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Abstract

:

Dual fuel engines with LNG as fuel have become a feasible solution for ship power units in the current situation, but their fuel efficiency needs to be further enhanced to meet the increasingly stringent emission requirements. This paper designs a dual-loop system, including a supercritical CO2 power cycle and a thermally driven ejector refrigeration cycle, for recovering the exhaust gas and charge air heat of a marine dual fuel engine. The models of the waste heat recovery system, the evaluation indicators of the combined system, and the genetic algorithm optimization program are developed. Compared to the standalone machine, the waste heat recovery system can improve by about 9.3% of the engine’s fuel efficiency. The performance analysis shows that the ejector contributes to the highest share of exergy destruction and accounts for approximate 53% of the refrigeration cycle. There are optimal values for the compressor inlet temperature of about 8.1 MPa and for the turbine inlet temperature of about 305 °C. Finally, after optimization, the specific fuel consumption, fuel efficiency, and CO2 emissions of the combined system are around 137.9 g/kWh, 53.3%, and 537.4 g/kWh, respectively. It provides a feasible solution in which the charge air cooler can be wholly replaced by the ejector refrigeration cycle.
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1. Introduction


Global industry is expected to bring about technological change to prevent environmental pollution and global warming crises, as well as to address fluctuating fuel prices [1]. For the international transportation industry, there is no other more dominant mode than shipping, as almost 80–90% of all international cargo is transmitted by sea [2]. The greenhouse gas (GHG) emissions from the shipping industry account for more than 4.3% of global emissions [3]. On the other hand, to mitigate the impact of shipping on the environment, the International Maritime Organization (IMO) has proposed the Energy Efficiency Design Index (EEDI) to demand fuel efficiency on new and existing vessels [4]. Therefore, marine energy conservation and emissions reduction are serious issues that must be addressed sooner rather than later.



Marine diesel engines have been widely applied on vessels as the prime movers for propulsion and auxiliary genset [5]. The use of alternative fuels, such as methanol [6], ethanol [7], and hydrogen, in marine engines is an essential option to reduce shipboard emissions. However, due to safety concerns and cost effectiveness problems, they do not seem to be preferable currently [8]. Liquefied natural gas (LNG), as a relatively clean fossil fuel, is becoming the transition fuel on the path to zero-carbon ships [9]. Compared with traditional marine fuels, it is an effective way to save fuel consumption and mitigate environmental pollution. It hardly produces any SOX emissions and significantly reduces NOX emissions, and there is also an elimination of around 25% in carbon dioxide (CO2) emissions [8]. Therefore, LNG-fueled ships equipped with marine dual fuel engines have developed rapidly in recent years [10]. However, there is no single route to fully decarbonizing the maritime industry. Because marine engines with LNG as fuel cannot meet the 50% CO2 emissions reduction target without further improvement, a multifaceted response is required [11].



For a heavy-duty marine engine, about half of the fuel energy input is discharged into the environment from waste heat (e.g., exhaust gas, charge air, and jacket water) [12]. Accordingly, waste heat recovery (WHR) technology has been recognized as one of the most efficient ways to improve an engine’s fuel efficiency and reduce CO2 emissions for vessels [13]. On the other hand, compared to automotive applications, marine engines have a more stable operating profile. Thus, the relatively stable waste heat is easier to recover [14]. Under these circumstances, the thermodynamic cycle, as the bottoming cycle of marine engines, has been studied extensively [15]. The single-pressure steam Rankine cycle (SRC) has been studied to replace the exhaust steam boiler for harvesting the exhaust gas heat of marine engines. Uusitalo A et al. [16] adopted the SRC with four stages of a 1 MW-scale radial outflow turbine for exhaust gas heat recovery in cruise ships. Liang et al. [17] considered using the engine jacket water to preheat the pump outlet working fluid of an SRC to increase its output power. Liu et al. [18] utilized an SRC with the engine jacket water as its working fluid to reclaim the exhaust gas heat, and they found that the fuel efficiency of the marine engine can be boosted by more than 2.5% at 100% engine load.



As the space of a ship’s cabin is limited and the exhaust gas temperature of the low-speed turbocharged marine diesel engine is relatively low, some scholars consider the organic Rankine cycle for its waste heat recovery. Song et al. [19] compared two separated ORC with a single ORC for the simultaneous recovery of the exhaust gas and jacket water waste heat of a marine engine. Their conclusion showed that the output work of the dual-loop ORC is 1.4% higher than the single cycle. Zhu et al. [20] carried out a thermoeconomic analysis of a combined system integrated with a turbocharged marine diesel engine and an ORC. Sung T and Kim K C [21] designed a dual-loop ORC for recovering the energy of the engine exhaust gas, jacket water, and LNG cold, and they concluded that the system could improve the power output of the marine dual fuel engine by 5.17%. An integrated dual-loop ORC for extracting a marine engine exhaust gas heat was proposed by Civgin M G and Deniz C [22]. The results showed that when the working fluids of the dual loop are cyclohexane and R1234ze, the output performance of the WHR system is best.



The temperature of the dual fuel engine exhaust gas in the gas fuel mode is relatively higher than that in the liquid fuel mode, even after the turbocharger, due to the natural gas having a much higher flash point than diesel. The use of ORC to directly recover the exhaust gas heat has the risk of decomposing the working fluids [23]. The supercritical CO2 power cycle (SCPC) has the characteristics of thermal stability, high efficiency, compactness, and economy. In recent years, it has been widely employed for the waste heat recovery of internal combustion engines [24]. Zhang et al. [25] conducted a thermodynamic optimization of their own designed SCPC for utilizing engine exhaust heat. Li et al. [26] analyzed the off-design performance of an SCPC for recovering the jacket water and exhaust gas heat based on the engine’s operational profile. For the efficient harvest of the waste heat of an internal combustion engine’s jacket water and exhaust gas, Song et al. [23] upgraded a preheating SCBC and proved that it could improve the output work by 7.4%. Dedicated to saving the fuel consumption of an ocean-going vessel, Pan et al. [27] employed an SCPC with a recompression layout for exhaust gas waste heat utilization. Through optimization, they stated that the SCPC could enhance the engine efficiency by 3.23%. However, when the heat source temperature was lower, the recuperative layout of an SCPC with a simple structure proved to have a better waste heat recovery performance than the recompression cycle.



To meet the multiple energy requirements of electricity and cooling capacity, some scholars considered the integrated cooling and power system driven by engine waste heat. Wu et al. [28] performed a thermodynamic analysis of an engine cooling water heat-driven absorption refrigeration cycle (ARC) to enhance the performance of an SCPC driven by the exhaust gas heat, and they stated that the SCPC’s cycle efficiency can be raised by at least 9.8%. Xia et al. [29] employed an SCPC and a thermally driven ejector refrigeration cycle (TERC) for engine exhaust gas waste heat cascade utilization. Huang et al. [30] adopted an SCPC and an ORC combined cycle and a TERC to recover the energy carried by cooling water and flue gas, which are not utilized by an engine. Wu et al. [31] designed an SCPC and an absorption refrigeration cycle combined system to harvest the engine exhaust gas waste heat. For marine applications, Wang et al. [32] proposed four combined SCPC and ARC systems driven by marine diesel engine exhaust gas. They compared the performance of these systems and stated that the capital payback period of the best case is 6.85 years. Among these two thermal-driven refrigeration systems, due to the ARC having the disadvantages of high investment cost, large size, and corrosivity, the more inexpensive and compact TERC is recommended for shipboard waste heat recovery [15].



From the perspective of the marine engine waste heat type, most of the studies mentioned above focus on exhaust gas and jacket water heat utilization. However, for large-scale marine engines, the waste heat of jacket water is inferior to the charge air heat in terms of energy quantity and quality. Figure 1 displays the heat balance of a marine engine under full load [12]. It can be seen that the exhaust gas and charge air heat together account for more than 80% of the engine waste heat and 42% of the fuel energy. These two types of waste heat have the most valuable recovery potential for the marine engine’s fuel efficiency improvement. On the other hand, from the viewpoint of energy output type, few studies simultaneously consider the shipboard electricity and cooling capacity requirements.



In this study, in order to meet the increasingly stringent emission requirements, a combined WHR system including an SCPC and a TERC is proposed for improving the overall energy efficiency of a marine dual fuel engine. In addition, the marine engine main waste heat of exhaust gas and charge air is set as the source of energy recovery, and the target needs of marine refrigeration and power are considered. Therefore, the WHR system is designed to harvest the main waste heat of the engine for shipboard power augmentation and refrigerating capacity production, which are needed the most. The motivation and purpose of this work are also demonstrated in Figure 1. The detailed mathematical model of the proposed WHR system is built with the corresponding evaluation indicators and the optimization strategy. Firstly, the dual fuel engine and WHR combined system is compared with the standalone engine from the viewpoints of the thermodynamic, economic, and environmental aspects. The exergy destruction and exergetic efficiency are analyzed for the two cycles at the component level. Then, a detailed parametric study is performed. Finally, the system is optimized to maximize the overall system performance.




2. System Conceptual Design


2.1. Subsection Marine Dual Fuel Engine


The MAN L35/44DF turbocharged engine manufactured by MAN B&W is selected for marine electrical propulsion. The main parameters of the marine dual fuel engine under 100% load with the LNG as its fuel are shown in Table 1. In fact, the mass flow of the exhaust gas and charge air are not much different. Their heat capacities are all approximately 1.0–1.1 kJ/(kg·K); so, the amount of heat available depends on their temperature interval. All the charge air heat from 196 to 50 °C can be harvested, while the exhaust gas can only be utilized to about 120 °C, due to the limit of the dew point and the consideration of buoyancy to disperse the exhaust gas plume [33].




2.2. Proposed System Description


Considering that the jacket cooling water (about 90 °C) is an ideal heat source for district heating and seawater desalination, the proposed WHR system for the marine dual fuel engine is designed by utilizing the exhaust gas and charged air heat for power augmentation and refrigeration. Figure 2 displays the flowchart of the marine dual fuel engine with the proposed WHR system. The flue gas exhaust heat with a relatively high temperature is directly extracted by a recuperative SCPC since there is no need for an exhaust after-treatment system. Given the relatively low temperature of the charged air heat, which does not pose a risk to the organic working fluids, the TERC is used to convert the air waste heat into cooling capacity. Clearly, the SCPC consists of a gas heater, a recuperator, a turbine (T), a compressor (C), and a gas cooler. In addition, the TERC system comprises a generator, an ejector, a pump, a value, an evaporator, and a condenser.



The operation of these two cycles can be seen with the help of the TS diagram presented in Figure 3. In the SCPC, the compressor first compresses the low-temperature CO2 stream before allowing it to enter the recuperator, where it is heated by the exhaust heat from the turbine outlet. Then, it flows into the heater and continues to be heated by the dual fuel engine exhaust gas. After that, the CO2 steam expands in the turbine to the output power, and the exhaust CO2 releases heat in the recuperator hot side. Finally, the cooling water exchanges heat with it and cools it to near its critical temperature. In the TERC, R245fa (widely used in power cycles for marine engine WHR) with 0 ozone depletion potential is employed as the refrigerant. The working fluid is separated into two streams at the condenser outlet. After the first part is compressed by the pump, it enters the generator to recover the engine charge air waste heat. Then it flows into the ejector as the primary stream. While the second part is depressurized by the throttle valve and then it enters the evaporator to output cooling capacity. The evaporator outlet refrigerant is sucked into the ejector as the secondary flow. These two parts of the stream converge in the ejector and flow into the condenser together.



Several reasonable assumptions are adopted to simplify the calculation of the proposed system: (1) the WHR system reaches a steady state; (2) the pressure drops and the heat loss in the pipes can be overlooked; (3) the adiabatic efficiency of the fluid machinery remains unchanged; and (4) the potential and kinetic energy can be neglected.





3. Modeling and Method


The model of the proposed WHR system is built on the MATLAB platform. In addition, the thermal property parameters of the working fluids are obtained by embedding the REFPROP database.



3.1. Energy and Exergy Model


Based on the conservation of mass and energy as follows, the steady-state model of each component in the WHR system can be obtained, as listed in Table 2.


  ∑   m ˙   in , k   = ∑   m ˙   out , k    



(1)






  ∑   Q ˙  k  + ∑   m ˙   in , k      h  in , k   +    u  in , k  2   2    = ∑   W ˙  k  + ∑   m ˙   out , k      h  out , k   +    u  out , k  2   2     



(2)







The effectiveness of the recuperator in the SCPC is defined as follows:


   ε  r e c   =    h E  −  h F     h E  −  h  B , t      



(3)







The structure of the ejector in the TERC is depicted in Figure 4. Its detailed model is built, as shown in Table A1 of Appendix A, on the premise of the following assumptions: (1) the pressure drop inside the ejector is negligible; (2) the inlet velocities of the primary and secondary flows can be neglected; (3) the mixing process of the two flows is assumed to be isobaric; and (4) the ejector internal energy losses are modeled by the nozzle, mixing, and diffuser efficiency.



To give information about the system’s irreversibility and reveal the exergy rate lost in each component, the exergetic balance equation of each component in the proposed WHR system is built and written in the following form:


    E ˙   F , k   −   E ˙   P , k   =   E ˙   D , k   +   E ˙   L , k    



(4)







Due to the chemical exergy of the pure working fluid, the thermodynamic cycle can be ignored, and the exergy rate of each state point can be expressed as follows. The exergy balance equations of each component can be calculated as shown in Table 3.


    E ˙  i  =   m    ˙       h i  −  h 0    −  T 0       s i  −  s 0       



(5)








3.2. System Evaluation Indicators


In order to assess and optimize the proposed marine engine and WHR combined system, some evaluation indicators for the SCPC, the TERC, and the combined system are adopted. For the SCPC, its net power output, cycle thermal efficiency, and exergy efficiency are expressed as:


    W ˙   net , SCPC   =   W ˙   tur   −   W ˙   com    



(6)






   η  th ,    SCPC    =   W ˙    sCO 2    /   m ˙   gas      h  g 1   −  h  g 2      



(7)






   η  ex ,    SCPC    =   W ˙    sCO 2    /   m ˙   gas      e  g 1   −  e  g 2      



(8)







For the TERC, the COP (coefficient of performance) is expressed as:


  C O  P  TERC   =   Q ˙   eva   /     Q ˙   gen   +   W ˙   pum      



(9)







The COP of the electrically driven refrigeration system (COPequ) is used to treat the TERC cooling capacity in the same order of magnitude as the power generation [34], and then, the contribution of the TERC can be easily compared with the engine and the SCPC. The equivalent power generation is described as:


    W ˙   equ , eva   =   Q ˙   eva   / C O  P  equ    



(10)







For the engine and WHR combined system, the equivalent total electricity output and the engine’s fuel efficiency can be calculated as:


    W ˙   tot , equ   =   W ˙   engine   +   W ˙   net , SCPC   +   W ˙   equ , eva   −   W ˙   pum    



(11)






   η  fuel   =   W ˙   tot , equ   /     m ˙   fuel   ∗ LHV    



(12)







The electrical efficiency and primary energy rate (PER) are employed to reflect the role of the refrigeration system from an intuitive point of view.


   η  ele   =     W ˙   engine   +   W ˙   net , SCPC   −   W ˙   pum     /     m ˙   fuel   ∗ L H V    



(13)






  P E R =     W ˙   engine   +   W ˙   net , SCPC   +   Q ˙   eva   −   W ˙   pum     /     m ˙   fuel   ∗ L H V    



(14)







The specific fuel consumption (SFC) and specific CO2 emission (SCE) are used to evaluate the system from the economic and environmental viewpoints.


  S F C =   m ˙   fuel   /   W ˙   tot , equ    



(15)






  S C E =   m ˙    co 2  , emi   /   W ˙   tot , equ    



(16)









4. System Design and Optimization Method


4.1. System Design Parameters


The system’s design parameters include two parts. Some of these parameters (e.g., the compressor isentropic efficiency) are based on the current technology of the equipment design. In contrast, other parameters are relevant to the proposed system and have to be optimized later, such as the turbine inlet temperature.



The exhaust gas is modeled as a blend, considering the mean value of the main components (i.e., N2, O2, H2O, and CO2), based on the measured composition shown in Table A2 of Appendix A. The mass fraction of the exhaust gas can be obtained: N2 = 73.13%, O2 = 13.86%, H2O = 4.53%, CO2 = 8.48%. Then, the thermal physical parameters of the exhaust gas can be obtained with REFPROP. The COP of the traditional electrically driven shipboard refrigeration system is about 3.9 [35]; thus, a conservative value of it, equal to 4.0, is employed in Equation (10). The values of the other input parameters for the proposed WHR system are presented in Table 4.




4.2. Optimization Strategy


The system performance is sensitive to the system operating parameters; so, it is necessary to optimize them to maximize the system performance. The decision variables considered in the proposed system are the compressor inlet pressure and pressure ratio, the turbine inlet temperature, the recuperator effectiveness, the generating temperature, and the pinch point temperature (PPTD) in the generator.



The equivalent total electricity output is set as the single objective function to optimize the proposed system because it can comprehensively evaluate the system performance and is related to the engine’s fuel efficiency and specific fuel consumption (which is proportional to the carbon dioxide emissions).



The genetic algorithm (GA) is a widely used optimization method in the thermodynamic system; it is based on natural genetics and searches for global optimum solutions [36]. In this work, the GA is adopted to find the maximum value of the equivalent total electricity output of the combined system. Its tuning parameters are listed in Table 5.





5. Results and Discussion


In this section, the system comparison, component exergy analysis, parametric study, and system optimization are performed. The system performance comparison and exergy analysis are based on the design condition. In the parametric study, when the selected parameters are analyzed, the rest remain the same. Finally, the system optimization is based on the reasonable parameter ranges obtained from the parametric study.



5.1. System Performance Comparison


The performance, from the perspective of thermodynamic, economic, and environmental aspects, of the single marine dual fuel engine and the proposed combined system is displayed in Table 6. As can be seen, the total output power of four MAN L35/44DF marine dual fuel engines with a fuel efficiency of 48.58% is 12.72 MW. With the LHV of the LNG being 50,047 kJ/kg, the specific fuel consumption is 148.06 g/kWh. When the proposed WHR system is combined, the temperature of the exhaust gas, utilized by the SCPC, is reduced from 365 to 180.44 °C. On the other hand, the charge air with a temperature of 196 °C is harvested by the TERC, and the temperature is reduced to 51.55 °C, which is close to the required temperature of 50 °C. It demonstrated that the TERC has the potential to recover the charge air heat adequately. After further optimization, the air cooler will not be required, i.e., it will be replaced by the generator of the TERC. By integrating with the proposed WHR system, 886.45 kW power and 1169.79 kW cooling capacity are produced; thus, the electrical efficiency and the PER of the system are increased to 51.97 and 56.77%, respectively.



Integrating with the suggested WHR system results in the production of 886.45 kW of electricity and 1169.79 kW of cooling capacity, raising the system’s electrical efficiency and the PER to 51.97 and 56.77%, respectively. The charge air heat recovery’s contribution to these two efficiencies is what makes them different. Using the COP of the marine electrically driven refrigeration system to equate the cooling capacity to the electric, the equivalent total electricity output is increased from 12,720 to 1389.89 kW. Therefore, the fuel efficiency has increased from 48.58 to 53.09%, with a growth rate of 9.27%. Similarly, the specific fuel consumption is reduced from 148.06 to 135.50 g/kWh, and the corresponding fuel saving is 12.56 g/kWh. The results of the comparison illustrate the superiority of the proposed WHR system for the marine engine.




5.2. System Exergy Analysis


In an attempt to locate and quantify the irreversibility of the thermal processes in the proposed WHR system, the exergy analysis at the component level is carried out, and the results are listed in Table 7. These results are also displayed in Figure 5 to reveal the operating condition of the components more clearly. Clearly, the ejector has the highest irreversible loss rate of 369.41 kW in the overall WHR system, with a relatively low exergy efficiency of 38.67%. In contrast, the pump and the value have the smallest exergy destruction rate; their values are 3.81 and 10.76 kW, respectively. On the other hand, although the exergy efficiencies of both the heater and the pump are relatively high (more than 80%), the heater has about 50 times the exergy destruction rate of the pump. The main reason for this phenomenon is that the work consumed by the pump is much less than the heat load of the heater.



Figure 6 shows the exergy destruction ratio of each component in the SCPC and TERC subsystems. The recuperator has the most significant exergy destruction ratio of 29.9% in the SCPC. In the TERC, the ejector’s exergy destruction ratio, at 53.1%, is the highest among the other components. The reason for the former is that the CO2 power cycle has a sizeable regenerative load, and the temperature difference at the hot end of the recuperator is large due to the mismatch of the heat capacity of the CO2 in the cold and hot path. The latter is due to the primary flow of the ejector having absorbed the charge air waste heat at a higher generating temperature. After entering the ejector, its temperature is reduced to close to the ambient temperature. So, from the viewpoint of exergy, the quality of a large amount of high-grade energy is reduced. Therefore, a more efficient recuperator and ejector can be used to improve the proposed WHR system performance further, if technical and economic conditions permit.




5.3. Parametric Study


The thermodynamic system performance is susceptible to its operating parameters. Thus, it is imperative to analyze the influence of the parameters on the SCPC and the TERC system.



5.3.1. Parametric Study of the SCPC


The compressor process is close to the critical point of carbon dioxide, where the thermophysical properties of the working fluid will change drastically. Thus, the thermodynamic performance of the SCPC is sensitive to the compressor inlet condition. The compressor inlet condition temperature is usually limited by the cooling water temperature; so, the turbine inlet pressure and the compressor pressure ratio are chosen as the independent variables. The variation of the cycle thermal efficiency, the exergy efficiency, the and net power output of the SCPC is studied, and the results are shown in Figure 7.



Referring to Figure 7a, at a specific pressure ratio, as the compressor inlet temperature increases, the thermal efficiency first increases rapidly. The growth trend gradually levels off when the inlet pressure exceeds about 7.8 MPa. The reason is that as the inlet pressure increases, the turbine outlet pressure increases more rapidly; so, the enthalpy differences before and after the turbine and compressor all increase. Additionally, the growth of the enthalpy difference of the turbine is higher than that of the compressor; so, the cycle thermal efficiency gradually increases. When the inlet pressure exceeds 7.8 MPa, the effect of the compressor is more significant; so, the growth trend becomes slower. From the perspective of the fixed turbine inlet pressure, the cycle efficiency increases gradually as the pressure ratio increases. Still, at lower compressor inlet pressure conditions, the cycle efficiency basically remains unchanged. This is because, at this time, the roles of the compressor and turbine are relatively offset.



It can be observed from Figure 7b,c that the SCPC’s net power output and exergetic efficiency all perform a similar changing trend to the thermal efficiency, but when the compressor inlet pressure is around 8.1 MPa, the system output performance is the best. This is primarily a subtle effect of changes in the heat input. However, the heat and thermal exergy input to the system change simultaneously; so, the exergy efficiency follows the same trend as the thermal efficiency, except that the exergy efficiency is more than twice as high as the thermal efficiency.



In the same way, the influence of the turbine inlet temperature and recuperator effectiveness as another two key parameters of the SCPC are analyzed. To more clearly examine the impact of these two parameters on the system power production, which is significant in the evaluation of the combined system performance, the variation of the gas discharge temperature (Tg2) is shown to reflect the variation of the heat input to the power cycle. These results are demonstrated in Figure 8.



Referring to Figure 8a, the thermal efficiency of the power cycle increases steadily with the recuperator effectiveness (RE) and the turbine inlet temperature (T4). On the one hand, as the turbine inlet temperature increases, the enthalpy difference between the turbine inlet and outlet increases. On the other hand, with the increase in RE, the CO2 stream at the compressor outlet is preheated to a higher temperature by the exhaust CO2 of the turbine; so, the enthalpy difference of the CO2 before and after the heater decreases. Referring to Figure 8b, the Tg2 increases with the increase in RE, and this means less heat input to the system. This is due to the pinch point occurring at the cold end of the heater. The increase in RE leads to an increase in the heater inlet CO2 temperature, which in turn leads to an increase in Tg2. In addition, the increase of T4 leads to an increment of Tg2, which is because the temperature of the turbine outlet exhaust CO2 increases.



The combined effect of thermal efficiency and heat input to the system results in a change in the net power generation, as shown in Figure 8c. The power generation of the power cycle gradually increases with the improvement of the effectiveness of the recuperator. On the other hand, with the increment of T4, the output work first increases and then decreases. Accordingly, there is a peak value of T4 of about 305 °C that maximizes the net power output.




5.3.2. Parametric Study of the TERC


Similarly, the parameters of the TERC can also significantly affect its system output performance or, more precisely, the cooling capacity. As the condensation and evaporation temperature are limited by the user-side demand and the external environment, the influence of the generating temperature (Tgen) and the pinch point temperature difference of the generator (PPTDgen) is explored, as presented in Figure 9.



Referring to Figure 9a, the COP of the TERC system does not change with PPTDgen but increases monotonically with Tgen. The reason for this phenomenon is that the COP, as the performance of the cycle itself, does not change with external conditions. The increase in Tgen results in an increase in the temperature of the primary flow of the ejector, which can entrain more secondary flow. The variation of the charge air cooler inlet temperature (Ta3) with the two variables is shown in Figure 9b. When the PPTDgen is greater than 10 °C, as the generating temperature increases, Ta3 increases first and then decreases. It means that the charge air waste heat can be recovered more efficiently at high and low generating temperatures. When the PPTDgen is lower than 10 °C, Ta3 can be reduced to 50 °C at different generating temperature conditions, and the charge air cooler can be entirely replaced by the evaporator. As the pump consumes less power, the change in COP is primarily caused by the combined action of the above two indicators. As shown in Figure 9c, when the Tgen is high, and the PPTDgen is low (yellow area in the figure), the cooling capacity of the TERC reaches the maximum value of 1348.85 kW. The cooling capacity at this condition is much greater than that under the design conditions (1169.79 kW), highlighting the need for optimization work.





5.4. System Optimization


In the parametric study, the influence of the key parameters was analyzed by fixing the remaining parameters as unchanged; in addition, the selected parameter interval cannot be infinitely small. Therefore, the peaks appearing in the figure are at most local optimal solutions. In this section, the GA is utilized to find the globally optimal solution of the operating parameters in the proposed WHR system. The reasonable value of the boundary conditions, as confirmed by the parametric study, is presented in Table 8.



The system optimization results, the optimum value of the decision variables, and the corresponding system performance are listed in Table 9. It should be noted that the optimum values of the compressor pressure ratio, the recuperator effectiveness, and the generating temperature appear on the boundary. At the same time, the other three parameters have optimal solutions within the boundary conditions. Under optimal conditions, the charge air waste heat can be wholly absorbed, and the air cooler can be omitted. The temperature of the exhaust gas is reduced to 179.90 °C, which is just right as the heat source for the shipboard heat recovery steam generator (HRSG). Therefore, an additional 906.74 kW power and 1349.01 kW cooling capacity are produced. From the perspective of the whole system (i.e., the marine dual fuel engine combined with the proposed WHR system), the total equivalent total power output, fuel efficiency, specific fuel consumption, and specific CO2 emission are 13.96 MW, 53.33%, 137.87 g/kWh, and 537.44 g/kWh, respectively.



To intuitively show the practicability of the proposed WHR system and reveal the more precise operation condition obtained by the optimization, Figure 10 displays the performance of the marine engine without the WHR system and the combined system performance in the design and optimum results. As can be seen, compared with the single marine dual fuel engine, the overall performance of the proposed integrated system is improved by 9.27% under the design conditions. After optimization, the system performance improvement rate is 9.78%. Specifically, the engine’s fuel efficiency increased by 4.75 percentage points, which is equivalent to a fuel saving of 13.19 g/kWh and a reduction in CO2 emissions of 52.56 g/kWh.





6. Conclusions


This paper focused on improving the fuel efficiency of a marine dual fuel engine manufactured by MAN B&W by recovering the exhaust gas and the charge air waste heat. A supercritical CO2 Brayton cycle with recuperative layout and a thermally driven ejector refrigeration cycle were employed to harvest the exhaust gas and charge air heat, respectively. The evaluation, from multiple perspectives, and the optimization were conducted to investigate the system performance and prove its feasibility. The main conclusions are summarized below:




	(1)

	
Compared with the single marine dual fuel engine, the performance of the proposed combined system is improved by about 9.27% under the design condition. At this time, the temperature of the charge air is reduced to approximately 52 °C, and an air cooler with a small cooling load is still required.




	(2)

	
The results of the system exergy analysis demonstrate that the pump and the throttle value have the lowest exergy destruction rate in the combined system. The ejector and the recuperator contribute to the highest share of exergy destruction, accounting for around 53% and 30% of their respective cycles.




	(3)

	
A detailed parametric study was carried out to explore the influence of the operating parameters on the system performance. The results indicate that there are optimal values for the inlet pressure of the compressor and the inlet temperature of the turbine.




	(4)

	
With the total equivalent power as the objective function, the system optimization was conducted. The results confirmed that the fuel efficiency, specific fuel consumption, and CO2 emissions of the combined system were approximately 53.3%, 137.9 g/kWh, and 537.4 g/kWh, respectively, which have better economic and environmental benefits. Meanwhile, the charge air cooler can be completely replaced by the generator of the ejector refrigeration cycle.
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Table A1. One-dimensional ejector model based on energy and momentum conservation.






Table A1. One-dimensional ejector model based on energy and momentum conservation.










	Section
	Parameter
	Formula





	Suction chamber
	Entrainment ratio
	   μ =     m ˙   s f       m ˙   p f     =      η n   η m   η d     h  p f , n i   −  h  p f , n e , s        h  m f , d , s   −  h  m f , m       − 1   



	
	Isentropic efficiency of nozzle
	    η n  =    h  p f , i   −  h  p f , o      h  p f , i   −  h  p f , o , s       



	
	Velocity of primary flow
	    v  p f , o   =   2  η n     h  p f , i   −  h  p f , o , s         



	Mixing section
	Mixing efficiency
	    η  m f   =    v  m f  2     v  m f , s  2      



	
	Velocity of mixed flow
	    v  m f   =    v  p f , o     1 + μ      η  m f       



	
	Enthalpy of mixed flow
	    h  m f   =    h  p f , i   + μ  h  s f , i     1 + μ   −    v  m f  2   2    



	Diffuser
	Diffuser efficiency
	    η  d f   =    h  d f , s   −  h  m f      h  d f   −  h  m f       



	
	Enthalpy of flow at the diffuser exit
	    h  d f   =  h  m f   +    v  m f  2   2    



	
	Quality of vapor at the ejector exit
	    x  d f   =  1  1 + μ     
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Table A2. Composition of the dual fuel engine exhaust gas.






Table A2. Composition of the dual fuel engine exhaust gas.





	Composition
	Content (g/kWh)
	Assumption (g/kWh)
	Mass Fraction (%)





	N2
	5020–5160
	5090
	73.13



	O2
	900–1030
	965
	13.86



	H2O
	260–370
	315
	4.53



	CO2
	560–620
	590
	8.48



	SOX
	0.07
	0
	-



	NOX
	0.07–0.15
	0
	-



	HC
	0.04–0.1
	0
	-



	CO
	0.006–0.0011
	0
	-



	Inert gases
	0.9
	0
	-
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Figure 1. Heat balance diagram of the marine engine with the motivation and purpose of this work. 
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Figure 2. This schematic diagram of the proposed WHR system for marine dual fuel engine. 
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Figure 3. The temperature–entropy figure of the two thermally driven cycles. 
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Figure 4. The structure and internal pressure change of the ejector in TERC. 
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Figure 5. The influences of compressor inlet pressure and pressure ratio on the performance of the SCPC. 
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Figure 6. The exergy destruction ratio of components in the two cycles: (a) SCPC; (b) TERC. 
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Figure 7. The influences of compressor inlet pressure and pressure ratio on the performance of the SCPC: (a) thermal efficiency; (b) exergy efficiency; (c) net power output. 
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Figure 8. The effect of recuperator effectiveness and turbine inlet temperature on the performance of the SCPC: (a) thermal efficiency; (b) gas discharge temperature; (c) net power output. 
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Figure 9. The influences of generating temperature and PPTD of the generator on the performance of the TERC: (a) COP; (b) outlet air temperature; (c) cooling capacity. 
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Figure 10. Genetic algorithm for optimizing the engine with WHR system. 
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Table 1. The selected marine dual fuel engine’s main parameters of its gas fuel mode.
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	Parameter
	Unit
	Value





	Cylinder
	/
	6 L



	Rotation speed
	Rpm
	750



	Engine output
	kW
	3180



	Specific fuel consumption
	kJ/kWh
	7410



	Engine efficiency
	%
	48.58



	Exhaust gas temperature
	°C
	365



	Exhaust gas mass flow
	kg/kWh
	5.79



	Charge air temperature
	°C
	196



	Air cooler outlet temperature
	°C
	50



	Charge air pressure
	Bar
	3.86



	Charge air mass flow
	kg/kWh
	5.63
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Table 2. Energy models of each component in the proposed WHR system.
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	Cycle
	Component
	Energy Balance Equation





	
	Heater
	     Q ˙   hea   =   m ˙   gas      h  g 1   −  h  g 2     =   m ˙    CO 2       h 4  −  h 3      



	
	Turbine
	     W ˙   tur   =   m ˙    CO 2       h 4  −  h 5    =   m ˙    CO 2       h 4  −  h  5 s      η  tur     



	SCPC
	Recuperator
	     Q ˙   rec   =   m ˙    CO 2       h 5  −  h 6    =   m ˙    CO 2       h 3  −  h 2      



	
	Cooler
	     Q ˙   coo   =   m ˙    CO 2       h 6  −  h 1    =   m ˙   cw      h 8  −  h 7      



	
	Compressor
	     W ˙   com   =   m ˙    CO 2       h 2  −  h 1    =   m ˙    CO 2       h  2 s   −  h 1    /  η  com     



	
	Generator
	     Q ˙   gen   =   m ˙   air      h  a 1   −  h  a 3     =   m ˙   pf      h  13   −  h  10       



	
	Ejector
	     m ˙   pf    h  13   +   m ˙   sf    h  29   =     m ˙   pf   +   m ˙   sf      h  16     



	TERC
	Condenser
	     Q ˙   con   =     m ˙   pf   +   m ˙   sf        h  16   −  h 9      



	
	Value
	    h 9  =  h  19     



	
	Evaporator
	     Q ˙   eva   =   m ˙   sf      h  19   −  h  18       



	
	Pump
	     W ˙   pum   =   m ˙   pf      h  10   −  h 9    =   m ˙   pf      h  10 s   −  h 9    /  η  pum     
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Table 3. Exergetic balance equations of each component in the proposed WHR system.
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	Cycle
	Component
	Exergy Destruction
	Exergy Efficiency





	
	Heater
	     E ˙   g 1   −   E ˙   g 2   −     E ˙  4  −   E ˙  3      
	       E ˙  4  −   E ˙  3    / (   E ˙   g 1   −   E ˙   g 2   )   



	
	Turbine
	     E ˙  4  −   E ˙  5  −   W ˙   tur     
	     W ˙   tur   /     E ˙  4  −   E ˙  5      



	SCPC
	Recuperator
	     E ˙  5  −   E ˙  6  −     E ˙  3  −   E ˙  2      
	       E ˙  3  −   E ˙  2    /     E ˙  5  −   E ˙  6      



	
	Cooler
	     E ˙  6  −   E ˙  1  −     E ˙  8  −   E ˙  7      
	       E ˙  8  −   E ˙  7    /     E ˙  6  −   E ˙  1      



	
	Compressor
	     W ˙   com   − (   E ˙  2  −   E ˙  1  )   
	       E ˙  2  −   E ˙  1    /   W ˙   com     



	
	Generator
	     E ˙   a 1   −   E ˙   a 3   −     E ˙   13   −   E ˙   10       
	       E ˙   13   −   E ˙   10     /     E ˙   a 1   −   E ˙   a 3       



	
	Ejector
	     E ˙   13   +   E ˙   19   −   E ˙   16     
	     E ˙   16   /     E ˙   13   +   E ˙   19       



	TERC
	Condenser
	     E ˙   16   −   E ˙  9  −   E ˙   21     
	     E ˙   21   /     E ˙   16   −   E ˙  9      



	
	Value
	     E ˙   9 e   −   E ˙   18     
	     E ˙   18   /   E ˙   9 e     



	
	Evaporator
	     E ˙   18   −   E ˙   19   −   E ˙   23     
	    E ˙   23    /(    E ˙   18   −   E ˙   19    )



	
	Pump
	     W ˙   pum   −     E ˙   10   −   E ˙   9 g       
	       E ˙   10   −   E ˙   9 g     /   W ˙   pum     
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Table 4. Design parameters of the proposed WHR system [33].
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	Parameter
	Unit
	Value





	Environment temperature
	°C
	20



	Turbine inlet temperature
	°C
	320



	Compressor inlet temperature
	°C
	33



	Compressor inlet pressure
	kPa
	8000



	Compressor outlet pressure
	kPa
	24,000



	Recuperator effectiveness
	%
	90



	Turbine efficiency
	%
	80



	Compressor efficiency
	%
	82



	Pump efficiency
	%
	80



	Generation temperature
	°C
	120



	Evaporating temperature
	°C
	5



	Condensing temperature
	°C
	30



	PPTD in gas heater
	°C
	30



	PPTD in generator
	°C
	10



	ΔP on the heater cold path
	kPa
	200



	ΔP on the recuperator cold path
	kPa
	140



	ΔP on the recuperator hot path
	kPa
	280



	ΔP on the cooler hot path
	kPa
	15
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Table 5. Tuning parameters of genetic algorithm.






Table 5. Tuning parameters of genetic algorithm.





	Parameter
	Population
	Crossover Fraction
	Migration Fraction
	Generations Size





	Value
	200
	0.35
	0.15
	100
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Table 6. System performance comparison of the engine and the proposed combined system.
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	Items
	Single Engine
	Engine with WHR System





	Gas discharge temperature (°C)
	365
	180.44



	Air cooler inlet temperature (°C)
	196
	51.55



	Power output (kW)
	12,720
	13,606.45



	Cooling capacity (kW)
	0
	1169.79



	Electrical efficiency (%)
	48.58
	51.97



	Primary energy rate (%)
	48.58
	56.44



	Fuel efficiency (%)
	48.58
	53.09



	Specific fuel consumption (g/kWh)
	148.06
	135.50



	Specific CO2 emission (g/kWh)
	590
	539.96
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Table 7. Exergetic analysis of the proposed WHR system.
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	Cycle
	Component
	Exergy Destruction (kW)
	Exergy Efficiency (%)





	
	Heater
	195.03
	89.70



	
	Turbine
	209.44
	86.95



	SCPC
	Recuperator
	253.24
	72.89



	
	Cooler
	113.61
	55.23



	
	Compressor
	75.93
	84.46



	
	Generator
	148.10
	80.01



	
	Ejector
	369.41
	38.67



	TERC
	Condenser
	125.25
	24.28



	
	Value
	10.76
	56.43



	
	Evaporator
	38.47
	39.02



	
	Pump
	3.81
	80.71
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Table 8. Boundary condition of decision variables in the optimization.
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	Items
	Lower Boundary
	Upper Boundary





	Turbine inlet temperature (°C)
	280
	330



	Recuperator effectiveness (%)
	85
	95



	Compressor inlet pressure (kPa)
	7500
	8500



	Compressor pressure ratio
	2.5
	3.5



	Generation temperature (°C)
	80
	150



	PPTD of generator (°C)
	5
	25
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Table 9. Optimization results and the corresponding system performance.
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	Item
	Item
	Value





	
	Turbine inlet temperature (°C)
	314.03



	
	Recuperator effectiveness (%)
	94.99



	Decision variables
	Compressor inlet pressure (kPa)
	8086.67



	
	Compressor pressure ratio
	3.49



	
	Generation temperature (°C)
	149.99



	
	PPTD of generator (°C)
	6.27



	
	Gas discharge temperature (°C)
	179.90



	
	Air cooler inlet temperature (°C)
	50



	
	Power output (kW)
	13,626.74



	
	Cooling capacity (kW)
	1349.01



	Performance indicators
	Electrical efficiency (%)
	52.05



	
	Primary energy rate (%)
	57.20



	
	Fuel efficiency (%)
	53.33



	
	Specific fuel consumption (g/kWh)
	134.87



	
	Specific CO2 emission (g/kWh)
	537.44
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