
中國機械工程學刊第四十三卷第三期第 251~264 頁(民國一百一十一年) 
Journal of the Chinese Society of Mechanical Engineers, Vol.43, No.3, pp.251~264 (2022) 

 -251- 

Effect of Critical Temperature on the Energy 
and Exergy of Transcritical Organic Rankine 

Cycles with Zeotropic Mixture Working Fluids 
in Low-grade Heat 

 
 
 

Jui-Ching Hsieh* and Ding-Xuan Huang** 
 
 
 
Keywords: transcritical organic Rankine cycle; 

zeotropic mixtures; exergy; 
 
 

ABSTRACT 
 

A thermodynamic analysis model of the tran-
scritical organic Rankine cycle associated with 
zeotropic mixtures has been developed. This model was 
employed to investigate the effects of critical mixture 
temperature on the first and second law efficiencies of 
thermodynamics, specific power, net-power-to-cost 
ratio, irreversibility of the components, and exergy loss 
of the heat source at expander inlet temperatures of 
150–190 °C. The results indicate that evaporator irre-
versibility and exergy loss of the heat source signifi-
cantly decreased with an increase in the expander inlet 
temperature and decrease in the mixture critical temper-
ature, which resulted in improved specific power and 
second law efficiency. However, the condenser irre-
versibility was increased with a decrease in the mixture 
critical temperature owing to the effects of condensa-
tion pressure for low critical temperature fluid. Based 
on the analysis, a universal criterion for the temperature 
difference between the critical temperature and 
expander inlet temperature on the maximal second law 
efficiency has been proposed. Finally, the high critical 
temperature of the mixed fluid is accompanied by a low 
condensation pressure, resulting in high first law effi-
ciency, low condenser irreversibility and excellent net-
power-to-cost ratio. 
 
 
 
 
 
 

 
 
 

 
 

INTRODUCTION 
 

The organic Rankine cycle (ORC) is one of the 
effective methods for recovering low-grade waste heat 
to generate electricity. Numerous pure and mixture 
working fluids and ORC architectures have been 
proposed in literatures to investigate their effects on 
ORC performance. The composition of the mixture 
working fluids were employed to adjust their physical, 
chemical, environmental, as well as safety-related 
properties to improve the design parameters of cycle 
components. Zeotropic mixtures are used as working 
fluids in the ORC to achieve higher efficiency than that 
obtained when using pure fluids based on glide 
matching of temperature profiles in the condenser and 
evaporator (Wu et al. (2016), Zhou et al. (2016), Zhao 
et al. (2014), Lecompte et al (2014)). Zhou et al. (2016) 
indicated that the partial evaporating ORC (PEORC) 
reduces exergy loss in the evaporator by improving 
temperature matching between the heat source and the 
working fluid. Liu et al. (2015) analyzed the effects of 
the condensing temperature glide on zeotropic mixtures. 
They found that two maxima appeared in the cycle 
thermal efficiency, exergy efficiency, and net power 
output. This occurred at the points where the 
condensation temperature glide matched the increase in 
cooling water temperature at two different mole 
fractions of the more volatile component, when the 
increase in cooling water temperature was less than the 
maximum condensation temperature glide of the 
mixture. Zhou et al. (2017) found that the composition 
shift characteristic is mainly affected by vapor–liquid 
equilibrium for a binary zeotropic mixture and by the 
flow velocity difference between the vapor and liquid 
phases. A parametric sensitivity analysis of cycle 
performance indicators, such as energy and exergy 
efficiencies, cycle irreversibility rate, external heat 
requirement, and working fluid mass flow rate, is 
developed at various temperatures and pressures 
Aghahosseini and Dincer (2013). The critical 
temperature of the working fluid influences the 
efficiency of the heat source utilization cycle and losses 
of exergy in the evaporator and condenser Zhai et al 
(2016). Heberle et al. (2012) performed a simulation 
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and analysis of the zeotropic-mixture working fluids 
R245fa/R227ea and isobutane/isopentane. Wang and 
Zhao (2010) used three mass fractions of R245fa/R152 
to simulate dry, isentropic, and wet working fluids and 
calculated the ORC efficiency. Moreover, Satanphol et 
al. (2017) used the Aspen Plus V8.4 simulation 
software to optimize the performance of the 
conventional ORC for low-grade heat recovery from 
pure and zeotropic-mixture working fluids. Hsieh and 
Cheng (2021) investigated effects of the mixture fluids 
on exergy and energy with the recuperative TRCs. 

Generally, the low-enthalpy heat in geothermal 
fluids is extracted by using a binary cycle and is 
converted into electricity. Conventional ORCs are used 
widely in low-enthalpy geothermal power plants as an 
effective solution to convert low-grade heat into power. 
However, conventional ORCs are characterized by high 
exergy destruction during heat transfer in the 
evaporator and condenser. The isothermal evaporation 
destruction and exergy loss can be reduced by 
employing transcritical organic Rankine cycles (TRCs) 
Schuster et al. (2010). Chen et al. (2011) indicate that 
the exergy destruction in a pump, turbine, and 
condenser decreased with an increase of turbine inlet 
pressure in the case of a TRC with pure fluid. Algieri 
and Morrone (2012) considered the influence of 
internal regeneration on three types of pure working 
fluids in subcritical and transcritical cycles. Le et al. 
(2014) found that the highest optimal system efficiency 
(11.6%) and the highest electrical power (4.1kW) are 
obtained with R152a and R1234ze as pure working 
fluids in TRCs, respectively. Moreover, they 
demonstrated that the critical temperature and normal 
boiling temperature are the important factors governing 
the working fluid selection. From the viewpoint of 
environmental protection, CO2 is a promising natural 
working fluid in binary cycles. Moreover, CO2 and its 
mixtures have been studied by researchers in the TRC 
and Brayton cycle (Chen,2012, Mehrpooya,2016, Wu 
et al,2017, Wang and Dai,2016). Liu et al. (2020) 
investigated transcritical cycles by using CO2/R134a 
with various mole fractions for waste heat recovery 
from diesel engines. The experimental results found 
that the maximum estimations of net power output 
using CO2/R134a (0.85/0.15), CO2/R134a (0.7/0.3), 
CO2/R134a (0.6/0.4) and CO2/R134a (0.4/0.6) are 
5.07 kW, 5.45 kW, 5.30 kW, and 4.41 kW, respectively. 
Recently, operating conditions affecting turbine 
performance on Brayton cycles and CO2 transcritical 
cycle have been investigated Song et al. (2020). 
Furthermore, Hsieh (2020) conducted an experiment 
and thermodynamic analysis to investigate the match in 
operating conditions for the experimental heat 
extraction of supercritical CO2 and the CO2 
transcritical power cycle. The results indicated the 
pseudocritical temperature of the CO2 in the 
transcritical cycle should be sufficiently high to 
approach half the inlet temperature of the expander. Zhi 
et al. (2019) presented a TRC model that optimized and 

predicted thermal and exergy efficiencies by using an 
artificial neural network (ANN) for low-grade heat 
recovery. 

Wu et al. (2017) investigated transcritical power 
cycles by using CO2-based mixtures as working fluids 
in a geothermal power plant at cooling water 
temperatures of 10–30 °C. They observed that CO2-
based mixtures were unsuitable for transcritical power 
cycles at low cooling water temperatures, except 
R161/CO2 and R152a/CO2. Wang and Dai (2016) 
studied the TRC with CO2 and ORC with different 
organic fluids as the bottoming cycles. They found that 
the performance of the CO2-TRC was superior to that 
of the ORC at lower compressor pressure ratios. Dai et 
al. (2014) found that CO2-based zeotropic mixtures can 
improve the thermal performance and lower the 
operation pressure compared with pure CO2. 
Braimakis et al. (2015) developed a map of the 
maximum exergetic efficiency for subcritical and 
supercritical ORCs at heat source temperatures ranging 
from 150 °C to 300 °C corresponding to efficiency 
ranging from 15% to 40% by using natural fluids and 
their binary mixtures as working fluids. Although the 
CO2-based mixtures have been investigated in the 
literature, the associated system costs were found to be 
markedly high because the supercritical pressure of 
CO2 is higher than that of the other mixtures. In low-
grade heat conversion, most of the exergy is destroyed 
by the expander, evaporator, and condenser in the 
binary cycle (Chen (2011), Wu (2016), Le et al (2014)). 

According to the aforementioned reviews, 
exergy destruction during evaporation and 
condensation can be reduced by using the TRC and 
mixture fluids, respectively, owing to the excellent 
temperature match with the heat source in the 
evaporator and temperature glide in the condenser. 
Although many pure fluids and their binary mixtures 
have been studied in the ORC, the previous approaches 
have limitations in terms of the effects of zeotropic 
mixtures in TRCs on a reasonable supercritical pressure. 
In addition to exergy destruction in the components, the 
exergy loss associated with the outlet temperature of 
the heat source and the reference temperature cannot be 
neglected. The heat source outlet temperature in the 
evaporator depends on the heat source inlet temperature, 
critical temperature, pinch point, and expander inlet 
pressure. In particular, the critical point, which is the 
crucial parameter in the supercritical cycle, can be 
adjusted based on the mole fraction of the mixture 
fluids with different critical points to further reduce 
exergy loss. Hence, the purpose of the present work is 
to investigate the effects of critical temperature in a 
TRC system with different mixture working fluids at 
various expander inlet temperatures. The energy, 
exergy efficiency and net-output-power-to-cost ratio 
affected by temperature difference between the 
expander inlet temperature and critical temperature 
have been studied. 
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System model 
System description 

A schematic of the TRC system was showed in 
Figure 1. The parameters employed for the analysis of 
the TRC in the present work were summarized in Table 
1. The heat source and cooling temperatures were set in 
the range of 160–200 °C and 32 °C, respectively. 
Isentropic efficiency of pump was a key parameter, 
especially for transcritical cycles Maraver et al. (2014), 
and it was set as 65% in the present study according to 
the experimental data reported previously Hsieh et al. 
(2017). 

 

 
Fig. 1. Schematic of the TRC system. 

 
Table 1. Parameters of the TRC model. 

High CT working fluid  R245fa, R600a 

Low CT working fluid  R134a, R1234yf 

Expander isentropic efficiency εexp,is 80% 

Pump isentropic efficiency εpump,is 65% 

Generator/motor efficiency εg,m 90% 

Pinch point for evaporator ΔTpp,eva 10 K 

Pinch point for condenser ΔTpp,cond 5 K 

Inlet temperature of the expander Texp,in 150–190 °C 

Inlet pressure of the expander Pexp,in 4.6 MPa 

Inlet temperature of heat source Ths,in 160–200 °C 

Mass flow rate of heat source �̇�𝑚ℎ𝑠𝑠 30 kg/s 

Inlet temperature of cooling source Tcs,in 32 °C 

Outlet temperature of cooling source Tcs,out 37 °C 

Reference temperature T0 32 °C 

 
Critical point of zeotropic mixture 

Figure 2. shows the typical T–s diagram of the 

TRC system using a zeotropic mixture and irreversibil-
ity of each component. The temperature glide of the 
zeotropic-mixture working fluid between the saturated 
liquid and the saturated vapor lines in the condenser 
illustrates the non-isothermal process of condensation, 
which reduces the irreversibility of the condenser. 
TRCs have the best thermal match between the heat 
source and the working fluid in the evaporator owing to 
heating from the subcritical to the supercritical state 
without isothermal evaporation, which reduces exergy 
loss of the heat source and irreversibility of the evapo-
rator. The irreversibilities of the components and 
exergy loss are shown in Fig. 2. by hatched lines. The 
hatched areas represent exergy destruction of the 
components and exergy loss of the heat source. From 
the figure, it can be inferred that most of the exergies 
are dissipated as Ėhs,loss , İeva , and İcond , which are 
affected by the outlet temperature of the heat source. 

 

 
Fig. 2. Exergy of the heat source and irreversibility of 

the components in the T–s diagram 
(irreversibility of the pump not shown). 

 
For the TRC system, the critical point is the 

crucial property of the working fluid because the 
working fluid must be in the supercritical state before 
entering the expander. To avoid droplet accumulation 
owing to a drop in pressure, the inlet temperature and 
inlet pressure of the working fluid should be 
sufficiently higher than the critical point to ensure that 
the working fluid remains in the superheated state 
during expansion. Additionally, the critical point of the 
working fluid can be adjusted by changing the mole 
fraction of the mixture working fluid, as shown in Fig. 
3. Variations in the critical points of the mixtures 
increase with Xf. To achieve safe operation at a 
reasonable cost in practical systems, we set the 
supercritical pressure to 4.6 MPa.  
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Fig. 3. (a) Critical temperature and (b) critical pressure 

at various mole fractions of the mixtures. 
 
Condensation temperature glides and condensation 
pressures 

In addition to the effects of the critical 
temperature of zeotropic mixtures, the condensation 
pressure should be as low as possible to increase the 
thermal efficiency of a TRC. The condensation 
pressure decreased with increased mole fraction of the 
working fluid with high critical temperature (HCT), as 
shown in Fig. 4. In the TRC system, temperature glide 
occurred only in the condenser owing to the phase 
change of the zeotropic mixture in the two-phase region, 
which induced a nonisothermal condensation process 
and affected the condensation pressure. The pinch point 
temperature of the condenser at the dew point can be 
expressed as follows: 

𝑇𝑇5 = 𝑇𝑇𝑐𝑐𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 + ∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 and 𝑃𝑃1 = 𝑃𝑃5 
Because 𝑇𝑇𝑔𝑔 ≥ ∆𝑇𝑇𝑐𝑐𝑠𝑠, the pinch point shifts from 

dew point to point 1 (the refrigerant outlet of the 
condenser) in the case of the working fluid. 

𝑇𝑇1 = 𝑇𝑇𝑐𝑐𝑠𝑠,𝑖𝑖𝑐𝑐 + ∆𝑇𝑇𝑝𝑝𝑝𝑝,𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐  and 𝑃𝑃5 = 𝑃𝑃1 
The condensation pressure of the zeotropic 

mixture was affected by the temperature glide, except 
in the case of R600a/R1234yf. The mole fractions at the 
temperature glide approached the temperature differ-
ence between the inlet and outlet of the cooling source, 
and they are 0.16/0.84 and 0.96/0.04, 0.19/0.81 and 
0.97/0.03, and 0.34/0.66 and 0.95/0.05, respectively, 
for R245fa/R134a, R245fa/R1234yf, and R600a/R134a.  
 

 
 

 
Fig. 4. Condensation temperature glides and 

condensation pressures for (a) R245fa/ 
R134a and R245fa/R1234yf, (b) R600a/ 
R134a and R600a/R1234yf. 

 
Theoretical analysis 

 
Model assumptions 

To simplify the analysis model, the following 
system assumptions were made: (1) the system is in a 
steady state; (2) the pressure drop in the evaporator, 
condenser, and connecting pipes is ignored; moreover, 
(3) the heat loss of each component and the connecting 
pipes is ignored. 
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System thermodynamic analysis 
In a TRC system, the pump pressurizes the 

working fluid to a supercritical state, resulting in a large 
pressure difference between the evaporator and the con-
denser. However, the working fluid pump consumes a 
considerable amount of power from the system genera-
tor. The net thermal efficiency (first law efficiency) is 
estimated by using the following equations: 

Qeva = ṁhsCp(Ths,in − Ths,out) (1) 

ηI = ηth,sys = Ẇnet
Qeva

= Ẇexp−Ẇpump
Qeva

  (2) 

where �̇�𝑊𝑐𝑐𝑛𝑛𝑜𝑜 is the difference between the shaft 
power produced by the expander and the power 
consumed by the working fluid pump. 

To consider the exergy destruction in the system 
and its components, we used the continuity equation, 
energy and exergy balance equation for a control 
volume in the steady state with no changes in potential 
and kinetic energy. The corresponding equations are as 
follows: 

∑ ṁin = ∑ ṁout (3) 

Q + ∑ ṁinhinin = ∑ ṁouthoutout + Ẇ (4) 

∑ �1 − T0
Tj
�Qj + ∑ ṁineinin =in

∑ ṁouteoutout + Ẇ + İ (5) 

where e, specific exergy, is h − h0 − T0(s − s0). 
The system and the main components are isothermal, 
and no exergy is transferred from external heat, so Qj = 
0. 

The system efficiency and component exergy 
destructions are evaluated using energy and exergy 
balance equations. The main design points and 
components are shown in Fig. 2. The mathematical 
model of each component is described as follows. 

The power consumed and the irreversibility of 
the pumping process between points 1 and 2 are 

h2 = h2s−h1
εpump,is

+ h1 (6) 

Ẇpump = ṁf(h2 − h1) (7) 

İpump = Ẇpump + ṁfe1 − ṁfe2 = ṁfT0(s2 − s1)
 (8) 

The irreversibility of evaporation between points 
2 and 3 is defined as 

İeva = ṁf(e2 − e3) + ṁhs�ehs,in − ehs,out� =
ṁfT0(s3 − s2)+ṁhsT0(shs,out − shs,in) (9) 

The shaft power of the expander and the 
irreversibility of expansion between points 3 and 4 are 
defined as  

h4 = h3 − εexp,is(h3 − h4s) (10) 

Ẇexp = ṁf(h3 − h4) (11) 

İexp = ṁfe3 − ṁfe4 − Ẇexp = ṁfT0(s4 − s3) (12) 

The irreversibility of condensation between 
points 4 and 1 can be calculated by 

Qcond = ṁf(h4 − h1) (13) 

İcond = ṁf(e4 − e1) + ṁcs(ecs,in − ecs,out)   =
ṁfT0(s1 − s4)+ṁcsT0(scs,out − scs,in) (14) 

The total irreversibility of the TRC system can be 
summarized as follows: 

İtot = İpump + İeva + İexp + İcond  

Generally, the outlet temperature of the heat 
source in a TRC evaporator cannot decrease to the 
reference temperature, and only a part of the exergy 
from the heat source can be transferred into the TRC 
system, which can be expressed as 

∆Ėhs = Ėhs,in − Ėhs,out = ṁhs�ehs,in − ehs,out� =
ṁhs(hhs,in − hhs,out − T0(shs,in − shs,out)) (15) 

The exergy loss from the outlet temperature of 
the heat source in the evaporator to the reference point 
was evaluated. To investigate the exergy efficiency of 
the TRC system, the transferred exergy and exergy loss 
from the heat source in normalization are expressed as  

1 = ∆Ėhs
Ėhs,in

+ Ėhs,out
Ėhs,in

= Ψinput + Ψloss (16) 

The net exergy transferred from the heat source 
flows to the net output work and the exergy destruction 
of the system in normalization is expressed as follows:  

∆Ėhs = İtot + Ẇnet + Ėcs,loss (17) 

1 = İtot
∆Ėhs

+ Ẇnet
∆Ėhs

+ Ėcs.loss
∆Ėhs

  

where Ėcs,loss is the exergy discharged from the 
cooling source. 

The second law efficiency and normalized 
destruction of the system can be determined by 

ηII = Ẇnet
∆Ėhs

 (18) 

Ωtot = İtot
∆Ėhs

= İpump
∆Ėhs

+ İeva
∆Ėhs

+ İexp
∆Ėhs

+ İcond
∆Ėhs

=
Ωpump + Ωeva + Ωexp + Ωcond (19) 

The overall heat transfer coefficient in the 
evaporator and condenser can be calculated using the 
logarithmic mean temperature difference (LMTD) 
method. 

The heat transfer rates of the evaporator and 
condenser are 

Qeva = (UA)eva∆Tlog _eva (20) 

Qcond = (UA)cond∆Tlog _cond (21) 

UA = (UA)eva + (UA)cond (22) 

where ΔTlog is the LMTD calculated using the 
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inlet and outlet temperatures of the heat source, cooling 
source, and working fluids in the evaporator and 
condenser, respectively; and Qeva and Qcond are the heat 
transfer rates of the evaporator and condenser, 
respectively. Furthermore, the overall heat transfer 
coefficient of the evaporator (UA)eva and the condenser 
(UA)cond can be calculated by combining Eqs. (1), (13), 
(20), and (21). 

To consider the specific power and the net-
power-to-cost ratio, we express the net output power 
per unit mass flow rate of the heat source and the net 
output power per unit UA as follows: 

ξ = Ṗnet
ṁhs

 (21) 

Λ = Ṗnet
UA

 (22) 

where Ṗnet is 

Ṗnet = �Ẇexp ∙ εg,m� −
Ẇpump
εg,m

 (23) 

 
Results and Discussion 

 
The mixtures R245fa/R134a, R245fa/R1234yf, 

R600a/R134a, and R600a/R1234yf were used as work-
ing fluids in the TRC. R245fa and R134a, which are 
nonflammable and have high global warming potential 
(GWP), are widely used in ORC/TRCs owing to their 
excellent performance in low-grade heat conversion. 
R600a and R1234yf are hydrocarbon (HC) and 
hydrofluoroolefin (HFO), respectively, which have 
higher flammability and low GWP. Additionally, 
R245fa and R600a, and R134a and R1234yf have HCT 
and low critical temperature (LCT), respectively, as 
presented in Table 2. In the present study, zeotropic 
mixtures comprising different refrigerants and having 
various critical temperature values were used to inves-
tigate the effects of the relative temperature difference 
between the expansion inlet temperature and the critical 
temperature. According to the system thermodynamic 
analysis in Section 3.2, the model developed herein was 
solved using MATLAB, and the thermal-physical 
properties of the working fluid were taken from the 
National Institute of Standards and Technology (NIST) 
database REFPROP 9.0 Lemmon et al. (2013). 

 
Table 2. Basic properties of the working fluid. 

Working 
fluids Tcri (°C) Pcri (MPa) Safety GWP 

R245fa 154.0 3.651 B1 1030 
R600a 134.7 3.64 A3 20 
R134a 101.1 4.06 A1 1300 

R1234yf 94.7 3.38 A2L 4 
 
Validation of analysis model 

To validate the thermodynamic analysis model 

developed in the present study, the model was solved 
with the same operating conditions and working fluid 
as those in Le et al. (2014). R134a in the pure working 
fluid was computed to compare the net shaft power of 
the expander, ηI, ηII, and İtot of the TRC model at the 
heat source outlet temperature of 70.3 °C. According to 
the validation results, the relative deviation in the net 
shaft work, first law efficiency, second law efficiency, 
and irreversibility are 1.48%, 0.7%, 1.9%, and 0.9%, 
respectively, as listed in Table 3. 
 

Table 3 Validation of the analysis model for pure 
working fluid R134a. 

  �̇�𝑊𝑐𝑐𝑛𝑛𝑜𝑜 (kW) ηI (%) ηII (%) 𝐼𝐼�̇�𝑜𝑜𝑜𝑜𝑜 (kW) 

Ref. [16] 4.7 14.0 57.0 (ηex) 3.4 
Present 
study 4.77 14.1 58.1 3.43 

Relative 
deviation 1.48% 0.7% 1.9% 0.9% 

 
Influences of condensation pressure and 
temperature glide 

For the transcritical cycle with pure fluid, the 
isothermal process in the evaporator does not occur, but 
the condensation process in the subcritical state is 
isothermal. Although a better thermal match between 
the working fluid and the heat source could be achieved 
in the evaporator, it depended on the expander inlet 
temperature and the critical temperature. In the present 
study, fluids with HCT and LCT were used to create the 
mixture fluids that were employed to investigate the 
effects of the critical temperature of the mixtures on the 
TRC system performance and exergy efficiency. The 
system efficiency (ηI and ηII), specific power (ζ), 
exergy destruction (Ωtot), and exergy loss (Ψloss) for the 
zeotropic mixtures were examined through the mole 
fraction of the mixtures and various inlet expander 
temperatures, as shown in Fig. 5. 

Because the condensation temperature glide was 
smaller than the temperature difference between the 
inlet and outlet of the cooling source (as shown in Fig. 
4(b)), the performance of R600a/R1234yf was not 
affected by the temperature glide. Figure 6 shows that 
ηII, ζ, and Ψloss of R600a/R1234yf improved 
significantly with the increase in Texp,in. This was 
because Ψloss significantly decreased with an increase 
in Texp,in, resulting in improved ζ and ηII. Ψloss associated 
with the outlet temperature of the heat source was as 
low as possible to obtain an excellent thermal match 
between the heat source and working fluid. Meanwhile, 
Ψloss can be reduced by increasing the proportion of 
LCT in the mixture at the given Texp,in. However, ζ and 
ηII at XR600a< 0.3 were lower than those at higher XR600a, 
and these lower values resulted from high Ωtot, as it is 
evident from the results in Fig. 5(a) for Texp,in = 190 ℃. 
This finding seems to show that the values of ζ and ηII 
are mainly affected by Ωtot and Ψloss at the low and high 
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Xf, respectively. 
A comparison between Figs. 5(b) and 4(b) shows 

that ηI, ηII, ζ, and Ωtot were significantly related to 
condensation pressure and temperature glide because 
their profiles were similar to the trend of condensation 
pressure for R600a/R134a. Ωtot was reduced by the 
condensation pressure associated with the mole fraction 
of the HCT fluid to cause an increase in ζ and ηII. Note 
that in comparison with the case of R600a/R1234yf, ζ, 
ηI, and ηII of R600a/R134a can be improved by 
temperature glide and Texp,in. However, effects of Texp,in 
on ηI were slighter. 

 
Figures 5(b), 5(c), and 5(d) reveal that the 

appearances of the first peak value of ζ, ηI, and ηII at 
Texp,in ≤ 160 °C for XR600a and Texp,in ≤ 170 °C for XR245fa 
were affected by the temperature glide when Xf was 
low. This was because Ωtot was reduced to the lowest 
value when the temperature glide equaled the cooling 
source temperature increase. Meanwhile, at Texp,in ≥ 170 
°C for XR600a and Texp,in ≥ 180 °C for XR245fa, two peak 
values of ηI, ηII, and ζ appeared at Xf < 0.5 and Xf > 0.5, 
respectively. Additionally, the trends of ηI and Ψloss are 
the same, that is, ηI and Ψloss reached their maximal 
values at Xf = 1, except when Texp,in ≤ 160 °C. This was 
because the condensation pressure and critical 
temperature of the mixtures reached the minimum and 
maximal values (referred to Figs. 3 and 4), respectively. 

 
To further investigate the effects of the 

condensation pressure associated with the proportion of 
the HCT working fluid in the mixtures on total 
irreversibility, the irreversibilities of the main 
components of the TRC are shown in Fig. 6. For Tg < 
ΔTcs, the results show that Ωcond and Ωpump decreased 
obviously and slightly, respectively, with condensation 
pressure, which decreased with increasing Xf, as shown 
in Fig. 6(a). By contrast, Ωeva and Ωexp increased 
slightly with a decrease in condensation pressure. 
Meanwhile, Ψloss increased significantly with an 
increase in Xf owing to an apparent decrease in ∆Ėhs. 
Moreover, Ωeva and Ψloss were significantly affected by 
the critical temperature at the given expander inlet 
temperature. The maximal condensation temperature 
glide for R245fa/R1234yf was approximately 17 °C, 
and as a result, the effects of condensation temperature 
glide occurred at 0.19/0.81 (XR245fa < 0.5) and 0.96/0.04 
(XR245fa > 0.5) when the condensation temperature glide 
approached the increase in cooling source temperature. 
∆Ėhs , Ωexp, Ωeva, Ωcond, and Ψloss were slightly and 
significantly affected by the condensation temperature 
glide, when XR245fa < 0.5 and XR245fa > 0.5 (Fig. 6(b)), 
respectively. In other words, the effects of temperature 
glide were evident when the mole fraction of the HCT 
fluid was high at Texp,in of 180 °C and 190 °C. This was 
because the lowest values of Ωcond and Ψloss occurred at 
a high proportion of the HCT fluid and high Texp,in upon 
an effect of temperature glide. 
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Fig. 5. Effects of inlet temperatures of the expander in 

the case of zeotropic mixture with Pexp,in = 4.6 
MPa: (a) R600a/R1234yf, (b) R600a/R134a, (c) 
R245fa/R134a and (d) R245fa/R1234yf. 

 
 
 

 
 
 

 
Fig. 6. Effects of condensing pressure on system 

performance, irreversibility, and exergy for (a) 
R600a/R1234yf and (b) R245fa/R1234yf at 
Texp,in = 190 °C and Pexp,in = 4.6 MPa. 

 
Influences of critical temperature and expander 
inlet temperature 

To investigate the effects of the interaction 
between the expander inlet temperature and the critical 
temperature of the mixtures, the exergy loss and 
normalized irreversibilities of the components at 
various expander inlet temperatures are shown in Fig. 
7. The results illustrate that the decreasing critical 
temperature and increasing expander inlet temperature 
were effective for reducing Ωeva and Ψloss. At ΔTexp-cri ≥ 
60 °C, Ψloss approached a constant value lower than 
0.05. This implies that the exergy from the heat source 
cannot attain its maximal value with a further decrease 
in the critical temperature and increase in the expander 
inlet temperature. Additionally, Ωeva can attain its 
minimum value at ΔTexp-cri ranging from 60 to 70 °C at 
the given Texp,in. After Ωeva reached its lowest value, it 
increased slightly with an increase in ΔTexp-cri. By 
contrast, the corresponding Ωcond, which showed a trend 
opposite to those of Ωeva and Ψloss, increased linearly 
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with ΔTexp-cri at a given Texp,in owing to the higher 
condensation pressure of LCT fluids, as it is evident 
from the results in Fig. 7(d). Meanwhile, the crossover 
points of Ωeva, Ωcond, and Ψloss for the mixtures were in 
the ΔTexp-cri range of 30 to 40 °C. After the crossover 
points, the slopes of Ωeva and Ψloss decreased gradually. 

 

 
 

 
  

 

 
Fig. 7 Effects of ΔTexp-cr at Pexp,in = 4.6 MPa for (a) 

R245fa/R134a, (b) R245fa/R1234yf, (c) 
R600a/R134a, and (d) R600a/R1234yf on the 
irreversibility and exergy loss. 

 
Figure 8 shows how the ηI, ηII, and ζ of the 

system performance are associated with the mixtures 
influenced by ΔTexp-cri at various inlet expander temper-
atures. The values of ηII were increased and decreased 
with inlet expander temperature as ΔTexp-cri was lower 
and higher than 40 ℃, respectively. Meanwhile, ζ was 
sharply and gradually increased with inlet expander 
temperature at ΔTexp-cri lower and higher than 40 ℃, 
respectively, except XR600a. In other words, as Texp,in ≤ 
170 ℃ and Texp,in ≥ 180 ℃, the H C T fluid of the m ix-
tures was selected as low and high proportion to obtain 
maximal values of ζ and ηII, respectively, upon the ef-
fects of temperature glide. A comparison of Figs. 7 and 
8 shows that ηII for R245fa/R134a, R245fa/R1234yf, 
R600a/R134a and R600a/R1234yf were respectively 
reached their maximal values at 38.74, 38.07, 47.27 and 
44.55 ℃ of ΔTexp-cri as inlet expander temperatures of 
190, 190, 180 and 170 ℃, as listed in Table 4. Note that 
maximal ηII was occurred at high proportion of HCT 
fluids upon effect of condensation temperature glide 
when ΔTexp-cri was approximately approached 40 ℃. 
This can be considered as the universal condition for 
ΔTexp-cri on the maximal ηII of the mixtures as 
Texp,in<200℃. Additionally, ηII for XR600a was de-
creased with an increase of the inlet expander tempera-
ture as Texp,in≥180℃. This w as because Ωeva increased 
with ΔTexp-cri, after Ωeva reached the lowest value. 

To explore the net-power-to-cost ratio of the 
mixtures for various ΔTexp-cri, the net output powers per 
unit UA (Λ) examined at various inlet expander tem-
peratures are shown in Fig. 9. In all cases, Λ increased 
and decreased with the expander inlet temperature and 
ΔTexp-cri, respectively. Meanwhile, the maximum and 
minimum Λ of XR245fa occurred at the HCT and LCT of 
the pure fluid for Texp,in ≥ 180 °C, respectively. The 
trends for Λ in the case of X600a were similar to those 
in the case of XR245fa. As clearly shown in Fig. 3(a), the 
lowest critical temperature of R600a/R134a is 93.68 °C 
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at the mole fraction of 0.18/0.82. Meanwhile, the mini-
mum Λ occurs at the mole fraction R600a(0.19)/ 
R134a(0.81). The critical temperature was observed to 
be related negatively to the output-power-to-cost ratio. 
The HCT fluid was useful for improving Λ at high 
expander inlet temperatures. 
 

 
 

 

 

 
 

 
 

 
Fig. 8. Effects of ΔTexp-cri at Pexp,in = 4.6 MPa for (a) 

R245fa/R134a, (b) R245fa/R1234yf, (c) 
R600a/R134a, and (d) R600a/R1234yf on the 
specific power, first and second law efficiencies. 
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Table 4 ΔTexp-cri of mixtures on maximal value of ηII. 

Mixtures Mole fraction Tcri (℃) Texp,in (℃) ΔTexp-cri (℃) ηII (%) 

R245fa/R134a 0.96/0.04 151.26 190 38.74 54.60 

R245fa/R1234yf 0.97/0.03 151.93 190 38.07 55.12 

R600a/R134a 0.94/0.06 132.73 180 47.27 52.9 

R600a/R1234yf 0.63/0.37 125.45 170 44.55 52.84 

 
 

 
 

 
Fig. 9 Effects of ΔTexp-cri on output power per unit UA 

at various expander inlet temperatures. 
 
 
 

 
CONCLUSIONS 

 
A thermodynamic analysis model of the TRC 

system associated with zeotropic mixtures was 
developed. R245fa/R134a, R245fa/R1234yf, R600a/ 
R134a, and R600a/R1234yf were used as the mixture 
working fluids. The key results obtained herein can be 
summarized as follows: 

1. The working fluids were mixed at the different 
critical temperatures of the pure refrigerants so that 
the critical temperatures of the mixtures could be 
adjusted in order to investigate exergy, 
irreversibility, and system performance at various 
expander inlet temperatures. In the present study, 
the TRC analysis model was validated against the 
results obtained in Le et al. (2014). 

2. ηI and Ωcond associated with the condensation 
pressure of the mixtures should be affected 
insignificantly by Tcri. Supposing that the 
proportion of the HCT fluid approaches 100 %, then 
ηI and Ωcond will achieve maximal and minimum 
values, respectively. Additionally, ηI was slightly 
affected by the expander inlet temperature. 

3. After Ωeva reached its lowest value, it increased 
slightly with an increase in ΔTexp-cri. By contrast, 
Ωcond increased linearly with increasing ΔTexp-cri at 
the given Texp,in owing to the effects of condensation 
pressure. At ΔTexp-cri ≥ 60 °C, Ψloss approached a 
constant value lower than 0.05. 

4. The crossover points of Ωeva, Ωcond, and Ψloss were in 
the ΔTexp-cri range of 30 to 40 °C. Before crossover 
points, Ωeva and Ψloss can be reduced effectively by 
decreasing Tcri of the mixtures and increasing Texp,in. 
In the results, the values of ζ and ηII were 
significantly improved by Ψloss and Ωeva, and by 
Ωcond at ΔTexp-cri higher and lower than 40 ℃ at the 
given inlet expander temperature, respectively. The 
high mole fraction HCT fluids of mixtures have the 
maximal ηII at crossover point associated with 
equilibrium of Ωeva, Ωcond, and Ψloss as ΔTexp-cri ap-
proximately approached 40 ℃. A universal 
condition for ΔTexp-cri was identified on the maximal 
ηII of the mixtures associated with high HCT 
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proportion as Texp,in<200℃. 
5. For a low Texp,in, ηII and ζ can achieve the peak 

values at the high proportion of the LCT fluid of the 
mixtures that resulted from a low Ωeva and Ψloss upon 
an effect of temperature glide. By increasing the 
expander inlet temperature at a high proportion of 
the HCT fluid associated with low Ωcond, Ωeva and 
Ψloss can be significantly reduced to increase ηII and 
ζ to maximal values based on the effect of 
temperature glide. Meanwhile, the net-output 
power-to-cost ratio can be improved by increasing 
the proportion of the HCT fluid of the mixtures. 
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NOMENCLATURE 

 
�̇�𝑚: mass flow rate (kg/s) 

�̇�𝐸: exergy (W) 

e: specific exergy (kJ/kg) 

f: front 

g: glide 

h: specific enthalpy (kJ/kg) 

𝐼𝐼:̇ irreversibility (W) 

HCT: high critical temperature (°C) 

LCT: low critical temperature (°C) 

LMTD: log mean temperature difference (°C) 

P: pressure (Pa) 

�̇�𝑃: electric power (W) 

Q: power (W) 

s: specific entropy (kJ/kg ∙ K) 

T: temperature (°C) 

UA: overall heat transfer coefficient 

�̇�𝑊: mechanical power (W) 

X: mole fraction  

 
Greek symbols 

Δ: difference  

ε: efficiency (%) 

ζ: specific power (kJ/kg) 

η: thermal efficiency (%) 

Λ: net output powers per unit UA (K) 

Ψ: normalized exergy  

Ω: normalized irreversibility  
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Subscript 

cond: condenser 

cri: critical point 

cs: cooling source 

eva: evaporator 

exp: expander 

f: working fluid 

g: generator 

hs: heating source 

I: first 

II: second 

in: inlet 

input: input 

is: isentropic 

loss: loss 

m: mechanical 

net: net 

out: outlet 

pp: pinch point 

sys: system 

th: thermal 

tot: total  

 
Abbreviation 

ANN: artificial neural network 

GWP: global warming potential 

HC: hydrocarbon 

HCT: high critical temperature 

HFO: hydrofluoroolefin 

LCT: low critical temperature 

NIST: National Institute of Standards and Technology 

ORC: organic Rankine cycle 

PEORC: partial evaporating organic Rankine cycle 

TRC: transcritical organic Rankine cycle 

 

 

 

 

在低階熱源下非共沸混合流

體之臨界溫度對穿臨界有機

朗肯循環之能量與可用能影

響 
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摘 要 

本研究開發非共沸混合物相關的跨臨界有

機朗肯循環的熱力學分析模型。該模型用

於研究在膨脹機入口溫度 150–190 °C，臨

界混合物溫度對熱力學第一和第二定律效

率、比功、淨功率成本比、元件的不可逆性

以及熱源的可用能損失之影響。結果表明，

隨著膨脹機入口溫度的升高和混合物臨界

溫度的降低，蒸發器的不可逆性和熱源的

火用損失顯著降低，從而提高了比功和第

二定律效率。然而，由於低臨界溫度流體的

冷凝壓力的影響，冷凝器不可逆性隨著混

合物臨界溫度的降低而增加。在分析的基

礎上，提出了臨界溫度與膨脹機入口溫度

之間的溫差對最大第二定律效率的通用準

則。最後，混合流體的高臨界溫度伴隨著低

冷凝壓力，導致高第一定律效率、低冷凝器

不可逆性和優異的淨功率成本比。 


