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Abstract

:

The exhaust heat of energy conversion systems can be usefully recovered by Organic Rankine Cycles (ORC) instead of wasting it into the environment, with benefits in terms of system efficiency and environmental impact. Rankine cycle technology, consolidated in stationary power plants, has not yet spread out into transport applications due to the layout limitations and to the necessity of containing the size and weight of the ORC system. The authors investigated an ORC system bottoming a compression ignition engine for marine application. The exhaust mass flow rate and temperature, measured at different engine loads, have been used as inputs for modeling the ORC plant in a Simulink environment. An energy and exergy analysis of the ORC was performed, as well as the evaluation of the ORC power at different engine loads. Two different working fluids were considered: R1233zd(e), an innovative fluid belonging to the class of hydrofluoroolefin, still in development but interesting due to its low flammability, health hazard, and environmental impact, and R601, a hydrocarbon showing a benchmark thermodynamic performance but highly flammable, considered as a reference for comparison. Three plant configurations were investigated: single-pressure, dual-pressure, and reheating. The results demonstrated that the dual-pressure configuration achieves the highest exploitation of exhaust heat. R1233zd(e) produced an additional mechanical power of 8.0% with respect to the engine power output, while, for R601, the relative contribution of the ORC power was 8.7%.
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1. Introduction


The exhaust stream of energy conversion systems shows temperatures much higher than the environmental one, with the cost rate of exergy loss accounting for most of the total system cost rate [1]. Consequently, the residual energy and exergy contents can be further exploited in plants to improve the overall system efficiency, with a consequent reduction of greenhouse gases and pollutant emissions [2].



Currently, the global emissions of carbon dioxide exceed 30 Gt/year. About 25% are produced by the transport sector. The fourth International Maritime Organization (IMO) [3] shows that, in 2018, the greenhouse gas emissions by shipping amounted to about 1.08 Gt of CO2 equivalent, corresponding to about 3.5% of the total anthropogenic emissions [4].



In the last decades, new stringent emission limits have been introduced by institutions around the world, such as the European Union [5], the American Environmental Protection Agency [6,7], and the IMO [8], to control pollutants and to reduce the impact of marine transport. In recent years, emissions from maritime transport have increasingly affected the air quality. Sulphur dioxide emissions, caused by the sulphur content of fuel, are responsible for acid rains and, in combination with other pollutants, generate fine particles [9,10].



Internal combustion engines can attain thermal efficiency values up to 50% for large compression ignition engines [11,12]. Nevertheless, the exhaust stream enthalpy is still high, particularly at full engine load. The heat rejected to the exhaust gas in diesel engines is between 22% and 35% of the fuel energy, while the coolant absorbs between 16% and 35% of the fuel energy [13].



The waste heat available in the exhaust gases, EGR, coolant, lubricant, and charge air cooler could be recovered using Organic Rankine Cycles (ORC) for additional power generation [14]. The working fluid, pressurized by a pump, evaporates into a recovery heat exchanger (RHX), flows through an expander generating mechanical power, and finally, returns to its initial conditions in a condenser.



ORC technology is well-known but still recent for internal combustion engines in road transport application due to the difficult vehicle integration and the stringent regulations ensuring equipment safety. Size and mass constraints, very demanding for cars, are less significant for heavy road vehicles [15] and for marine applications, which are also characterized by a favorable engine operating profile [16]. The ORC system weight, size, and cost can be minimized, as well as system-produced power and reliability, can be maximized by means of plant design optimization [17,18,19,20,21]. Therefore, the results of these studies can be summarized by stating that the best solution for water heat recovery should consider multiple aspects, particularly for vehicle applications. The integration of an ORC system on the exhaust line of an engine increases the weight and complexity of the system and the exhaust gas backpressure, which can lead to engine performance degradation [22].



The ORC working fluid also shows a fundamental role, having a strong effect on the cycle efficiency, system safety, and environmental impact [15,23,24]. Analytical formulations have been developed for the selection of ORC working fluids [25]. From a thermodynamic point of view, the fluids can be classified based on their saturation vapor curve slope in the temperature–entropy (T-s) diagram, with dry and isentropic fluids expanding with no condensation; for such fluids, superheating before expansion does not result in a higher work [26]. The condensing temperature should also be considered as a decision variable for working fluid selection [27]. According to the National Fire Protection Association (NFPS) 704 Standard, fluids are classified based on their health, flammability, and reactivity hazards and ranked with values from 0 to 4 (low to high hazards) [28]. The environmental impact of the working fluid should also consider the global warming potential index (GWP) and the ozone depletion potential (ODP) [29]. Generally, water alcohols and hydrocarbons [30] are suitable as working fluids for waste heat recovery at high temperatures, such as exhaust gases and EGR, despite some of them being characterized by high flammability. Refrigerants are well-suited for low-temperature heat sources, such as CAC and engine coolant [31,32].



Exhaust gases are subject to a large temperature variation in the RHX, with large exergy destruction due to the finite temperature difference between the two fluids [18,19,33]. The use of mixtures as working fluid in place of pure fluids allows heat transfer at variable temperatures, decreasing the temperature difference between hot and cold fluids, which, in turn, reduces the exergy destruction in the cycle [34,35]. However, the process to determine the mixture constituents and composition is very complex, and more research is necessary for the adoption of such solutions. Furthermore, the potential increase of exergy efficiency could not be enough to compensate the heat transfer coefficient reduction which characterizes the mixtures [36].



The bottoming ORC must also adopt an appropriate control strategy: the superheating at the evaporator outlet must be controlled by adjusting the pump speed, as well as the expander energy output, by regulating the mass flow rate at the expander inlet to stabilize the operation during transience [37].



The paper presents an energy and exergy performance evaluation of an ORC system, modeled in a Simulink® environment, bottoming a compression ignition engine installed on a ship for electric power generation. The ORC power and the consequent engine efficiency increase were evaluated, and an exergy analysis performed. The engine exhaust mass flow rates and temperatures measured at different engine loads [10] were used as the input for the ORC simulations, and a detailed heat exchanger model was developed.



The novelty of this article lies in the evaluation of a new refrigerant, the R1233zd(e), as the ORC working fluid. It belongs to the class of hydrofluoroolefin, interesting due to its low levels of flammability, health hazard, and environmental impact. The performance of the ORC system with R1233zd(e) was compared with a standard working fluid, R601, which can be considered a benchmark for its thermodynamic performance, but it is characterized by a high flammability index. Although a recent paper [35] investigated the use of R1233zd(e) as a component of a zeotropic mixture, it did not compare the ORC performance with the benchmark fluid R601 and did not investigate the performance of the ORC system with different configurations (single-pressure, dual-pressure, and reheating.



Another aspect worth to notice lies in the use of experimental data from an internal combustion engine for the determination of the exhaust gas mass flow rates and temperatures as a function of the engine load.



Three plant configurations were investigated: single-pressure; dual-pressure, and reheating. The results demonstrated that the dual-pressure configuration allows the highest exploitation of exhaust heat, with the performance of the R1233zd(e) working fluid similar to the reference fluid, R601.




2. Materials and Methods


2.1. System Description


The exhaust heat available for the ORC was evaluated from the results of an experimental activity on a compression ignition engine for onboard electric power generation, whose main characteristics are reported in Table 1. The engine was fueled by DMA diesel fuel, according to ISO 8217, and tested at a constant speed and different loads [10].



Figure 1 shows the exhaust heat and its ratio to the fuel chemical energy as a function of the engine load at 1500 rpm. The amount of exhaust heat increases almost linearly with the engine load, attaining a maximum of 1125 kW at a rated power while the ratio of the waste heat to the chemical energy supplied by the fuel is almost constant with the load, being slightly higher than 30%. The engine operating conditions considered for modeling the ORC plant were 50%, 75%, and 100% of the engine load at 1500 rpm, representative of a typical operating profile of the application.



The exhaust heat is recovered by a RHX specifically designed for this purpose. A schematic representation of the internal combustion engine coupled with the RHX is reported in Figure 2. Heat sources such as coolant fluid, with temperatures in the range 80–90 °C, and lubricant, with temperatures between 80 and 120 °C, were not exploited. In fact, these temperatures being close to the ambient one, harnessing them is not economically convenient [38,39].




2.2. ORC System Configurations


Three ORC system configurations were modeled in a Simulink® environment:




	
Single-pressure, Figure 3a: It consists of a pump (P), an evaporator (RHX), a turbine (T), and a condenser (C).



	
Dual-pressure, Figure 3b: It consists of two evaporating pressure levels feeding the turbine. The flow coming from the low-pressure circuit enters the turbine at an intermediate expansion stage.



	
Single-pressure with reheating, Figure 3c: It consists of an evaporator feeding the high-pressure turbine T1 and a reheater feeding the low-pressure turbine T2. The working fluid enters T2 in superheated conditions.








A regenerative cycle was not considered since, even if it increases the cycle efficiency, it reduces the power output, which, on the contrary, should be maximized in a recuperative ORC.



The Rankine cycle simulations are based on the following assumptions: steady-state conditions, adiabatic expanders and pumps, and head losses neglected in pipes. The expander efficiency is assumed to be 0.80 and pump efficiency 0.75, according to the data available in the literature [30,40].



The addition of a RHX on the exhaust line increases the back pressure and, consequently, the engine pumping work. However, the effect of the exhaust backpressure on the engine efficiency was neglected, the values between 0.8 and 3.2 kPa for R1233zd(e) and between 0.9 and 4.0 kPa for R601; the lowest pressure drops correspondingly to the single-pressure cycle and the highest to the dual-pressure cycles [22,41].




2.3. ORC Working Fluids


The selected working fluids are R1233zd(e) and n-pentane (R601). R1233zd(e) is an innovative working fluid belonging to the hydrofluoroolefins (HFO), developed for replacing flammable fluids and fluids with high ozone depletion potential (ODP) and global warming potential (GWP) in refrigerant applications. R1233zd has a flammability index equal to zero (0/4), with a health index of 2/4 and no reactivity hazards (0/4); it has a GWP equal to 1 and ODP index zero. R601 is a hydrocarbon with excellent thermodynamic properties as an ORC working fluid but with a flammability index of 4/4, a low health hazard (1/4), and no chemical reactivity (0/4); it does not have ODP, while the 100-years GWP is 5 [6,20]. Both R601 and R1233zd(e) belong to the to the dry fluid class. As R1233zd(e) is a recently developed fluid, its thermodynamic properties are not yet available in the main modeling code libraries. For this reason, correlations were used to obtain the thermophysical properties of the fluid using the data available in the literature [30,31].



The fluid thermal resistance depends also on the convective heat transfer coefficients, hext and hint. The first one is linked to the geometry of the RHX [42], while the second one is calculated using the Gnielinski correlation [41]. The RHX tubes were assumed to be stainless-steel-type 410, whose thermal conductivity is about 25 W/m/K, according to the ASTM AISI Standards.



The fluid properties were evaluated by using CoolProp [43], except for the thermal conductivity of R1233zd(e). The thermal conductivity of the liquid phase of R1233zd(e), expressed in W/m/K, was calculated according to the following equation [44]:


   λ L  = 0.4369     ·    [  − 0.2872   ·    T r  + 0.00372   ·    p  c r i t   + 0.2697   ·   ω +    (   1 M   )    0.3644    ]   



(1)




where pcrit is the critical pressure in bars, M is the molar mass in kg/kmol, Tr is the reduced temperature (dimensionless), and ω is the acentric factor (dimensionless).



The thermal conductivity of the saturated liquid λL,sat is well-approximated by the following correlation [45], with Tsat as the saturation temperature in K:


   λ  L , s a t   =  (  − 0.2614   ·    T  s a t   + 159.2  )   ·      10   − 3    



(2)







The thermal conductivity of the dry vapor λV,sat was determined according to:


   λ  V , s a t   =  (  0.09513   ·    T  s a t   − 17.96  )      ·     10   − 3      



(3)







The previous correlation can be modified to model the thermal conductivity of the fluid in superheated conditions when below the critical temperature, according to:


   λ V   (  T , p  )  =  (  0.09513   ·   T − 17.96 + 0.08752   ·    (  p −  p  s a t    ( T )   )   )      ·     10   − 3    



(4)




where pressure is expressed in bars, temperature in Kelvin, and thermal conductivity in W/mK.



For a superheated vapor over the critical temperature, the following correlation is proposed:


   λ V   (  T , p  )  =  (  22   ·    T r  + 3.163   ·    p r   )      ·     10   − 3    



(5)




where pr is the reduced pressure [45].




2.4. Recovery Heat Exchanger (RHX) Model


A compact crossflow exchanger was considered to minimize the system size for an easy installation.



Heat exchanger tubes are finned to increase the heat transfer between the two fluids. Since there are no analytical expressions for the determination of the heat transfer coefficient hext and friction factor f, they were derived using the correlations based on the experimental data reported in [42] for circular tubes with circular fins, Surface CF-8.72.



The fluid properties were calculated using an average temperature between the inlet and outlet of RHX. The external fluid (the exhaust gases) was considered “mixed” and the internal one (the working fluid) “unmixed”.



The RHX was assumed to be composed of two parts in a series with only one passage of the fluid in the tubes, the preheater of length L1, and the evaporator of length L2 (Figure 4).



The pressurized cold working fluid enters the preheater of the RHX as liquid and is heated until reaching a saturated liquid state. Pt1 is the heat exchanged in the preheater of the RHX:


   P  t 1   =   m ˙   e x h , 1    c  p , h    (   T  e x h , i n   −  T  e x h , o u t    )  =   m ˙   O R C    (   h  O R C , s l   −  h  O R C , i n    )   



(6)




where cp is the specific heat at a constant pressure, h is the specific enthalpy, ṁ the mass flow rate, P is the power, T is the temperature, and the subscript sl refers to the saturated liquid state for the ORC fluid. The specific heat is evaluated at the average temperature of the hot gases.



Afterwards, the preheated ORC fluid enters the evaporator, where it is assumed to attain the thermodynamic state of dry saturated vapor. The heat exchanged Pt2 is:


   P  t 2   =   m ˙   e x h ,   2    c  p , h    (   T  e x h , i n   −  T  e x h , o u t    )  =   m ˙  c   (   h  O R C , o u t   −  h  O R C , s l    )   



(7)




where subscript 2 indicates the vaporizer.



Assuming a uniform temperature for each fluid in every cross-section along the flow direction and uniform mass distribution of the external fluid along the length of the RHX tubes, the following equation can be written for a one-pass heat exchanger:


     P  t i      P  t 1   +  P  t 2     =     m ˙   e x h i , i       m ˙   e x h , 1   +   m ˙   e x h , 2     =    L i     L 1  +  L 2      i = 1 , 2  



(8)




where L is the length in m.



The ε-NTU method provides the overall thermal conductance UA1 and UA2 for the preheater and the evaporator to reach the desired working fluid thermodynamic conditions for each part of the heat exchanger [46].


  N T  U  i , r e q u i r e d   = f  (   ε i  ,   C ˙   m i n , i   /   C ˙   m a x , i    )   



(9)






  U  A  i , r e q u i r e d   =   C ˙   m i n , i   N T  U  i , r e q u i r e d    



(10)




where i = 1 (preheater) or 2 (vaporizer), A is the heat transfer area in m2, Ċ is the thermal capacity per unit time, NTU is the number of heat transfer units, U is the overall heat transfer coefficient, UA is the overall thermal conductance, and ε is the heat exchanger effectiveness.



The overall thermal conductance can be calculated according to:


  U  A i  =  1   R  i n t , i   +  R  m a t , i   +  R  e x t , i      



(11)




where R is the thermal resistance, and ext indicates the external fluid, int the internal fluid, and mat the RHX tubes.



Each thermal resistance and the overall conductance are functions of the RHX tube lengths. Once the number of rows and the number of tubes per row are defined, the lengths of the tubes must be iteratively changed to verify the following equation:


  U  A i  = U  A  i , r e q u i r e d      



(12)







Once UA1 is calculated, it is also known as the total length of the RHX, L1 + L2 and, consequently, L1 and L2 are related to the total length.



Depending on the working fluid characteristics, the expansion of a dry saturated vapor in a turbine can cause fluid condensation. This can be avoided by adding a superheater to change the working fluid exiting the RHX to a superheated vapor.



Having designed the RHX preheater and evaporator for operating with a defined mass flow rate, ṁc must be reduced until the desired temperature as the superheater outlet is attained.



For the reheater, the designing process is simpler, because there is no phase change, and the RHX can be considered as a single unit. The length of the reheater is calculated, imposing equality between UAi and UAi,required.




2.5. Exergy Analysis


The exergy analysis was accomplished considering the ambient state at T0 = 298 K and p0 = 101.3 kPa. The standard air composition was assumed for the dead state. Furthermore, since the exhaust gases enter and exit the RHX components without changing their chemical composition, and the same is true for the ORC fluids, only the physical exergy component was considered in the calculations. The exhaust gases are considered as a mixture of ideal gases, with molar compositions equal to 6.6% for CO2, 7.0% for H2O, 76.2% for N2, and 10.2% for O2, corresponding to an equivalence ratio ф equal to 0.5, typical of the employed engine. The exhaust gas composition changes with the engine load due to the variation of ф, but this occurrence was not considered, because it does not cause a significant variation in the thermodynamic properties of the exhaust stream.



The exergy efficiency of the ORC system was evaluated as:


   η  e x   =    P  O R C       m ˙   e x      (  e  x  e x , i n   − e  x  e x , o u t    )        



(13)







With PORC, the net mechanical exergy of the cycle and the terms at the denominator represent the exhaust gas physical exergy variations.





3. Results and Discussion


3.1. RHX Data


The thermodynamic data of the cycle are obtained from the results of the RHX design, as indicated in the previous section.



It should be observed that, for any ORC configuration, R1233zd(e), Table 2a, allows a larger total heat transfer between the two fluids compared with R601, Table 2b. The dual-pressure cycle shows the largest heat transfer. In fact, the high-pressure section is identical to those of the single-pressure and reheating cycles, but there is the low-pressure section, where more ORC working fluid flow receives additional heat from the exhaust gas. For the reheating configuration, the same ORC mass flow rate goes through first in the high-pressure RHX, then, after a first expansion, is heated again by the exhausts in the low-pressure heat exchanger. Using these main heat transfer data from the RHX component design, the different cycles were modeled, and the results are presented in the next section.




3.2. Rankine Cycle Thermodynamic Model


For both fluids, the Rankine cycles operate between the pressure levels reported in Table 3, which also shows the maximum cycle temperature. The condensation pressure of 0.3 MPa for R1233zd(e) and 0.15 MPa for R601 assures a saturation temperature of 324 K and 321 K for R1233zd(e) and R601, respectively, values compatible with the environmental temperature. The maximum pressure is set to 3.0 MPa for both fluids to avoid material strength issues [22] and to stay below the critical pressures. The maximum temperatures guarantee a superheated fluid at the expander inlet.



Figure 5, Figure 6 and Figure 7 report the temperature–entropy charts for the single-pressure, dual-pressure, and reheating cycles, respectively: (a) R1233zd(e) and (b) R601. The cycle is assumed to not change with the engine load and, therefore, with the recovered heat     Q ˙  1   , Table 2, because the ORC working fluid mass flow rates     m ˙   O R C     were adjusted to achieve the same degree of superheating, as the available exhaust heat varies.



The high-pressure section is the same for any configuration, processing the same mass flow rate for each fluid, with differences only in the design of the low-pressure exchanger for the dual-pressure and the reheating cycle configurations. The working fluid mass flow rates are reported in Table 4, where     m ˙   O R C , H P     is the total mass flow rate for the simple and reheating cycles and that of the working fluid of the high-pressure section of the dual-pressure cycles, while     m ˙   O R C , L P     is the low-pressure section mass flow rate for the dual-pressure cycles. As the engine load and     Q ˙  1    increase, it is possible to process a higher working fluid mass flow rate, keeping a constant degree of superheating.



The results of the ORC simulations are proposed in this section for the considered system configurations and the two fluids: R1322zd(E) and R601. The ORC power output depends on the cycle efficiency and recovered heat     Q ˙  1  ,   according to the equation:


   P  O R C   =   Q ˙  1    ·    η  O R C    



(14)







    Q ˙  1    is affected by the ORC system configuration, as previously reported in Table 2, and in Figure 8, refers to the fuel energy. Compared with single-pressure, the reheating and dual-pressure cycles allow to recover a higher amount of heat, with the latter showing the highest values, and these values are slightly affected by the engine load. In fact, considering R1233zd(e), the ratio     Q ˙  1    ·     m ˙  c  − 1     ·    H i  − 1     for the single-pressure configuration is almost constant with the engine load and equal to 0.180, whereas, for the reheating and dual-pressure, a slight increase with the engine load is observed, from 0.198 to 0.206 and from 0.210 to 0.232, respectively. A comparable occurrence is displayed for the R601 fluid.



The ORC thermodynamic efficiency is shown in Figure 9a,b for R1233zd(e) and R601, respectively. The efficiency of the ORC plant is nearly constant with the engine load for a defined ORC layout. This is due to the constant maximum cycle pressure and temperature values, the last of which was achieved by optimizing the working fluid mass flow rate. In fact, the Rankine cycle was kept unchanged with the engine load, i.e., different exhaust gas mass flow rate and temperature, adjusting the Rankine cycle working fluid mass flow rate to attain the target temperature at the RHX outlet. In this case, it can be observed that the single-pressure cycle shows the highest efficiency with values of 16.0% for R1233zd(e) and 18.2% for R601. In fact, reheating and low pressure circuits in the case of dual-pressure both operate at a lower pressure level, constrained by the exhaust gas temperature value at the outlet of the first heat exchanger. The amount of heat recovered in the low-pressure circuit is transferred to the working fluid at a lower average temperature, and consequently, the thermodynamic efficiency slightly decreases. Though this can appear as a negative result, it should be considered that, in ORC systems, where the heat is recovered and not produced by the combustion of a fuel, the focus is mainly on the ORC power output compared to on the system efficiency.



The results shown in Figure 10 display the PORC/Peng ratio as a function of the engine load, PORC as the ORC net power output and Peng the engine power output. For both fluids: R1233zd(e), Figure 10a, and R601, Figure 10b, the engine load again does not significantly affect the contribution of the ORC system to the total produced power output. In fact, as previously observed in Figure 8 and Figure 9, neither the exchanged heat     Q ˙  1    or the efficiency depend on the engine load. Therefore, PORC/Peng is constant at all engine loads. Conversely, the ORC configuration plays an important role, with the dual-pressure cycle allowed to recover the highest power fraction at all engine loads for both fluids, with a maximum of around 8.0% for R1233zd(e) and 8.7% for R601. For the dual-pressure cycle, in fact, the higher recovered heat offsets the reduction of the cycle efficiency.



Figure 11a,b plot the exergy efficiency of the ORC plant, unveiling the amount of recoverable work from the exhaust gas stream exergy content. The values of the exergy efficiency are always larger than 30% for both the fluids and all cycle configurations, with the highest values obtained with the single-pressure cycle. Comparing the two fluids, some important differences can be observed. R601 shows a better exergy performance, always overcoming the innovative R1223zd(e) fluid. For the single-pressure case, R601 presents values 10% greater than R1223zd(e), ranging from 0.38 to 0.36 as the engine load increases from 50% to 100%, while R1223zd(e) underperforms in the range 0.34–0.33 for the same engine load variation. The differences between the two fluids are lower considering the reheating and dual-pressure cycles, with deviations in the range 4.0–7.5%.



The increase of the engine load brings about an increment of the exhaust gas temperature at the RHX outlet, thus with a larger physical exergy content that could be conveniently exploited. All the cycle configurations show a typical behavior relating the exergy efficiency with the exhaust gas outlet temperature from the RHX; in fact, the larger the gas outlet temperature, the lower the exergy efficiency of the ORC plant.



The dual-pressure ORC configuration is the most effective solution in recovering the exhaust heat from the internal combustion engine, with a consequent maximum ORC power generation. This implies that, when possible, a dual-pressure heat exchanger should be integrated in the exhaust line.



R1233zd(e) is a new fluid that gives promising thermodynamic results as the working fluid in ORC systems. Furthermore, it gives no flammability concerns and has a low ozone depletion potential and global warming potential. The thermodynamic performances are comparable with those obtained with the reference working fluid R601, which can be considered a benchmark.





4. Conclusions


This paper investigates the use of an innovative working fluid, R1233zd(e), for recovering the exhaust heat from an internal combustion engine for marine application in an ORC. R1233zd(e) is a new fluid belonging to the hydrofluoroolefins, developed for replacing flammable fluids and fluids with high ozone depletion potential and global warming potential in refrigerant applications. The performance of the system with R1233zd(e) is then compared with R601, a hydrocarbon with excellent thermodynamic properties but with flammability concerns.



The performance assessment was carried out with different system configurations: a simple cycle, a reheating cycle, and a dual-pressure cycle.



The results show that the recovered heat can be efficiently exploited using all the investigated ORC configurations, with the dual-pressure configuration performing the highest exploitation of exhaust heat. Consequently, despite the additional heat recovered in the low-pressure section causing a reduction of the Rankine cycle thermodynamic efficiency, it is possible to produce up to 8.0% more mechanical power with R1233zd(e) in the dual-pressure configuration. This result is comparable with what can be obtained with R601 at the same operating conditions, where the relative contribution of the ORC power related to the engine power is 8.7%.



Exergy efficiency comparisons were also carried out, observing that R601 outperformed R1223zd(e), especially for the single-pressure level with a difference of about 10%, whereas the other configurations displayed lower differences, between 4.0 and 7.5%.



In conclusion, the innovative R12233zd(e) can be adopted as the ORC working fluid with a thermodynamic performance comparable with the reference fluid R601 but with lower flammability risks and, in general, a lower environmental impact.



Future research will be focused on exploring the use of ORC bottoming larger internal combustion engines for ship propulsion, adopting different working fluids and performing an economic analysis of the proposed solutions.
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Nomenclature




	
Symbols




	
A

	
Heat transfer area (m2)




	
Ċ

	
Thermal capacity (W/K)




	
cp

	
Specific heat (J/(kg∙K))




	
f

	
Friction factor (-)




	
h

	
Specific enthalpy (J/kg)




	
ṁ

	
Mass flow rate (kg/s)




	
L

	
Length (m)




	
M

	
Molar mass (kg/kmol)




	
NTU

	
Number of heat transfer unit (-)




	
P

	
Power (kW)




	
p

	
Pressure (Pa)




	
pr

	
Reduced pressure (-)




	
      Q 1   ˙    

	
Heat (kW)




	
R

	
Thermal resistance (m2K/W)




	
RHX

	
Recovery Heat Exchanger




	
T

	
Temperature (K)




	
Tr

	
Reduced temperature (-)




	
U

	
Overall heat transfer coefficient (W/(m2∙K))




	
UA

	
Overall thermal conductance (W/K)




	
Greek symbols




	
ε

	
Heat exchanger effectiveness




	
η

	
Efficiency (-)




	
λ

	
Thermal conductivity (W/(m∙K))




	
ω

	
Acentric factor (-)




	
ф

	
Equivalence ratio (-)




	
Subscripts




	
1

	
Preheater




	
2

	
Vaporizer




	
ORC

	
Organic Rankine Cycle




	
crit

	
Critical




	
exh

	
Exhaust gas




	
EX

	
Exergy




	
ext

	
External fluid




	
i

	
1 (preheater) or 2 (vaporizer)




	
in

	
Inlet




	
int

	
Internal fluid




	
L

	
Liquid




	
mat

	
Material of the tubes




	
max

	
Maximum




	
min

	
Minimum




	
out

	
Outlet




	
sat

	
Saturated




	
sl

	
Saturated liquid




	
t

	
Thermal




	
V

	
Vapor
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Figure 1. Exhaust heat     Q ˙   e x h     and exhaust heat-to-fuel energy ratio,     Q ˙   e x h     ·     m ˙  c  − 1     ·    H i  − 1    , as a function of the engine load, 1500 rpm. 
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Figure 2. Schematic representation of the internal combustion engine (ICE) coupled with the recovery heat exchanger (RHX). 
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Figure 3. Representation of the ORC layouts considered for waste heat recovery: single-pressure (a), dual-pressure (b), and reheating (c). 
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Figure 4. RHX schematic representation showing the preheater, L1, and the evaporator, L2. 
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Figure 5. Temperature–entropy chart for the single-pressure ORC configuration: (a) R1233zd(e) and (b) R601. The numbers in the figures represent the thermodynamic states of the fluids. 






Figure 5. Temperature–entropy chart for the single-pressure ORC configuration: (a) R1233zd(e) and (b) R601. The numbers in the figures represent the thermodynamic states of the fluids.



[image: Energies 15 07912 g005]







[image: Energies 15 07912 g006 550] 





Figure 6. Temperature–entropy chart for the dual-pressure ORC configuration: (a) R1233zd(e) and (b) R601. The numbers in the figures represent the thermodynamic states of the fluids. 
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Figure 7. Temperature–entropy chart for the reheating the ORC configurations: (a) R1233zd(e) and (b) R601. The numbers in the figures represent the thermodynamic states of the fluids. 
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Figure 8. Recovered exhaust heat-to-fuel energy ratio,     Q ˙  1    ·     m ˙  c  − 1     ·    H i  − 1    , as a function of the engine load at 1500 rpm: (a) R1233zd(e) and (b) R601. 
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Figure 9. ORC efficiency as a function of the engine load for both fluids and for all ORC configurations: (a) R1233zd(e) and (b) R601. 
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Figure 10. Relative contribution of the ORC power, PORC, related to the engine power Peng as a function of the engine load for both fluids and for all ORC configurations: (a) R1233zd(e) and (b) R601. 
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Figure 11. ORC exergy efficiency as a function of the engine load for all ORC configurations: (a) R1233zd(e) and (b) R601. 
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Table 1. Engine characteristics.
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	Engine
	Isotta Fraschini V1716T2TE



	Rated power
	1500 kW @ 1650 rpm



	Number of cylinders
	V16



	Engine displacement
	67.2 dm3



	Brake-specific fuel consumption at rated power
	215 g/kWh
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Table 2. Total recovered heat     Q ˙  1    for different ORC configurations: (a) R1233zd(e) and (b) R601.
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R1233zd(e)—(a)




	
Engine load

	
50%

	
75%

	
100%




	
    Q ˙  1    single-pressure cycle (kW)

	
346

	
511

	
673




	
    Q ˙  1    reheating cycle (kW)

	
385

	
564

	
746




	
    Q ˙  1    dual-pressure cycle (kW)

	
410

	
617

	
840




	
R601—(b)




	
Engine load

	
50%

	
75%

	
100%




	
    Q ˙  1    single-pressure cycle (kW)

	
299

	
447

	
582




	
    Q ˙  1    reheating cycle (kW)

	
342

	
509

	
668




	
    Q ˙  1    dual-pressure cycle (kW)

	
427

	
622

	
835
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Table 3. Maximum ORC cycle pressure and intermediate pressure (dual-pressure cycle only) for R1233zd(e) and R601.
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	R1233zd(e)
	R601





	Condensation pressure (MPa)
	0.3
	0.15



	Condensation temperature (K)
	324
	321



	Intermediate pressure (MPa)
	0.8
	0.5



	Maximum pressure (MPa)
	3.0
	3.0



	Maximum temperature (K)
	433
	464
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Table 4. Working fluid mass flow rate for the high-pressure and low-pressure circuits.
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R1233zd(E)

	
R601




	
Engine Load

	
50%

	
75%

	
100%

	
50%

	
75%

	
100%






	
    m ˙   O R C , H P     (kg/s)

	
1.50

	
2.20

	
2.90

	
0.55

	
0.82

	
1.07




	
    m ˙   O R C , L P     (kg/s)

	
0.30

	
0.50

	
0.80

	
0.26

	
0.36

	
0.52
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