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Abstract 

The power generation cycle using zeotropic mixture as working fluid has several advantages for recovery of low-

grade finite heat sources. In this paper an exergetic analysis is carried out for regenerative partial-evaporation 

Rankine cycle with ammonia-water mixture. Based on the first and second laws of thermodynamics, the effects of the 

important system parameters on the exergetical performance of the system were theoretically investigated. The results 

showed that the second law efficiency has an optimum value with respect to the fluid quality at expander inlet as well 

as the ammonia mass fraction. 
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1. Introduction 

Due to the increasing global demand for energy, it is becoming more and more important to convert 

efficiently the low-grade heat source into the more useful energy and to find improved technologies for 

power generation. In the power generation systems for recovery of finite heat sources of low temperature, 

an important advantage for the use of zeotropic mixtures like binary ammonia-water mixture as working 

fluid rather than pure working fluids is that heat can be supplied or rejected with varying temperature 

while maintaining constant pressure. The heat transfer process with variable temperature relieves the 

mismatch between hot and cold flows in the heat exchangers. The temperature profiles at both sink and 

source heat exchangers may be optimally adjusted for performance maximization by using the zeotropic 

mixture [1]-[5].  

If the flow rate and temperature of the finite heat source are kept constant, the maximum energy 

efficiency criterion can lead to an unsuitable choice of the thermodynamic cycle; rather the combination 

of energy efficiency and amount of recovered heat will lead to the best choice of the cycle [6]. The 

ammonia-water based Rankine cycle can operate with considerably high exergetic efficiencies even if the 

source considered is a low temperature and low exergy one. An increase of the net power output 

decreases the exergetic efficiency while at the same time it increases the surface of the heat exchangers 

[7]. In the ammonia–water based Rankine cycle for recovery of finite heat source, changes in the 

concentration of the mixture allow thermodynamic cycles to adapt to fluctuations in renewable energy 

sources due to the nature of the ammonia-water mixture, which is an important advantage with respect to 

other working fluids [8].  

In the ammonia-water based Rankine cycles with and without regeneration, the lower limit of 

workable ammonia concentration decreases with increasing turbine inlet pressure. In the regenerative 

cycle both the thermal and exergy efficiencies can have peaks at the minimum allowable ammonia 

concentrations in the working range of system operation and are better than the cycle without 
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regeneration [9]-[10]. Ammonia-water based Rankine cycle can be used for combined cycles using LNG 

cold energy. There exists an optimal ammonia mass fraction for the maximum exergy efficiency and a 

decrease in condensation temperature or pinch temperature difference of the heat exchangers leads to an 

increased net power generation and exergy efficiency of the system [11].  

Recently a new organic Rankine cycle with partial evaporation using the zeotropic mixture 

R245fa/R227ea as working fluid is proposed [12]. It was reported that the heat exchanger economy may 

become worse but the partial evaporation and zeotropic mixture working fluid can improve the 

thermodynamic performance and more importantly they can be combined together to further enhance the 

system. This paper performs an exergetic analysis of a partial evaporation Rankine cycle with 

regeneration using ammonia-water mixture as a zeotropic working fluid for recovery of low-temperature 

finite heat source. The effects of system parameters such as ammonia mass fraction and vapor quality at 

expander inlet on the exergy destruction at the components of the system as well as the second law 

efficiency are extensively investigated.  

2. System Analysis  

The schematic diagram of the system is illustrated in Fig. 1. In the system, the working fluid with 

ammonia mass fraction xb flows out the condenser as a saturated liquid temperature Tc of state 1, and is 

pressurized by the pump to pressure PH of state 2, and preheated in the regenerator to state 3. The fluid is 

then further heated with the source fluid to state 4 where the vapor quality reaches a prescribed value of β. 

The supplied source fluid is assumed as air at temperature TH. The fluid then enters the expander and 

produces mechanical work during the expansion to the condensation pressure of state 5. The working 

fluid enters then the regenerator and comes out after preheating the working fluid as state 6, and the cycle 

is completed.  

For the simplicity of the system analysis, some assumptions are made as follows: the heat losses 

except heat exchangers and pressure variations except the expander and pump are ignored. Isentropic 

efficiencies of the pump and expander are maintained at constant values ηP and ηT, respectively. The 

minimum temperature differences between hot and cold streams in the heat exchangers are operated as 

the prescribed pinch temperature difference, ΔTpp. It means that the flow rate of the working fluid 

becomes the maximum for a specified supplied source fluid. 
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Fig. 1.  Schematic diagram of the system. 

 

The heat addition rate Qin and the net power Wnet are obtained as follows: 

 

 34 hhmQ win                                                                             (1) 
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              1234 hhmhhmW wwnet 
                                                        

      (2) 

 

Here m is the mass flow rate and h is the specific enthalpy. The exergy is a property of a stream that is 

defined as the maximum useful work available when the stream evolves reversibly to reach equilibrium 

with the environment. The exergy can be evaluated as 

 

                                                                        (3) 

 

where s is the specific entropy and the subscript 0 represents the reference dead state 

The exergy input rate by the source Es, should be same as the sum of the net power Wnet and the total 

exergy destruction including exergy losses dtot, as  

  

                                                                         (4) 

 

The second-law efficiency ηII is defined as the ratio of the net power production to the decrease in the 

source exergy in the heat exchanger, and the exergy efficiency ηex is defined as the ratio of the net power 

production to the source exergy [4, 10]: 

 

                                                                (5) 

                                                                      (6) 

     

The exergy destruction ratio of a component D, as the ratio of the exergy destruction at a component to 

the exergy input as follows [4, 10]:  

 

𝐷𝑠𝑜 = 𝐸𝑠𝑜/𝐸𝑠                                                                                           (7) 

𝐷𝑐𝑜 = 𝐸𝑐𝑜/𝐸𝑠                                                                                            (8) 

𝐷ℎ𝑒 = (𝐸𝑠 + 𝐸3 − 𝐸𝑠𝑜 − 𝐸4)/𝐸𝑠                                                            (9) 

𝐷𝑐𝑑 = (𝐸𝑐 + 𝐸6 − 𝐸𝑐𝑜 − 𝐸1)/𝐸𝑠                                                           (10) 

𝐷𝑟𝑔 = (𝐸5 + 𝐸2 − 𝐸6 − 𝐸3)/𝐸𝑠                                                            (11) 

𝐷𝑤𝑛 = (𝐸4 + 𝐸1 − 𝐸5 − 𝐸2 −𝑊𝑛𝑒𝑡)/𝐸𝑠                                              (12) 

 

where subscripts s, c, so, co, he, cd, rg, and wn represent the source, source exhaust, coolant, coolant 

exhaust, heat exchanger, condenser, refrigerator, and net power, respectively. The sum of the exergy 

destruction ratios of the system and the exergy efficiency then becomes unity, as follows:  

 

𝜂
𝑒𝑥
+ 𝐷𝑠𝑜 + 𝐷𝑐𝑜 + 𝐷ℎ𝑒 + 𝐷𝑐𝑑 + 𝐷𝑟𝑔 + 𝐷𝑤𝑛 = 1                                           (13)  

 

The thermodynamic properties of ammonia-water mixture are evaluated using the method of Gibbs 

free energy which was introduced by Xu and Goswami [13]. 

3. Results and Discussions  

In this work the source fluid is considered as a standard air with 1 kg/s. The basic data of the system 

variables are as follows; source temperature Ts = 160℃, turbine inlet pressure PH = 2 MPa, condensation 

temperature TL = 25℃ , coolant temperature Tc = 15℃ , pinch temperature difference ΔTpp = 5℃ , 

isentropic pump efficiency ηp = 0.85, isentropic expander efficiency ηt = 0.80, respectively. The effects of 

the ammonia mass fraction and the vapor quality on the exergy destruction ratio of source exhaust Dso. 

There exists a lower limit of allowable ammonia mass fraction for a given quality, due to the imposed 

  000 ssThhmE 

totnets dWE 

 soutsnetII EEW  /

snetex EW /
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constraint that the working fluid of binary mixture is supposed to reach the prescribed fluid quality for a 

specified pressure. This lower limit increases with the fluid quality. The exergy destruction decreases 

with increasing ammonia mass fraction. It is because the temperature at the pinch point inside the heat 

exchanger decreases with higher ammonia mass fraction, which consequently lowers the exit temperature. 

For a given ammonia mass fraction the exergy destruction ratio increases with higher fluid quality. It is 

because as the fluid quality increases, the exit source temperature increases.  
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Fig. 2.  Effect of ammonia mass fraction on the exergy destruction of source exhaust. 
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Fig. 3.  Effect of ammonia mass fraction on the exergy destruction of coolant exhaust. 

Fig. 3 shows the effects of the ammonia mass fraction on the exergy destruction ratio of coolant 

exhaust Dco for various vapor qualities. As ammonia mass fraction increases, the exergy destruction ratio 
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firstly increases and reaches a local maximum value and then decreases again, so it has a peak value with 

respect to the ammonia mass fraction. It can be seen from the figure that the ammonia mass fraction for 

the maximum destruction ratio increases with decrease in the fluid quality. For low fluid qualities, the 

destruction ratio simply decreases with increasing ammonia mass fraction. When the fluid quality is 0.5, 

the exergy destruction ratio decreases almost linearly with increasing ammonia mass fraction. However, 

the exergy destruction ratio of coolant exhaust is lower than that of the source exhaust. 
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Fig. 4.  Effect of ammonia mass fraction on the exergy destruction of heat exchanger. 

Fig. 4 shows the effects of the ammonia mass fraction on the exergy destruction ratio of heat 

exchanger Dhe for various vapor qualities. As ammonia mass fraction increases, the exergy destruction 

ratio increases with increasing ammonia mass fraction. It is because as follows. The heat addition rate is 

evaluated as the product of the mass flow rate of the working fluid and the specific heat addition in the 

heat exchanger. The specific heat addition has a local minimum value work with respect to ammonia 

mass fraction, but the mass flow rate of working fluid in the heat exchanger increases strongly with 

increase in the ammonia mass fraction, which leads to the increase in the heat transfer and subsequently 

increase in the exergy destruction ratio with increasing ammonia mass fraction. For a specified ammonia 

mass fraction, the exergy destruction ratio decreases with increasing fluid quality, due to lower heat 

transfer in the heat exchanger.  

Fig. 5 shows the effects of the ammonia mass fraction on the exergy destruction ratio in the 

regenerator Drg for various vapor qualities. The exergy destruction ratio has a peak value with respect to 

the ammonia mass fraction. It is because as follows. As the ammonia mass fraction increases, the fluid 

temperature at expander exit decreases which acts as an increasing factor for the heat transfer in the 

regenerator, but at the same time the phase transition temperature is also lowered which acts as a 

decreasing factor. Therefore there exist both the increasing and decreasing factors, which leads the 

tendency [4]. It can be observed from the figure that the maximum exergy destruction ratio and the 

corresponding ammonia mass fraction increase as the fluid quality increases. 
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Fig. 5.  Effect of ammonia mass fraction on the exergy destruction of regenerator. 
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Fig. 6.  Effect of ammonia mass fraction on the exergy destruction of condenser. 

The effects of the ammonia mass fraction on the exergy destruction ratio in the condenser Dcd are 

shown in Fig. 6 for various vapor qualities. It can be seen from the figure that the maximum exergy 

destruction ratio decreases but the corresponding ammonia mass fraction increases as the fluid quality 

increases. For a specified ammonia mass fraction, the exergy destruction ratio decreases as the fluid 

quality increases. However, the exergy destruction ratios in condenser are lower than the heat exchanger, 

so they are insignificant compared to other exergy destruction ratios. 

The effects of the ammonia mass fraction on the second-law efficiency are shown in Fig. 7 for various 

vapor qualities. It can be seen from the figure that there exists an optimum ammonia mass fraction for the 
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local maximum second-law efficiency. It is because as follows. The net power production has a peak 

value with respect to the ammonia mass fraction, since the specific net work decreases but the mass flow 

rate of the working fluid increases as the ammonia mass fraction increases.  The optimum ammonia mass 

fraction for the maximum second-law efficiency increases with increasing fluid quality. Exceptionally for 

very low fluid quality as 0.5, the second- law efficiency linearly decreases with increasing ammonia mass 

fraction. It is worth to note that there exists also optimum fluid quality for the maximum second-law 

efficiency. It can be observed from the figure that the peak value of the second-law efficiency with 

respect to the ammonia mass fraction becomes the maximum when the fluid quality is 0.8. For the 

efficient recovery of finite low-grade heat source, the partial evaporation and the zeotropic mixture 

working fluid can improve the exergetic performance of the system, and furthermore, they can be 

combined together to further enhance the system [12]. 
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Fig. 7.  Effect of ammonia mass fraction on the second-law efficiency. 

4. Conclusion  

This paper presented an exergetical performance analysis of a partial evaporating Rankine cycle using 

ammonia-water zeotropic mixture as a working fluid for recovery of low-grade finite heat source. The 

main conclusions from the parametric study of the system are summarized as follows: As the fluid vapor 

quality at the expander exit increases, the exergy destruction ratios of source exhaust (Dso) and 

regenerator (Drg) increase but the exergy destruction ratios of coolant exhaust (Dco) and heat exchanger 

(Dhe) decrease. The second-law efficiency of the system has a peak with respect to the fluid vapor quality 

as well as the ammonia mass fraction. The partial evaporation and the zeotropic mixture working fluid 

can improve the exergetic performance of the system, and the partial evaporating Rankine cycle using 

zeotropic mixture as working fluid has a potential to improve recovery of low-grade finite heat source. 
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