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Abstract: The so-called organic Rankine cycle (ORC) is an effective technology allowing heat recovery from lower temperature sources. In the present study, to improve its thermal efficiency, a preheated ejector using exhaust steam coming from the expander is integrated in the cycle (EPORC). Considering net power output, pump power, and thermal efficiency, the proposed system is compared with the basic ORC. The influence of the ejector ratio (ER) of the preheated ejector on the system performances is also investigated. Results show that the net power output of the EPORC is higher than that of the basic ORC due to the decreasing pump power. Under given working conditions, the average thermal efficiency of EPORC is 29% higher than that of ORC. The ER has a great impact on the performance of EPORC by adjusting the working fluid fed to the pump, leading to significant variations of the pump work Moreover, the ER has a remarkable effect on the working fluid temperature lift (TL) at the evaporator inlet, thus reducing the evaporator heat load. According to the results, the thermal efficiency of EPORC increases by 30%, when the ER increases from 0.05 to 0.4.
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1  Introduction

In the last two decades, the problems of fossil fuel shortages, environmental pollution, and carbon emissions caused by growing industrialization have become more and more prominent, and the exploration and utilization of waste and renewable energy have drawn a burgeoning number of attentions from both governments and several organizations. In order to gradually reduce the use of fossil fuels, it is expected that more electricity should be generated using renewable energy. A survey from the IEA indicated that electricity generation from renewables is expected to triple between 2010 and 2035, reaching 31% of total generation [1]. In addition, survey data indicated that low-grade heat accounts for 60% of the waste heat produced in industrial processes. However, conventional energy conversion technologies have low thermal efficiencies when they are used to explore low-grade heat [2]. ORC (organic Rankine cycle) is an effective technology and is considered to be one of the practical methods for converting low-grade heat to power, being progressively adopted for its simplicity, reliability, and flexibility [3,4].

Commercial applications for different markets have been widely distributed in Europe and the US. Until January 21st, 2016, the total installed capacity of the ORC system was 2749.1 MWe in 563 power plants, and the new capacity planned is 523.6 MWe in 75 plants. In terms of market share, geothermal power plants contribute to 76.5% of all ORC installed capacity, and the US has the largest installed capacity. Some of the ORC equipment parameters are listed in Table 1 [5].
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Because of the increased focus on low and medium temperature heat recovery, a large number of ORC studies have been completed since 2000 in order to improve ORC performance and maximize electricity production [6]. The following topics are primarily the focus of research: the selection of pure or zeotropic working fluids [7–9], system optimization [10,11], component modification [12,13], various thermodynamic cycles (basic ORC cycle, trans-supercritical cycle, regenerative cycle, and combined cycle) [14–16], and economic analysis [17–19].

In ORC system, the working fluid collects heat from the evaporator’s heat source and releases it to the condenser’s heat sink. The temperature of the superheated vapor at the expander outlet is higher than that at the evaporator inlet. Some researchers proposed an ORC system with an internal heat exchanger (IHE) to recover the discharged heat that would otherwise be released in the condenser.

Li et al. [20] carried out an investigation on ORC integrated with IHE with different working fluids, showing that IHE has an advantage in ORC system using mixture working fluids. Yari [21] compared the regenerative ORC with other types of geothermal power systems. Moreover, Yari investigated the regenerative ORC using different working fluids, including isobutene, isopentane, R113, and R123. Desai et al. [22] found that a 16.5% increase in thermal efficiency was obtained for 16 working fluids employing regenerative ORC. Li et al. [23] experiment investigated regenerative ORC and basic ORC, showing that regenerative ORC has a 1.83% higher thermal efficiency than that of basic ORC.

To improve the efficiency of the ORC system, some researchers have tried to utilize the discharged heat from the expander to reduce the power consumed by the pump. The ejector preheater is a simple device in which high-pressure liquid and low-pressure gas mix and exchange heat directly. Li et al. [24] investigated ORC with an ejector, indicating that the ejector can increase the power output capacity. Zhang et al. [25] proposed a novel ORC system which combines the basic ORC system and an ejector heat pump. An ejector is installed at the inlet of the expander to increase the total heat by using the ejection ability caused by the high-pressure fluid from the pump. Results show that the novel combined system can increase the maximum net output and heat recovery ability by 10.78% and 19.04%, respectively. Feng et al. [26] added a regenerator to recover the extra exhaust heat from the expander outlet. A comparison between the basic and regenerative ORC was investigated. According to research, the basic ORC utilizes heat sources at a higher temperature than the regenerative ORC. The maximum thermal efficiency of regenerative ORC is 5.5%, which is 25.5% higher than the maximum thermal efficiency of basic ORC, which is 4.1%. Chen et al. [27] presented and compared a modified ORC system with a vapor-liquid ejector to the basic ORC. According to the results, the modified system has a higher thermal efficiency.

In this paper, a novel ORC system integrated with an ejector preheater, called EPORC, is proposed. In this system, an ejector is selected as a mixer, where part of the working fluid from the expander is used to preheat the working fluid from the pump directly. The ejector leads to three advantages: (1) the average evaporating temperature is increased due to the fact that the working fluid is preheated to saturation temperature or near saturation temperature; (2) the heat load in the evaporator is reduced for recovering part of the discharged heat from the expander; and (3) the pump work is reduced since part of the working fluid is fed to the ejector directly without running though the pump. A detailed thermodynamic analysis is carried out in order to present the characteristics of the proposed system.

2  Principle and Thermodynamic Models of the EPORC System

2.1 Principle of EPORC System

The schematic of the EPORC system is shown in Fig. 1. The EPORC system mainly consists of evaporator, expander, condenser, storage tank, pump, and ejector preheater. The pump pressurizes the low-boiling working fluid into the ejector preheater where the high temperature vapor mixes with the low temperature liquid working fluid. The fully mixed working fluid flows into the evaporator where the working fluid gains heat and vaporizes. The high-pressure vapor flows into the expander where the enthalpy is converted into work. The low-pressure vapor from the expander is divided into two parts. One part of the vapor flows into the condenser where it is liquefied by the cooling water and led to the liquid reservoir. The liquefied working fluid is then pumped to the ejector preheater, which induces the other part of the vapor from the expander to the ejector preheater. In the ejector preheater, the vapor releases heat to the liquid in a rapid condensation process. Two working fluids in different states are fully mixed and become single-phase. Finally, the liquid working fluid flows back to the evaporator, and a closed cycle is formed.
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Figure 1: Schematic of the EPORC system

The liquid-vapor ejector preheater plays an important role in the EPORC system, although it has a simple structure. Its structure and working principle are shown in Fig. 2. As shown in Fig. 2, the high-pressure liquid changes from subsonic to supersonic, forming a low-pressure region in the suction chamber of the ejector preheater (a–c). The low-pressure vapor is entrained into the mixing chamber by the pressure difference (b–c). The liquid and vapor go through a quick condensation process with direct contact in the mixing chamber forepart where direct contact heat transfer occurs (c–d). The mixing flow may have mixing layers with shockwaves because the speed of the mixing flow excesses the sonic speed in the constant area section of the mixing chamber (d–e). Besides, in the mixing chamber, the two different flows are completely mixed and the vapor is condensed into liquid. Finally, the fluid is decelerated and recompressed in the diffuser.
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Figure 2: Principle of ejector operation

2.2 Mathematical Model

The thermodynamic processes of the EPORC system are presented in the T-S diagram shown in Fig. 3.

The flow mechanism in the ejector is complex. It is not easy to establish a model to simulate the detailed flow process in the system. For simplicity, the following hypotheses are adopted for the system modeling:

(1) Every component operates at a steady state.

(2) The efficiencies of the expander and pump are set as constants.

(3) The vapor and liquid exchange heat completely in the ejector, and the flow in the ejector is one dimension.
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Figure 3: T-S diagram of EPORC

Considering the above hypotheses, the mathematical models of the EPORC system are defined as follows:

The ejector ratio (ER) is defined as below:


ER=mwf,sec/mwf,pri
(1)

where, mwf,sec and mwf,pri are the mass flow rates of the primary flow and second flow of the ejector, respectively.

The total heat input in the evaporator is:


Qe=mwf(h1−h7)
(2)

where, mwf , h1 and h7 are the mass flow rate of the working fluid, the evaporator outlet enthalpy and the evaporator inlet enthalpy, respectively.

The power generated from the expander is:


Wexp=mwf(h1−h2)ηgenηm
(3)


mwf=mwf,pri+msec
(4)

where, h2, 
ηgen
, 
ηm
are the expander outlet enthalpy, the generator efficiency and the mechanical efficiency, respectively. 
ηgen
, 
ηm
are set as 0.9, and 0.9, respectively.

The total heat released to the heat sink is:


Qcon=mwf,pri(h2−h4)
(5)

where, h4 is the condenser outlet enthalpy.

The power consumed by the pump is:


Wp=mwf,pri(h5−h4)/ηp
(6)

where, h5 and 
ηp
are the pump outlet enthalpy and the pump efficiency.

The process in the ejector is:


(1+ER)h7=mwf,prih5+mwf,sech6
(7)

where, h6 is the second flow enthalpy of the ejector.

The net power output is:


Wnet=Wexp−Wp
(8)

The thermal efficiency is:


η=Wnet/Qe
(9)

The temperature lift (TL) is expressed as the difference between the ejector outlet temperature and the primary flow temperature. It denotes the ability of the ejector preheater to preheat the working fluid.


TL=T7−T5
(10)

where, T7 and T5 are the ejector outlet temperature and the primary flow temperature of the ejector, respectively.

2.3 Model Validation

The basic ORC system numerical model is validated using previously published data from reference [28], with the same heat source and heat sink and R245fa as the working fluid. The following parameters are set for verification calculation: heat source inlet (Theat,inlet) and outlet (Theat,outlet) temperatures are set as 90 °C and 70°C; the mass flow of the heat source medium (mheat) is 0.14 kg/s; the cooling water inlet (Tcw,inlet) and outlet (Tcw,outlet) temperatures are 30°C and 35°C, respectively; the mass flow of the cooling water (mcw) is 0.27 kg/s. The numerical results are shown in Table 2. The absolute difference in the net power output is 19 W, with a relative difference of 3.6%. Moreover, the relative difference in the thermal efficiency is 0.65%, showing that the numerical calculation accuracy of the present model is reliable.
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3  Results and Discussion

3.1 Comparison Analysis

The performances of ORC and EPORC are compared under the same operating conditions with R245fa as the working fluid. In order to highlight the characteristics of the EPORC system, the influences of the pump isentropic efficiency, evaporating temperature, and condensing temperature on the performances of these two systems are studied.

Fig. 4 presents the effect of pump isentropic efficiency on system performance. Obviously, EPORC and ORC have the same Wgen because of the same working conditions for the expander. As ηp increases, Wp decreases as expected. In addition, EPORC has a little lower value than ORC since part of the uncondensed working fluid from the expander is led to the ejector preheater without flowing into the pump. Therefore, EPORC can produce more net power than ORC. Fig. 4b indicated that ηsys increases with the increasing of ηp which can be understood easily. Moreover, the ηsys of EPORC is higher than ORC, which can be explained using Eq. (7) . EPORC has a higher Wnet than ORC, which has been explained before. Furthermore, compared with ORC, EPORC has a lower heat load in the evaporator as the ejector acts as a regenerator, preheating the working fluid before the evaporator. As seen in Fig. 4b, when ηp is 70%, theηsys of EPORC (6.96%) is 29% higher than that of ORC (5.38%).
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Figure 4: Effect of pump isentropic efficiency on system performance

Fig. 5 depicts the power generation (Wgen), the net power (Wnet), the pump power (Wp), and the system thermal efficiency (ηsys) vs. the evaporating temperature (Te) when ηp = 75%. Clearly, Wgen, Wnet, and Wp for both EPORC and ORC increase first, then decrease with Te increasing, and every parameter has a maximum value. EPORC has a lower Wp than ORC because part of the working fluid does not flow into the pump. In addition, Wnet of EPORC is slightly higher than that of ORC. It can be seen from Fig. 5b that the higher evaporating temperature is, the higher thermal efficiency can be obtained by both EPORC and ORC. As Te increases from 55°C to 83°C, ηsys of EPORC and ORC increase from 4.43% to 8.77% and 3.39% to 6.82%, respectively. At the given evaporating temperature, the ηsys of EPORC is constantly higher than that of ORC.
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Figure 5: Effect of evaporator temperature on system performance

Fig. 6 displays the power generation (Wgen), the net power (Wnet), the pump work (Wp), and the system thermal efficiency (ηsys) with respect to the condensing temperature when ηp = 75%. Wgen and Wnet for both EPORC and ORC decrease with the increase of condensing temperature. Because the corresponding pressure of the working fluid will increase with the increase of condensing temperature, so the inlet and outlet enthalpy drop of the expander will decrease, leading the decrease of the power generation. The variation of the condensing temperature has a slightly effect on the pump work (Wp). According to the calculation method, it is known that the change of condensing temperature has no effect on the heat absorption. As a result, as shown in Fig. 6b, the thermal efficiency decreases while the condensing temperature gradually rises.
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Figure 6: Effect of condenser temperature on system performance

3.2 Effect of the Ejector Ratio

The ejector preheater ratio (ER) represents the performance of the ejector. Fig. 7 illustrates the variations of the EPORC performance with ER using working fluids R245fa and R123. As the front and back conditions and the expander isentropic efficiency are set, it is easy to understand that Wgen is unchanged. Based on Eqs. (4) and (6), an increase in ER with the unchanged working fluid leads to a decrease of the working fluid flowing through the working pump, which means that less pump work is needed. Although more second flow in the ejector needs to be pressurized, the increased power consumed by the ejector is less than the decrease in pump work. Therefore, Wnet increases with the increase of ER.
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Figure 7: Effect of entrainment ratio (ER) on system performance

Temperature lift (TL) is an important indicator of the ejector preheater, showing the preheating effect of working fluid flowing into the evaporator. According to Fig. 7b, increasing ER can effectively increase TL, and the rise of TL has a maximum value. This can be explained in two ways: (1) a larger ER indicates that more working fluid from the expander is fed into the ejector to preheat the working fluid from the pump, and (2) the working fluid at the evaporator inlet has a saturation temperature, which is the maximum value that the working fluid can reach.

Fig. 7c indicates the effect of ER on the evaporator and condenser loads. Obviously, both the evaporator and condenser load decrease as ER increases. Considering that the power generation keeps constant and the net power increases as shown in Fig. 7a, it is easy to draw the conclusion that increasing ER can improve the system efficiency, which is shown in Fig. 7d.

4  Conclusions

In this paper, a novel ORC system integrated with an ejector preheater, called EPORC, is proposed. It is compared to the basic ORC system, considering the effect of pump efficiency and operating conditions. Moreover, the effects of ER on the system performance with two different working fluids are studied. The main conclusions drawn from the present study can be summarized as follows:

(1) Compared with the basic ORC system, EPORC has less pump power, resulting in higher net power generation.

(2) Under given operating conditions, EPORC has higher thermal efficiency than the basic ORC system. When the pump efficiency is 70%, the thermal efficiency of EPORC (6.96%) is 29% higher than that of basic ORC (5.38%).

(3) The preheating effect of the ejector is very good. Increasing ER can effectively improve the TL value. However, there is a maximum TL for the ejector, which is influenced by the saturation temperature corresponding to the saturation pressure in the evaporator. What is more, the thermal efficiency of EPORC increases by 30%, when the ejector ratio increases from 0.05 to 0.4.
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Table 1: List of some manufacturers and equipment parameters

Manufacturer Unit Heat source type Heat source Working Thermal
capacity temperature fluid efficiency
MW) 6] (%)
ORMAT 0.2~100 Geothermal energy, Waste  150~300 Pentane /
(USA) heat, Solar
Turboden 0.2~2 Biomass, Waste heat, 100~300 Solkatherm, 20~24
(Italy) Geothermal energy R134a
Exergy (Italy) 0.1~22.5  Geothermal energy, 100~300 R245fa 16~24
Biomass
TAS (USA)  1~15 Heat water >88 R134a, /
R245fa
Kaishan 0.09~1.2  Geothermal energy, Waste ~ 100~135 R123, /
(China) heat R245fa
Purecycle 0.28 Heat water 150 R245fa 8~9
(USA)
Enertime 1~3 Waste heat 150~300 R245fa 17
(French)
GMK 0.05~2 Geothermal energy, Waste  120~350 / 9.1
(Germany) heat
Triogen 0.06~0.165 Waste heat >350 Toluene 13~18.5

(Netherland)
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Table 2: Validation of the numerical model with data reported in reference [28]

Fluid Theat,inlet Theat,outlet Mheat Tcw,inlet Tcw,outlet Mey Wnet n Sources
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R245fa 90 70 0.14 30 35 027 532  4.65 Reference
[28]
R245fa 90 70 0.14 30 35 0.27 5351 4.68 Present
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