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Abstract

:

The organic Rankine cycle (ORC) is a popular technology used in waste heat recovery and medium-low-temperature heat utilization. Working fluid plays a very important role in ORC. The selection of working fluid can greatly affect the efficiency, the operation condition, the impact on the environment, and the economic feasibility of ORC. The expander is a key device in ORC. As a novel expander, single-screw expanders have been becoming a research focus in the above two areas because of their many good characteristics. One of the advantages of single-screw configurations is that they can conduct a vapor–liquid two-phase expansion. Therefore, in order to give full play to this advantage, a working fluid selection for ORC using a single-screw expander was conducted in this paper. Three indicators, namely, net work output, thermal efficiency, and heat exchange load of condenser, were used to analyze the performance of an ORC system. Through calculation and analysis, it can be seen that an ORC system that uses a single-screw expander and undergoes a vapor–liquid two-phase expansion is able to obtain a higher thermal efficiency, higher net work output, and a smaller heat exchange load of the condenser. Regardless of whether isentropic efficiency of the expander is considered or not, cis-butene may be the best candidate for working in subcritical cycles. HFO working fluids are more suitable for working in transcritical cycles, and HFO-1234ze(E) may be the best.
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1. Introduction


Renewable and sustainable energy utilization and recovery of low-grade waste heat are two measures for alleviating the global energy crisis and for solving the environmental problems caused by the consumption of traditional energy sources. The organic Rankine cycle (ORC) has been widely studied and adopted in the two fields mentioned above. Working fluid selection plays a decisive role in an ORC, because it can greatly affect thermodynamic performance, working conditions, impact on the environment, and economic feasibility [1,2]. Basically, organic working fluid can be classified into three categories, on the basis of the slope of the saturated vapor curve in a T-s diagram. These are: dry fluid, with a positive slope; wet fluid, with a negative slope; and isentropic fluid, with a vertical slope [3]. From the viewpoint of thermodynamic performance, dry and isentropic working fluids are more appropriate for ORC systems, because after isentropic expansion, they are in superheated and saturated states, respectively. Therefore, damage to the expander caused by wet vapor can be avoided. As a result of environmental concerns, the CFCs and HCFCs that dominated organic working fluids from 1931 until the early 1990s have been and are being phased out, respectively. Nowadays, HFO working fluids are drawing increasing attention. R1234yf and R1234ze are two typical HFO working fluids that have recently been studied and are being used frequently [4,5,6,7]. As far as the economic performance of a practical ORC system is concerned, the investment required by the heat exchanger accounts for the largest proportion, followed by that for the expander, and the working fluid accounts for the third [8]. The first two investments are significantly influenced by the characteristics of the working fluid.



The expander is a critical device in an ORC system, because it determines the thermodynamic performance of the ORC system, and its cost ranks second in the total system investment [8]. Expanders, can generally be categorized into two types: the turbo type and the positive-displacement type. Turbo expanders are normally suitable for large-scale ORC systems [9,10]. However, they might not be favorable for small-scale ORC units [11]. Positive-displacement expanders, such as rolling piston expanders, scroll expanders, and single-screw expanders, are good substitutes for turbo machines due to their relatively high efficiency, high pressure ratio, low rotational speed, and tolerance of two-phase fluids [9]. Among the above three types, scroll expanders constitute a research hotspot. However, their power is normally lower than 3.5 kW. Lemort et al. tested four volumetric expanders (scroll, screw, piston and roots) at <5 kW in a small-scale organic Rankine cycle system with R245fa as the working fluid. They found that the scroll expander showed the highest isentropic efficiency [12]. In contrast, single-screw expanders seem more promising when the output power is higher than 3.5 kW [11]. Furthermore, screw expanders are more technically mature than scroll and piston expanders [13]. The single-screw configuration was first invented in the 1950s, and has mainly been employed in compressors [14,15]. Nowadays, this configuration is widely used in the design and manufacture of expanders. Compared with rolling piston expanders and scroll expanders, single-screw expanders have many advantages, such as balanced load of the screw, long service life, high volume efficiency, good performance at partial load, low leakage, low noise, low vibration, and simple configuration [11].



All of these advantages have attracted many researchers to carry out relevant study on the design and application of single-screw expanders. The group of Lemort and Quoilin modified a standard compressor into an 11 kW single-screw expander and used it to conduct an experimental study. The maximum expander isentropic efficiency and the generated power were, respectively, 64.78% and 7.8 kW [16]. Ziviani et al. carried out a comprehensive review of the geometry modeling of single-screw machines. In their review, the main geometric parameters and constraints were discussed, and the limitations of the existing methodologies were highlighted. An 11 kW single-screw expander was considered in carrying out the calculations [17]. Giuffrida improved the semi-empirical modeling of single-screw expanders for small organic Rankine cycles, and the application of the proposed modeling to a single-screw expander resulted in mean absolute percentage errors of 0.69%, 1.77% and 0.33% with respect to mass flow rate, electric power output and exhaust fluid temperature, respectively [18]. Wang et al. established a theoretical model for analyzing the internal leakage of single-screw expanders [19], and studied the influence of clearance height on the performance of single-screw expanders in small-scale organic Rankine cycles [20]. They found that an appropriate fitting gap adjustment was a necessary measure for improving single-screw expander performance. The volumetric efficiency decreased by 4.42–7.7%, and the power output increased by 0.02–0.11 kW, when the fitting clearance height was between 0.03 mm and 0.09 mm. They also found that clearance height had a great influence on the expander performance. The volumetric and isentropic efficiency decreased slowly at first, and then more quickly with increasing clearance height at a given rotation speed.



Experimental studies on single-screw expanders initially used compressed air as the working fluid. Lu et al. established a compressed air refrigeration system using a single-screw expander with 175 mm diameter [21]. Higher than 65% adiabatic efficiency for single-screw expander was achieved and a more than 70 °C temperature drop could be obtained in the experiment. He et al. conducted an experiment to study the influence of intake pressure on the performance of a 175-mm-diameter single-screw expander working with compressed air [22]. They found that the highest overall efficiency could reach 55% or so, that the greatest torque reached nearly 100 N·m, that the highest power output amounted to about 22 kW, and that the lowest gas consumption was about 60 kg/kWh.



Subsequently, some work was done on single-screw expanders employed in ORC systems for the purposes of waste heat recovery. Zhang et al. developed a single-screw expander with a 155-mm-diameter screw and established an ORC system with R123 as the working fluid for waste heat recovery from the exhaust of a diesel engine [23]. They achieved a maximum power output of 10.38 kW. The highest ORC efficiency and overall system efficiency were 6.48% and 43.8%, respectively, which were achieved at a diesel engine output of 250 kW. Yang et al. conducted similar work using R245fa as the working fluid [24]. They presented a vehicle diesel engine–ORC combined system. They found that when the diesel engine speed was 2200 r/min and the diesel engine torque was 1200 N·m, the power output of the combined system reached its maximum value, at approximately 308.6 kW, which is 28.6 kW higher than the power output of the diesel engine.



Based on the reviewed papers, it can be seen that thermodynamic cycle analysis has previously generally been based solely on the use of single-screw expanders as an alternative to other types of expanders. Working fluid selection has also typically been based on the traditional organic Rankine cycle model. Wajs et al. presented a prototype for a domestic ORC micropower plant that used a gas boiler as an autonomous source of heat. They found that a domestic gas boiler was able to provide the saturated/superheated ethanol vapor and steam necessary to act as working fluids for ORC and RC systems, respectively [25]. Dariusz Mikielewicz and Jaroslaw Mikielewicz proposed a thermodynamic criterion for working fluid selection, for both the subcritical and the supercritical organic Rankine cycle. They chose R123 and R141b for small-scale domestic CHP applications [26]. They also suggested an Organic Flash Cycle (OFC) that would potentially be able to improve the utilization efficiency of the heat source. In their study, the results showed that the single flash OFC achieves better efficiencies than the optimized basic ORC [27]. R245fa and SES36 were selected by the group of Lemort and Quoilin in a test rig equipped with a single-screw expander that had been modified from a standard compressor with a shaft power of 11 kW. The reason for the selection of this working fluid selection was simple: null ODP (ozone depletion potential). This is a well-known factor in the power industry, especially among ORC manufacturers [28]. Tolerance of vapor–liquid two-phase expansion, which is an important characteristic of single-screw expanders, has not been considered or utilized in previous analysis and research. The selection of working fluids that match the characteristics of vapor–liquid two-phase expansion in single-screw expanders has not been carried out, although in a review paper, White et al. compared the power output predicted by two different models of n-pentane, n-hexane, and isopentane within partially evaporated and a superheated cycles [29]. The selection of the expander and the working fluid are strongly interconnected. Therefore, in this paper, two ORC models—a subcritical cycle model and a transcritical cycle model—that are able to give full play to the advantages of vapor–liquid two-phase expansion are presented. Moreover, working fluid selection is conducted for ORC using a single-screw expander on the basis of three indicators, namely, net work output, thermal efficiency, and heat exchange load of condenser.




2. Ideal Subcritical Cycle Model


Liu et al. stated that dry or isentropic working fluids were the most appropriate for ORC systems. This is because these two types of working fluid are superheated following isentropic expansion; thereby, any damage to the turbine blades caused by liquid droplets can be avoided [3]. They also concluded that a superheated apparatus was not required. This conclusion was with reference to a turbo-type expander. However, for single-screw expanders, which are able to tolerate vapor–liquid two-phase expansion, different conclusions may be drawn. Figure 1 depicts the configuration of a single-screw expander. Its working processes are depicted by Figure 2.



It should be noted, here, that although single-screw expanders are able to carry out vapor–liquid two-phase expansion, wet working fluids have still not been adopted in ORC systems with single-screw expanders as a result of three considerations. First, there is no consensus regarding the minimum dryness of the working fluid used with single-screw expanders. Second, the expansibility of vapor-phase working fluids is much better than that of liquid-phase working fluids. Last, low- to medium-grade thermal energy is “precious”, and it cannot be wasted on overheating wet working fluids. Therefore, in the following calculation and analysis, only dry and isentropic working fluids are considered and included.



2.1. Working Conditions of Expander Inlet are Known


2.1.1. Thermodynamic Setting and Description


In a T-s diagram, a significant difference between dry (or isentropic) fluid and wet fluid is the existence of a point at which the entropy value reaches the maximum on the saturated vapor curve ranging from the normal boiling point to the critical point. This point is located near the critical point, and is defined as the turning point [30]; other details about the role of this point can be found elsewhere [31]. The turning point temperature is the limit of subcritical ORC when adopting a traditional expander [30]. However, when using a single-screw expander, a subcritical ORC process that is capable of taking advantage of the vapor–liquid two-phase expansion of single-screw expander can be established, as is depicted in Figure 3.



In Figure 3, net work output is calculated by


wnet=(h4−h5)−(h2−h1),



(1)




thermal efficiency is calculated by


η=wnetqe=(h4−h5)−(h2−h1)h4−h2,



(2)




and the heat exchange load of the condenser is calculated by


qc=h5−h1,



(3)







In the above equations, h is enthalpy, w is work, q is heat exchange, η is thermal efficiency, c stands for condenser, e stands for evaporator, and the numbers are the state points in the figure. In the following equations, h, w, q, η, and the numbers all have the same meanings.



We hope that the whole cycle depicted in Figure 3 will still operate in the subcritical region. Meanwhile, vapor–liquid two-phase expansion should be ensured. Therefore, both state point 4 and state point 5 should be on the saturated vapor curve. The turning point should be located between points 4 and 5. To be more specific, 0.9Tc (critical temperature) represents the extreme temperature of the subcritical region. The temperature at state point 4 is set to be this extreme temperature. That is to say, 0.9Tc (critical temperature) should be higher than the temperature at the turning point.



From Figure 3, it can be seen that the process 4–5 is a two-phase isentropic expansion. Both state point 4 and state point 5 are on the saturated vapor curve. On the contrary, traditional subcritical ORC with dry/isentropic working fluid is depicted in Figure 4. In Figure 4, state point 5, the end of the isentropic expansion, is in a superheated state. To achieve the best thermodynamic performance in the traditional working mode, the temperature at point 4, which is also the expander inlet temperature, is set to be the same as the temperature at the turning point. State point 4 is still on the saturated vapor curve. The same condensation temperature is used for both Figure 3 and Figure 4.



In Figure 4, net work output is calculated by


wnet=(h4−h5)−(h2−h1),



(4)




thermal efficiency is calculated by


η=wnetqe=(h4−h5)−(h2−h1)h4−h2,



(5)




and the heat exchange load of the condenser is calculated by


qc=h5−h1,



(6)







Here, it should be observed that the maximum operating temperature of the single-screw expander should not exceed 130 °C (400 K), due to the restriction of the sealing material, lubricating oil, and starwheel material. Therefore, the temperature at state point 4 cannot exceed 130 °C (400 K) in either the two-phase expansion process or the traditional working process. Therefore, single-screw expanders are especially suitable for biomass combined with heat and power, the temperature of which varies between 150 and 320 °C, and heat recovery for mechanical equipment and industrial processes, the temperatures of which vary between 215 °C and 315 °C [32].




2.1.2. Results and Discussion


Taking into account the above settings and limitations, all the working fluids included in REFPROP 9.1 [33] were screened. A total of 73 dry and isentropic working fluids were found. Among these 73 working fluids, there were 6 working fluids that were able to meet all of the thermodynamic requirements described above. These were cis-butene, R11, R116, R1234yf, R1234ze(E), and R142b. The main thermodynamic, safety, and environmental properties of the above 6 working fluids are listed in Table 1. Based on the data listed in Table 1, it can be seen that R11, R116, and R142b are not suitable for use in ORC systems with single-screw expanders due to their high GWP value. Among the remaining three working fluids, R1234yf and R1234ze(E) are popular HFO working fluids that have been widely studied. As for cis-butene, it belongs to the HC working fluids and belongs to olefins, chemically. Its safety group could not be found in ANSI/ASHRAE Standard 34. However, some statements about it with respect to risk and safety were found. Hazard and precautionary statements were also found. All these statements are summarized as follows [34]:




	
Extremely flammable gas.



	
Autoignition Temperature: 615 °F (323.89 °C)



	
Protect from sunlight.



	
Keep container in a well-ventilated place.



	
Keep away from sources of ignition—No smoking.



	
Take precautionary measures against static discharges.








Low-grade waste heat can be divided into two categories: open type and closed type [45,46]. For the open type, the inlet temperature and mass flow rate are known, and the working mass of the heat source is directly discharged after being used. For the closed type, the heat release is specific, and the working mass of the heat source is usually recycled after releasing heat. Therefore, the standards used to measure the waste heat recovery of these two types of heat source are different [45]. The maximum net power output is used as the criterion for the open type, while the maximum thermal efficiency is used for the closed type. Therefore, net power output and thermal efficiency are adopted as the first two indicators for evaluating the performance of the vapor–liquid two-phase expansion working mode and the traditional working mode of ORC. The third evaluation indicator is the heat exchange load of the condenser, because this is critical for calculating the cost of the condenser, which will greatly influence the cost and economic performance of entire ORC system [8].



Considering the thermodynamic requirements with respect to Figure 3, the entropy value of point 4 (s4) is determined by its temperature (T4 = 0.9TC). Therefore, the temperature of point 5 (T5) can be determined on the basis of the entropy value of point 5 (s5 = s4).



Table 2 lists the temperatures at point 4 and 5, along with the thermodynamic performance indicated by the above three indicators for the remaining three working fluids in the model of the subcritical cycle. From Table 2, it can be seen that in vapor–liquid two-phase expansion mode, the condensation temperature, which is the same as the expander outlet temperature of R1234yf, is too low, and is beyond the usual condensation temperature range. Therefore, its thermodynamic performance is not calculated and discussed. As for R1234ze(E), the shape of its saturated vapor curve, depicted in Figure 5, mean that it has two intersections (point 5) with the isentropic line. One is at 331 K, the other is at 237.8 K, which is also too low, and is beyond the usual condensation temperature range. Therefore, 331 K is designated as the condensation temperature for the purposes of further discussion. Based on the data listed in Table 2, it can be seen that cis-butene has a suitable condensation temperature, resulting in an appropriate temperature difference between the expander inlet and the outlet, which is the same as the condensation temperature. However, the temperature difference between the expander inlet and the outlet of R1234ze(E) is very small. This results in a low net power output and a low thermal efficiency, although it also leads to a small heat exchange load for the condenser. When comparing the vapor–liquid two-phase expansion mode with the traditional mode, it can be seen that the vapor–liquid two-phase expansion mode has a better thermodynamic performance, specifically, a higher thermal efficiency, a higher net power output, and a smaller heat exchange load for the condenser. However, the difference in thermodynamic performance between the above two modes is very small, due to the small difference in temperature at point 4 between the two working modes.



In summary, cis-butene can be used as a suitable working fluid in the subcritical cycle model when the working conditions at the expander inlet are known. It is suitable for both open and closed types of heat source. However, the cost of the heat exchanger for cis-butene will be higher than that for R1234yf and R1234ze(E).





2.2. Condensation Temperature is Known


2.2.1. Thermodynamic Setting and Description


The analysis provided in the previous subsection was based on the operating conditions of expander inlet being known, which will act as a determinant on condensation temperature. The results show that the difference in thermodynamic performance between the two working modes is very small. Therefore, in this subsection, we will first attempt to determine and set the condensation temperature, and subsequently conduct the thermodynamic performance analysis.



According to [47], 320 K and 290 K are the recommended condensation temperatures for working fluids with high and low critical temperatures, respectively. These two condensation temperatures can be achieved using air cooling and water cooling. In order to perform a detailed analysis, the thermodynamic performance of the above three working fluids are calculated with condensation temperature varying from 290 K to 320 K. The whole cycle process for cis-butene is depicted in Figure 6. The process for R1234yf and R1234ze(E) are depicted in Figure 7. In Figure 6 and Figure 7, the temperature at point 4(T4) is still set as the extreme temperature of the subcritical ORC, which is 0.9Tc (critical temperature). Line 4’–5 is an isentropic line. Point 5 is on the saturated vapor curve. The temperature at point 5 (T5) is the same as the condensation temperature, which is varied between 290 K and 320 K. From Figure 6 and Figure 7, it can be seen that point 4’ is not in a saturated state, and has a vapor quality.



In Figure 6 and Figure 7, the net work output is calculated by


wnet=(h4′−h5)−(h2−h1),



(7)




thermal efficiency is calculated by


η=wnetqe=(h4′−h5)−(h2−h1)h4′−h2,



(8)




the heat exchange load of the condenser is calculated by


qc=h5−h1,



(9)




and the vapor quality of the working fluid is calculated by


x=s4′−s3s4−s3,



(10)







It should be noted, here, that for cis-butene, 320 K only corresponds to the local minimum point of entropy on its saturated vapor curve, as shown in Figure 6b. Meanwhile, for R1234yf and R1234ze(E), 290 K, which is their lowest condensation temperature, is higher than the temperature which corresponds to the local minimum entropy.



The subcritical ORC depicted in Figure 4 is still used for the purpose of comparison. The temperature at point 4, which is the same as the temperature of the expander inlet, is still set to be same as the temperature at the turning point. State point 4 is still on the saturated vapor curve. Point 6 is on the saturated vapor curve, and its temperature (T6) is the same as the condensation temperature, which is varied between 290 K and 320 K.




2.2.2. Results and Discussion


Table 3 lists the net power output, thermal efficiency, and heat exchange load of the condenser for cis-butene, R1234yf, and R1234ze(E) when the condensation temperature is known.



Based on the data listed in Table 3, it can be seen that each of these three working fluids exhibits a better thermodynamic performance when adopting the vapor–liquid two-phase expansion mode. However, the difference in thermodynamic performance between the two modes is not very large. Of the three working fluids, cis-butene has the best performance in terms of net power output and thermal efficiency, while R1234yf and R1234ze(E) have a better performance with respect to the heat exchange load of the condenser. The indexes of all three working fluids decrease with increasing condensation temperature under both working modes, the vapor–liquid two-phase expansion mode and the traditional mode.



If we compare the two working modes with respect to the same indicator of the same working fluid, it can be seen that cis-butene behaves differently from the other two working fluids. For cis-butene, the difference between the two modes with respect to net power output decreases first, and then increases with increasing condensation temperature. Meanwhile, for R1234yf and R1234ze(E), the difference increases. This trend can be seen in Figure 8a. For cis-butene, the difference in thermal efficiency remains basically unchanged at first, and then increases with the increase of condensation temperature. Meanwhile, for R1234yf and R1234ze(E), this difference increases. This can be seen in Figure 8b. For cis-butene, the difference in the heat exchange load of the condenser increases with increasing condensation temperature. Meanwhile, for R1234yf and R1234ze(E), this difference decreases. This can be seen in Figure 8c.



Additionally, from Table 3, it can be seen that the vapor quality of cis-butene decreases with increasing condensation temperature. Meanwhile, for R1234yf and R1234ze(E), the vapor quality increases. The vapor quality of all three working fluids is very high. In other words, they are close to a saturated vapor state.



The reason for all of the above differences lies in the different relative positions of the condensation temperature range on the saturated vapor curves of the different working fluids. Specifically, for cis-butene, 320 K corresponds to the local minimum entropy. This factor is well illustrated and explained in Figure 6 and Figure 7.



In summary, cis-butene can be selected as a suitable working fluid in the subcrictical cycle model when the condensation temperature is known. It is suitable for both open and closed types of heat source, with a higher cost to the heat exchanger.






3. Ideal Transcritical Cycle Model


3.1. Thermodynamic Setting and Description


Based on the calculation and analysis of the subcritical cycle model when the working conditions of the expander inlet or the condensation temperature are known, it can be seen that the differences in thermodynamic performance between the vapor–liquid two-phase expansion mode and the traditional mode are not large. In other words, the advantage represented by the tolerance of the single-screw expander for two-phase fluids has not been fully utilized under subcritical conditions. Therefore, in this section, the transcritical cycle model is established to analyze the performance of the single-screw expander.



Similar to the settings in the previous subsection, condensation temperature is used to determine the maximum temperature in the transcritical cycle model. Figure 9 depicts the whole cycle process for cis-butene. Figure 10 depicts the cycle for R1234yf and R1234ze(E). In these two figures, both point 4 and point 5 are on the saturated vapor curve. Line 4–5 is an isentropic line. The temperature at point 4 is higher than 0.9Tc (critical temperature), which is the extreme temperature of the subcritical region. As mentioned before, for cis-butene, 320 K only corresponds to the local minimum point of entropy on its saturated vapor curve, as shown in Figure 9b. Meanwhile, for R1234yf and R1234ze(E), 290 K, which is their lowest condensation temperature, is higher than the temperature corresponding to their local minimum entropy.



Due to the different relative positions of the condensation temperature range on the saturated vapor curves, the maximum cycle temperature that corresponds to the condensation temperature is different for the three working fluids. For cis-butene, the maximum cycle temperature that corresponds to the lowest condensation temperature is lower than the maximum cycle temperature that corresponds to the highest condensation temperature. Meanwhile, for R1234yf and R1234ze(E), their maximum cycle temperature that corresponds to the lowest condensation temperature is higher than the maximum cycle temperature that corresponds to the highest condensation temperature. Figure 9 and Figure 10 illustrate this difference. The equations for calculating the three indicators in Figure 9 and Figure 10 are the same as the equations used for the calculations for Figure 3.



The cycle depicted in Figure 4 is still used for the purpose of comparison. The temperature at point 4, which is the same as the temperature at the expander inlet, is still set to be the same as the temperature at the turning point. State point 4 is still on the saturated vapor curve. Point 6 is on the saturated vapor curve, and its temperature (T6) is the same as the condensation temperature, which is varied between 290 K and 320 K.




3.2. Results and Discussion


Table 4 lists the net power output, thermal efficiency, and heat exchange load of the condenser for cis-butene, R1234yf, and R1234ze(E) in transcritical ORC when the condensation temperature is known.



Based on the data listed in Table 4, it can be seen that when the condensation temperature is varied from 290 K to 320 K, the expander inlet temperature of cis-butene exceeds 130 °C (400 K). It has been mentioned that the maximum working temperature of the single-screw expander is 130 °C (400 K). Although it can work at temperatures higher than 400 K for a short time, its working life will be greatly reduced. Therefore, it is not recommended that single-screw expanders be operated at temperatures higher than 400 K. When 400 K is set as the inlet temperature of the single-screw expander, the corresponding condensation temperature will be 284.7 K. At this condensation temperature, the vapor–liquid two-phase expansion mode exhibits a better performance than the traditional mode.



The same as for the subcritical cycle model when the condensation temperature is known, all three thermodynamic indexes decrease with increasing condensation temperature under both working modes, the vapor–liquid two-phase expansion mode and the traditional mode. This trend can be seen in Figure 11. When comparing R1234yf with R1234ze(E) at the same condensation temperature, R1234ze(E) has better thermodynamic performance than R1234yf in terms of net power output and thermal efficiency. However, the heat exchange load of the condenser for R1234ze(E) is a little bit higher than that of R1234yf. The difference in thermodynamic performance for both R1234yf and R1234ze(E) between the two working modes decreases with increasing condensation temperature.



In summary, in comparison with cis-butene, R1234yf and R1234ze(E) are more suitable for working in the transcritical cycle. Moreover, R1234ze(E) can be selected as a suitable working fluid in the transcritical cycle model when the condensation temperature is known. It is suitable for both open and closed types of heat source, with a slightly higher cost in the heat exchanger.




3.3. Comparisons of Subcritical and Transcritical Cycle Models


If we compare the thermodynamic performance of the same working fluid (R1234yf or R1234ze(E)) when working in the subcritical and transcritical cycle models at the same condensation temperature, it can be obviously found that the thermodynamic performance in the transcritical cycle model is better than that in the subcritical cycle. For both R1234yf and R1234ze(E), the difference in their thermodynamic performances between the subcritical and transcritical cycle models decreases with increasing condensation temperature. Figure 12 depicts this trend. As for cis-butene, its maximum working temperature is 400 K, which corresponds to a condensation temperature of 284.7 K. At this temperature, the thermodynamic performance of cis-butene in the transcritical cycle model is better than that in the subscritical cycle model.





4. Analysis of the Subcritical and Transcritical Cycles Considering the Isentropic Efficiency of the Expander


4.1. Thermodynamic Setting and Description


The above two sections analyzed the ideal subcritical and ideal transcritical cycle models. They are based on the isentropic efficiency of the single-screw expander being 100%. However, in practical applications, the isentropic efficiency of different expanders needs to be taken into account. Therefore, in this section, the subcritical and transcritical cycles are analyzed considering the isentropic efficiency of the expanders. Figure 13 depicts the subcritical and transcritical cycles of cis-butene when considering the isentropic efficiency of the expander. Figure 14 depicts the subcritical and transcritical cycles of R1234yf and R1234ze(E) when considering the isentropic efficiency of the expander. In these figures, the blue dotted lines represent the expansion processes when considering the isentropic efficiency of the expander.



In Figure 13 and Figure 14, isentropic efficiency is calculated by


ηex=h4−h5′h4−h5,



(11)







First of all, the isentropic efficiencies of different types of expander need to be determined. Nowadays, screw expanders show a much greater technical maturity than scroll and piston expanders [13]. The internal efficiency of single-screw expanders has exceeded 50%, and the maximum is about 65% [21,48]. Therefore, 65% is used for the analysis of single-screw expanders in this section. Table 5 lists the range of net work output values for different working fluids when taking the 65% isentropic efficiency of the single-screw expander into account. Based on the net work output range listed in Table 5, the type of expander used to perform the the comparison with single-screw expander can be determined. According to [9], piston expanders are suitable for cis-butene(cis-2-butene) and can be used for the purpose of comparison with single-screw expander. Meanwhile, scroll expanders are suitable for R1234yf and R1234ze(E). In the work conducted by Sapin et al., the efficiency of the reciprocating-piston expander ranges from 48% to 68% [49]. Therefore, 62% is adopted as the isentropic efficiency for the piston expander [50]. For scroll expanders, the maximum isentropic efficiency has reached up to 80% [51]. In this sections, we have adopted 68% as its isentropic efficiency when used in ORC [52].




4.2. Results and Discussion


Table 6, Table 7 and Table 8 show the comparisons of the thermodynamic performance of the three working fluids with and without consideration of the isentropic efficiency of the expander.



From Table 6, it can be seen that when considering the isentropic efficiency of the expander at condensation temperatures of 290 K and 295 K, the heat exchange load of the condenser in the traditional cycle, in which the piston expander is used, is smaller than that in the transcritical cycle in which the single-screw expander is used, but bigger than that in subcritical cycle in which the single-screw expander is used. However, at the same condensation temperature, the other aspects of thermodynamic performance of the single-screw expander working in subcritical or transcritical cycles were better than those of the piston expander working in the traditional cycle. Beyond that, at all other condensation temperatures, all aspects of the thermodynamic performance of the single-screw expander working in subcritical or transcritical cycles were better than those of the piston expander working in the traditional cycle.



From Table 7, it can be seen that when considering the isentropic efficiency of the expander, the net power output and the thermal efficiency of the single-screw expander working in the subcritical cycle are lower than those of the scroll expander working in the traditional cycle at condensation temperatures of 290 K, 295 K, 300 K, 305 K, and 310 K. At the same time, the heat exchange load of the condenser of the single-screw expander is also lower than that of the scroll expander. However, at condensation temperatures of 315 K and 320 K, the net power output and thermal efficiency of the single-screw expander working in the subcritical cycle are higher than those of the scroll expander working in the traditional cycle. Among the three working conditions, the single-screw expander working in the transcritical cycle has the highest net power output and thermal efficiency.



From Table 8, it can be seen that when considering the isentropic efficiency of the expander, the net power output and thermal efficiency of the single-screw expander working in both the subcritical and transcritical cycles are higher than those of the scroll expander working in the traditional cycle. The thermodynamic performance of the single-screw expander working in the transcritical cycle is better than that of the single-screw expander working in the subcritical cycle. At the same time, the heat exchange load of the condenser is also a little bit higher.



From above three tables, it can be seen that if the isentropic efficiency of the expander is considered, then among the subcritical cycle with the single-screw expander, the transcritical cycle with the single-screw expander, and the traditional cycle with the piston/scroll expander, the transcritical cycle has the highest net power output and thermal efficiency. At the same time, it has a slightly higher heat exchange load of the condenser. When comparing the subcritical cycle and the traditional cycle, as for cis-butene, all aspects of the thermodynamic performance of the single-screw expander are better at all condensation temperatures. For R1234yf, all aspects of the thermodynamic performance of the single-screw expander are better at a condensation temperature of 315 K. For R1234ze(E), all aspects of the thermodynamic performance of the single-screw expander are better at condensation temperatures ranging from 290 K to 310 K.



Among the three working fluids, cis-butene has the highest net power output and the highest thermal efficiency when working in the subcritical cycle. Meanwhile, R1234ze(E) may be the best choice when working in the transcritical cycle.





5. Conclusions


The organic Rankine cycle (ORC) is a popular technology used in waste heat recovery and medium- to low-temperature heat utilization. The working fluid plays a very important role in the thermodynamic cycle. The expander is a key device in ORC. In order to give full play to vapor–liquid two-phase expansion tolerance, which is an important characteristic of single-screw expanders, two ORC models—an ideal subcritical cycle model and an ideal transcritical cycle model—were established. On this basis, the isentropic efficiency of the expander was also considered for the purposes of analyzing thermodynamic performance.



Three indicators—namely, net work output, which was used to evaluate open heat source, thermal efficiency, which was used for closed heat source, and the heat exchange load of the condenser, which was used to evaluate economic performance—were chosen to analyze the performance of the ORC systems.



On the basis of our calculations and analyses, it can be seen that, without considering the isentropic efficiency of the expander, ORC systems that use single-screw expanders and undergo a vapor–liquid two-phase expansion are able to obtain higher thermal efficiency, greater net work output, and smaller heat exchange loads of the condenser. Cis-butene may be the best candidate when working in the subcritical cycle. HFO working fluids are more suitable for working in the transcritical cycle, and HFO-1234ze(E) may be the best.



When considering the isentropic efficiency of the expander, cis-butene is still the best choice for working in the subcritical cycle. Meanwhile, for the transcritical cycle, HFO-1234ze(E) may still be the best.
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Figure 1. Configuration of a single-screw expander. 
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Figure 2. Working processes of single-screw expanders: (a) suction, (b) expansion, and (c) discharge. 
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Figure 3. Subcritical ORC with a single-screw expander when the working conditions of the expander inlet are known. 
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Figure 4. Traditional subcritical ORC with dry/isentropic working fluid. 
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Figure 5. Shape of the saturated vapor curve of R1234yf, resulting in two intersections with the isentropic line. 
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Figure 6. Subcritical ORC for cis-butene with a single-screw expander when the condensation temperature is known: (a) 290 K, (b) 320 K. 
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Figure 7. Subcritical ORC for R1234yf and R1234ze(E) with a single-screw expander when the condensation temperature is known: (a) 290 K, (b) 320 K. 
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Figure 8. Variation in the difference in thermodynamic performance with increasing condensation temperature in the subcritical cycle model when the condensation temperature is known: (a) net power output, (b) thermal efficiency, (c) heat exchange load of the condenser. 
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Figure 9. Transcritical ORC for cis-butene with single-screw expander when the condensation temperature is known: (a) 290 K, (b) 320 K. 
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Figure 10. Transcritical ORC for R1234yf and R1234ze(E) with single-screw expander when the condensation temperature is known: (a) 290 K, (b) 320 K. 
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Figure 11. Variation in the difference in thermodynamic performance with increasing condensation temperature in the transcritical cycle model when the condensation temperature is known: (a) net power output, (b) thermal efficiency, (c) heat exchange load of the condenser. 
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Figure 12. Thermodynamic performance difference variation between subcritical and transcritical cycle with increase of condensation temperature: (a) Net power output, (b)Thermal efficiency. 
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Figure 13. (a) Subcritical and (b) transcritical cycles of cis-butene when considering the isentropic efficiency of the expander. 
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Figure 14. (a) Subcritical and (b) transcritical cycles of R1234yf and R1234ze(E) when considering the isentropic efficiency of the expander. 
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Table 1. Main thermodynamic, safety, and environmental properties of 6 working fluids.
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	Working Fluid
	Critical Temperature (Tc)/K
	The extreme Temperature of Subcritical Region (0.9TC)/K
	Turning Point Temperature/K
	Safety Group
	Global Warming Potential (GWP), 100 year





	cis-butene(cis-2-butene)
	435.75
	392.18
	390
	N/A
	~20 [35]



	R11
	471.11
	424.00
	395
	A1 [36]
	4750 [37]



	R116
	293.03
	263.73
	255
	A1 [36]
	5700 [38]



	R1234yf
	367.85
	331.07
	330
	A2L 1 [39,40,41]
	<1 [42]/4 [43]



	R1234ze(E)
	382.51
	344.26
	340
	A2L 2 [39,40,41]
	<1 [42]/6 [44]



	R142b
	410.26
	369.24
	350
	A2 [36]
	2310 [37]







1,2 A2L is a lower flammability refrigerant with a maximum burning velocity of ≤10 cm/s.
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