 

the environment via the use of Organic Rankine cycle (ORC) and Kalina systems. The results indicated that the 

heat energy (QH) retrieved in the evaporation system was between 8.0 and 8.6 MW for ORC utilizing i-pentane 

as the operating liquid and between 8.2 and 8.3 MW for the Kalina cycle. Within the design limits, the efficiency 

() of chosen systems was 10.0 % (WT= 862 kW) for ORC and 10.57 % (WT= 996 kW) for the Kalina cycle. 

CO2 exhaust decrease potentials estimated for the ORC system and Kalina systems were 2260 t/y and 2600 t/y, 

respectively, under favorable process case. The results indicated that the Kalina cycle increased efficiency and 

power production capability at the cost of better system pressure (29 bar to 7 bar). Economic estimates indicate 

that both systems have a payback period of about 5.0 years. 

 

Figure 2. Schematic of a simple Rankine cycle plant [27] 

In summary, the choice of operating liquid and system design is essential for achieving high thermal efficiency 

and making the most use of the given heat source. The temperature of emission gas onboard is about 200–500oC, 

whereas shell water is approximately 70–90oC. Both of the heat sources available for WHR are of medium and 
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low energy quality. For preventing the corrosion issues because of the low water-steam evaporator temperature, 

It makes sense to use the organic liquid in WHR for low-temperature heat sources because they evaporate at a 

lower temperature than water-steam phase transition. For vaporization of the operating liquid in the organic 

Rankine cycle needs less heat. Another major factor, as stated by Shu et al. [62], is that the greatest efficiency and 

electricity output are often achieved by recovering energy from medium temperature heat sources by utilizing a 

suitable organic liquid instead of water in the Rankine cycle. While water or steam is still currently the primary 

operating liquid for RC systems on vessels, utilizing organic fluids has significant future promise. 

CONCLUSION 

For a conventional vessel, the heat load is negligible compared to the available waste heat, leaving a large amount 

of thermal energy unused. WHR can use the remaining waste heat to convert heat energy into mechanical or 

electrical energy, which can then meet the demand for propulsion and auxiliary machines with no additional fuel 

costs and no CO2 emissions. The highest total efficiency is 60% for the fuel energy used on the main diesel engines 

on board. Other studies, most of which predict based on energy analysis, can achieve fuel savings of 4-16% for a 

medium-range tanker using WHR. The use of KC and RC cycles to utilize waste heat on board has brought about 

the above effects. KC is adaptable and flexible for WHR both for full-load and part-load engine operations. On 

the other hand, technologies like ORC and SCRC also offer greater recovery efficiency values while RC is a safe 

and reliable technology. This paper has elucidated the characteristics of KC and RC, thereby demonstrating the 

potential use of this WHR on heavy ships.  
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