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A B S T R A C T   

Compared to pure fluids, zeotropic mixtures have the potential to lower the irreversibilities in low temperature 
Rankine cycles by better temperature profile matching of the working fluid with the heat source/sink. However, 
having a gliding temperature does not guarantee performance boost over pure fluids, as many factors influence 
the exergy efficiency of the cycle. In this study, 25 pure fluids and 104 binary mixtures of natural working fluids 
are analyzed in subcritical ORCs with heat source temperature range of 125–300 ℃ and different condensing 
conditions and the results are investigated within two frameworks: (1) comparing the mixtures to their pure 
constituents, (2) comparing the mixtures to the best performing pure fluid. In one behavior type, the performance 
of the mixture falls between the performance of its pure constituents for all evaporator pressure range, and the 
mixture provides no benefit. However, some mixtures could provide performance boost in a specific evaporator 
range. Therefore, the maximum allowable evaporator pressure plays an important role in the performance 
comparison of zeotropic mixtures to their pure constituents. Mixtures which outperform their pure constituents 
in the first perspective, are further analyzed in the second perspective. Finally, a screening method is presented to 
map the binary mixtures with performance boost compared to their pure constituents and high absolute exergy 
efficiency. This method is based on the key thermophysical properties of the fluids including critical temperature 
and normal boiling point, as well as working conditions such as heat source and heat sink temperature and PPTD 
in the evaporator and the condenser.   

1. Introduction 

Organic Rankine Cycle (ORC) is a prominent solution for power 
generation with low-to-medium temperature heat sources such as waste 
heat recovery applications [1–3]. In this cycle, heat is extracted from the 
heat source and fed to the pressurized working fluid, which expands 
later in the expander and generates power. The fluid is later condensed 
back to the liquid state. 

The choice of the optimal working fluid is an important design 
parameter in ORCs. Working conditions such as heat source and heat 
sink temperatures as well as the performance criteria of the cycle affect 
the optimal working fluids [4]. Many studies have focused on the se-
lection criteria of working fluids to maximize their performance in 
ORCs. These criteria include different thermophysical properties of the 
fluids and characteristics of the heat source/sink such as critical tem-
perature, critical pressure, normal boiling point, specific heat capacity, 
latent heat and other factors. Critical temperature is the most common 
used property among these parameters to identify the fluids with ex-
pected maximum performance under specific working conditions 

[5–12]. Haervig et al. [8] analyzed 26 pure fluids and 3 mixtures at heat 
source temperature range of 50–280 ℃ and found that the optimal 
critical temperature of the fluid should be 30–50 K less than the heat 
source inlet temperature to maximize net power. Ayachi et al. [12] 
found the optimal critical temperature of the fluid to be 33 K less than 
the heat source temperature to maximize exergy efficiency. On the other 
hand, several papers have focused on presenting fitting expressions to 
relate the performance of the cycle to the working conditions and key 
thermophysical properties of the fluids [10,13–16]. These parameters 
mostly include heat source temperature, evaporation temperature and 
Pinch Point Temperature Difference (PPTD). Zhai et al. proposed a 
linear correlation for optimal critical temperature based on the heat 
source inlet temperature [10]. 

Due to the low quality of the heat, the efficiency of ORCs is usually 
low compared to cycles with high grade heat sources [5]. Therefore, 
novel ideas are introduced and investigated to enhance the performance 
ORCs. Using zeotropic mixtures instead of pure fluids, is one possibility 
to boost the performance of ORCs [17–23]. Zeotropic mixtures exhibit 
temperature change during the phase change process, which could 
possibly reduce the irreversibility in the condenser and/or the 
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evaporator and therefore increase the exergy efficiency and conse-
quently net power [21]. 

Different investigations have been carried out to assess the perfor-
mance of the mixtures compared to pure fluids and if possible, propose 
mixture selection criteria. Haervig et al. also proposed the same criterion 
for mixture critical temperature to be 30–50 K less than the heat source 
inlet temperature together with condenser glide close to temperature 
rise in the heat sink [8]. Miao et al. proposed selection criteria for 
zeotropic mixtures in subcritical cycles, identifying suitable range for 
critical temperature as well as condenser glide matching by analyzing 11 
mixtures [18]. Lecompte et al. [22] analyzed 8 mixtures with heat 
source temperature of 120–160 ℃ in subcritical cycles and found that 
the improvement in exergy efficiency of the mixtures is between 7.1 and 
14.2% compared to pure fluids. Deethayat et al. [23] investigated the 
performance of 6 mixtures and developed an empirical correlation to 
estimate the cycle efficiency for a specific condensing and evaporating 
temperature. Moreover, other studies focused on mixture composition 
adjustments during operation [24] and effects of restrictive conditions 
on the performance of zeotropic mixtures [25]. 

Modi et al. [26] have done extensive review on the research on 
zeotropic mixtures in ORCs and presented the results in different 
application sectors. Despite many research efforts to optimize ORCs with 
zeotropic mixtures and identify the suitable working fluids, there is no 
unified conclusion, and guidelines to select mixture working fluids are 
missing. This is mainly due to the different boundary conditions, as-
sumptions, optimization objectives and initial working fluid candidates 
in various researches [5]. 

In this study, 25 pure fluids and 104 binary mixtures of natural 
working fluids are analyzed in subcritical ORCs with heat source tem-
perature range of 125–300 ℃. The performance of the cycle is evaluated 
by exergy efficiency and the results are investigated within two frame-
works: (1) comparing the mixtures to their pure constituents, (2) 
comparing the mixtures to the best performing pure fluid. Mixtures 
which outperform their pure constituents in the first perspective, are 
further analyzed in the second perspective. Finally, a screening method 
is presented to map the binary mixtures with performance boost 
compared to pure constituents and high absolute exergy efficiency. This 
method is based on the key thermophysical properties of the fluids 
including critical temperature and normal boiling point, as well as 
working conditions such as heat source and heat sink temperature and 

PPTD in the evaporator and the condenser. 
Although the mixtures are evaluated by their thermal performance, 

other factors such as heat exchanger and expander design and costs, 
affect the choice of appropriate working fluids and mixtures. It is 
important to note that this paper presents preliminary screening method 
for mixtures to be used in further investigations. Taking into account the 
number of possible binary mixtures and compositions, it is not feasible 
to evaluate the detailed performance and design of all the possible cases, 
including all the factors. If a mixture with its optimum heat exchanger 
and expander design does not have improved exergy efficiency 
compared to its pure constituents, introducing factors such as costs and 
detailed component design will not improve the performance of the 
mixture. This is due to the challenges associated with zeotropic mixtures 
compared to pure fluids. Therefore, this paper could help to reduce the 
number of possible mixture combinations for evaluation. Screened 
mixtures can be evaluated in detail, in the next phase considering 
different component design and thermo-economic performance. 

2. ORC description 

Fig. 1 shows the basic layout of an ORC with 4 components [17]. By 

Nomenclature 

Ė Exergy (kW) 
İ Irreversibility (kW) 
P1 Condensing pressure (kPa) 
Q̇evap Extracted heat rate in the evaporator (kW) 
T1 Condensing temperature (◦C), bubble point in condenser 

for mixtures (◦C) 
Tb Normal boiling point (◦C) 
Tc Critical temperature (◦C) 
T*

c Border of critical temperature, which divides fluids based 
on Tb and Tcond,min (◦C) 

Tcond,min Minimum condensing temperature (◦C) 
Th,eff Effective heat source temperature (◦C) 
Ẇnet Net power (kW) 

Greek symbols 
ηII Exergy efficiency (-) 
ηth Thermal efficiency (-) 
minΔTc Minimum temperature rise in the heat sink (K)(in the phase 

change part of the condenser) 

Subscripts 
1 Pump inlet/condenser outlet 
2 Pump outlet/evaporator inlet 
3 Evaporator outlet/expander inlet 
4 Expander outlet/condenser inlet 
c Heat sink 
cond. Condenser 
evap. Evaporator 
exp. Expander 
h Heat source 
in Inlet 
out Outlet 
p Pump 
tot. Total 

Abbreviations 
EoS Equations of State 
LLE Liquid-Liquid Equilibrium 
min. Minimum 
ORC Organic Rankine Cycle 
PPTD Pinch Point Temperature Difference (K) 
VLE Vapor-Liquid Equilibrium  

Fig. 1. Basic layout of an ORC.  
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applying exergy balance to the cycle components, heat source and the 
heat sink, described by [27]: 

Ėh,in + Ėc,in = Ẇnet + İtot. (1)  

Where: 

İtot. =
∑

İ = İp + İexp. + İevap. + İcond. + İh + İc (2)  

The term İtot. is the summation of all the irreversibilities in the system. 
Irreversibility in the pump and the expander are related to their isen-
tropic efficiencies. İh refers to the unextracted exergy of the heat source, 
which is not used, and İc refers to the exergy of the heat sink leaving the 
system. If the inlet characteristics of the heat sink are the same as the 
reference point, Ėc,in will be equal to zero. With definition of exergy 
efficiency as: 

ηII =
Ẇnet

Ėh,in
(3) 

We will have: 

ηII +
İtot.

Ėh,in
= 1 (4) 

Therefore, for a given heat source (fixed Ėh,in), maximizing exergy 
efficiency means maximizing net power and minimizing total irrevers-
ibilities in the system. 

Fig. 2 shows temperature vs. transferred heat in a subcritical ORC 
with pure fluid. For pure fluids, the location of the pinch point in the 
evaporator could vary between the evaporator inlet to the saturated 
liquid, while the location of the pinch point in the condenser is at 
saturated vapor. PPTD affects the design of the heat exchangers and 
exergy loss. However, its effects on net power could be combined with 
other parameters in the cycle. In the evaporator, the effects of the heat 
source inlet temperature and PPTD in the evaporator could be combined 
into effective heat source temperature, defined as: 

Th,eff = Th,in − PPTDevap. (5) 

In the condenser, the effects of the heat sink inlet temperature, the 
PPTD in the condenser and the minimum temperature rise in the heat 
sink (in the phase change part of the condenser) could be combined into 
minimum condensing temperature, defined as: 

Tcond,min = Tc,in +PPTDcond. +minΔTc (6) 

Therefore, the changes in these three variables could be summarized 
into changes in minimum condensing temperature. Cases with the same 
Th,eff and Tcond,min have the same pinch point location in the evaporator 
and same behavior trends in net power and exergy efficiency for a 
specific working fluid. The values of net power will be the same. How-
ever, exergy efficiency values will differ, as it is defined based on the 
heat source inlet temperature and ambient temperature. The reason to 
assume a value for minimum heat sink temperature rise in the phase 
change part of the condenser is to eliminate the effects of superheat 
degree at expander outlet on the minimum condensing temperature and 
compare fluids based on the same minimum condensing temperature. 

As the glide decreases with pressure, the glide in the evaporator will 
be typically less than the glide in the condenser. Besides, the tempera-
ture change in the heat source is much higher than the temperature 
change in the heat sink. Therefore, many studies dealing with zeotropic 
mixtures, focus on the temperature profile matching in the condenser 
and ways to reduce irreversibility in the condenser [28]. However, op-
timum glide matching does not result in optimal performance [29]. This 
is due to the effects of İtot. on exergy efficiency (Eq. (4)). Although 
temperature profile matching could result in reduced İcond., the overall 
performance of the cycle depends on İtot. and how the other sources of 
the irreversibility change in the cycle. Therefore, glide matching in the 
condenser does not necessarily guarantee increased exergy efficiency. 
This argument is discussed in detail in section 5.2.1. 

While wet mixtures are avoided due to high required superheat in the 
expander [30], there is a possibility to minimize the superheat in the 
expander and match with the isentropic efficiency of the expander [31]. 
Therefore, wet mixtures should not be excluded from optimizations. 

3. Theory of mixtures 

Mixtures of two or more components are categorized into two major 
groups, based on their behavior during the evaporation/condensation 
phase change process: azeotropic and zeotropic. In azeotropic mixtures, 
the temperature is constant during the phase change and the mixture 
acts like a pure fluid, evaporating and condensing at the same temper-
ature, at a specific pressure and composition mix(s). These points are 
azeotropes and the mixtures which form them, are called azeotropic 
mixtures. On the other hand, the mixtures which do not form any 
azeotropes, are called zeotropic. These mixtures exhibit variable tem-
perature profile during the phase change process. The term ‘glide’ is 
commonly used to point to the temperature difference between dew and 
bubble temperature at a specific pressure [4,32,33]. 

Therefore, the definition of zeotropic mixtures is intertwined with 
the identification of the azeotropes. Absence of azeotropes confirms 
zeotropic type. Vapor-Liquid Equilibrium (VLE) data is used to identify 
the type of the mixtures. This data is represented graphically as 
temperature-composition graphs, where bubble and dew temperatures 
are plotted vs. composition at a specific pressure (isobar line). Pressure- 
composition graphs could also represent VLE data at a specific temper-
ature (isothermal line). 

3.1. Binary mixtures 

Fig. 3 presents the most common types of binary mixtures at constant 
pressure, where the mixture at any composition range lies in the 
subcritical region. In these mixtures, the liquid phase is stable at a given 
pressure regardless of the composition or temperature. Therefore, the 
mixture does not exhibit Liquid-Liquid Equilibrium (LLE) [33,34]. In 
case the pressure is higher than the critical pressure for a composition 
range, the curves become partial and do not cover the whole composi-
tion range [34]. 

In zeotropic mixtures, bubble and dew temperature change Fig. 2. Temperature vs. transferred heat rate diagram in an ORC.  
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monotonically from one pure fluid to the other one, maintaining a 
positive glide (Fig. 3a). However, in azeotropic mixtures, these curves 
intersect with each other once (where glide becomes zero), and in rare 
cases twice. Most common azeotropic mixture types are minimum- 
boiling and maximum-boiling, shown in Fig. 3b, and c respectively. In 
the minimum-boiling type, the boiling temperature of the azeotrope is 
lower than the boiling temperature of both its pure constituents, while in 
maximum-boiling type, boiling temperature of the azeotrope is higher 
than both its pure constituents [32,35]. Most discovered azeotropes are 
minimum-boiling type [36]. There is also a rare type, where two stable 
azeotropes at different compositions exist at a given pressure, one local 
minimum and one local maximum azeotrope (Fig. 3d) [36]. Mixture of 
benzene/hexafluorobenzene is an example of double-azeotropic type 
[37]. 

Pressure affects the glide and the composition of the azeotrope point 
if it exists [38]. Fig. 4 shows glide vs. composition for both zeotropic 
(butane/pentane) and azeotropic (acetone/hexane) mixtures at 

different pressures. The composition of the azeotrope point changes with 
pressure (Fig. 4b). In binary zeotropic mixtures, glide decreases as the 
pressure increases for any composition mix (Fig. 4a). Therefore, glide in 
condenser is higher than the glide in the evaporator. This fact also ap-
plies to azeotropic mixtures in regions far from the azeotrope point. 
Around the azeotrope point, there is a region that glide increases with 
pressure. 

There is also another sub-group of mixtures which have variable 
temperature during the phase change process, but the glide is so small, 
usually between 0.2 and 0.6 K that it is negligible. This behavior in-
cludes both azeotropic and zeotropic mixtures. This sub-category is 
called Near-Azeotropic. As the maximum glide decreases with pressure, 
minimum operating pressure plays an important role in identifying a 
mixture as near-azeotropic. In this paper, the mixtures whose maximum 
glide at minimum pressure is less than 1 K, are categorized as near- 
azeotropic. For example, a mixture of trans-butene/cis-butene behaves 
as Fig. 3d. However, the maximum glide at pressure of 101.3 kPa is only 

Fig. 3. Most common binary mixtures: (a) zeotropic, (b) minimum-boiling azeotropic, (c) maximum-boiling azeotropic [32], (d) double-azeotropic [36].  

Fig. 4. Effect of pressure on: (a) zeotropic mixture of butane/pentane, (b) azeotropic mixture of hexane/acetone.  
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0.37 K which is considered near-azeotropic. 
Depending on the lowest and highest operating pressure range for a 

mixture, there is a range of composition where an azeotropic mixture 
forms an azeotrope. Outside this region, the mixture has a zeotropic 
behavior. For instance, a mixture of hexane/acetone in the pressure 
range of 1–15 bar with acetone molar fraction of over 0.5, has a zeo-
tropic behavior (Fig. 4b). 

4. Assumptions and hypotheses 

In this study, pure natural fluids provided in REFPROP 10.0 [39] 
were analyzed with custom code in python using Numpy [40], Pandas 
[41] and Scipy [42] packages. Visualization was done through Mat-
plotlib [43] and Seaborn [44]. Only natural fluids with critical tem-
perature up to 240 ℃ were selected for further investigation. Exergy 
efficiency of the fluids with higher critical temperature, drops signifi-
cantly due to high normal boiling point which increases condensing 
temperature levels. This reason is thoroughly explained in section 5.1.1. 
Then, binary mixtures of these fluids whose interaction parameters were 
available in REFPROP, were analyzed. Thermodynamic modelling of the 
cycles was based on the equations presented in [27]. 

The mixtures were studied in subcritical cycles. Heat source inlet 
temperature varied between 125 and 300 ℃ with minimum PPTD of 10 
K in the evaporator. The expender inlet was set to saturated vapor. The 
pump and the expander were modeled with fixed isentropic efficiencies. 
Minimum condensing pressure was set to 101.3 kPa to avoid any air 
suction to the system in case of leakage. For condensing conditions, 4 
cases were defined based on the minimum condensing temperature for 
pure fluids (25, 40 ℃) and minimum temperature rise in the heat sink 
(5, 10 K). Minimum condensing temperature takes into account changes 
in the ambient temperature, PPTD in the condenser as well as minimum 
heat sink temperature rise. Minimum temperature rise in the heat sink 
shows how much the glide in the condenser could be used to lower the 
bubble temperature in the mixture. This is explained in detail in section 
5.1.1. Case 1 is considered as the main reference case and results are 
primarily presented for this case. The effects of changing minimum 
condensing temperature and minimum temperature rise are also 
explained. Adding superheat to the expander inlet, decreases mass flow 
rate of the working fluid and consequently decrease exergy efficiency of 
the cycle [45]. Therefore, no superheat was added to the expander inlet. 

Table 1 summarizes the details of different cases. 
Table 2 summarizes all the assumptions and hypotheses used in this 

paper. 

4.1. Studied pure fluids and mixtures 

Table 3 represents the list of pure fluids in this study, as well as 
properties such as critical temperature and pressure, normal boiling 
point, molecular weight and group of the fluid. Fluids are sorted based 
on their critical temperature in ascending order. 

Fig. 5 shows all the possible binary compositions of the studied pure 

fluids. All the fluids are organized in ascending order of their critical 
temperature. The horizontal axis shows the fluid with lower critical 
temperature (Tc,1) and the vertical axis represents the fluid with higher 
critical temperature (Tc,2). In this table, the pairs whose interaction 
parameter are not available are marked as well as different types of 
mixtures (azeotropic, zeotropic, near-azeotropic) for the pairs whose 
interaction parameters are available. Mixtures are categorized as near- 
azeotropic based on their maximum glide at minimum operating pres-
sure below 1 K. For near-azeotropic mixtures, it is also revealed if the 
mixture belongs to zeotropic or azeotropic main category. Cells with 
white color correspond to mixtures of ammonia whose interaction pa-
rameters are available, but REFPROP models need revision to have more 
accurate calculations. Many ammonia mixtures exhibit LLE [46] while 
the present version of REFPROP is limited to VLE and does not address 
other complex forms of phase equilibrium [39]. Therefore, these mix-
tures are not included in the present study. 

The performance of these mixtures is studied and compared to pure 
fluids in order to assess the potential of zeotropic mixtures and map the 
pairs with boosted performance. 

4.2. Validation 

In this project, only the mixtures whose interaction parameters were 
available in REFPROP, were investigated. Binary interaction parameters 
represent the molecular interaction between different components in the 
mixture. They are used in the Equations of State (EoS) to calculate the 
thermophysical properties of mixtures [47]. These parameters are ob-
tained by fitting experimental data sources described by Bell et al. [48]. 
Mixtures whose interaction parameters were estimated, were not 
included in the study. Furthermore, the results obtained from REFPROP 
were compared to experimental study of zeotropic mixture by Wang 
et al. [49]. In this paper, an experimental study on the performance of a 
small-scale ORC was conducted using zeotropic mixture of isobutane/ 
isopentane. 

The pump work and the generator efficiency were not exactly re-
ported in this paper. The pump work was reported to be within the range 
of 0.04–0.1 of expander work. Therefore, assuming pump work to be 7% 
of expander work and neglecting generator losses, Fig. 6 shows net 
power vs. composition in mixture of isobutane/isopentane, for experi-
mental data and calculated by REFPROP. 

As shown in this figure, both REFPROP and the experimental study 
follow the same behavior trend in the electrical power for different 
molar composition in the mixture of isobutane/isopentane. However, 
the exact values differ which is due to the non-availability of the pump 
work values and generator efficiency. The mean relative deviation is 
6.9%. 

5. Results and discussion 

In this section, the results of the study are presented for binary 

Table 1 
List of cases defined based on condensing conditions.  

Specifications of each case Case 1 
(ref.) 

Case 
2 

Case 
3 

Case 
4 

Ambient and heat sink inlet temperature 
(◦C) 

10 25 10 25 

Min. temperature rise in the heat sink 
(K) 
(in the phase change part of the 
condenser) 

5 5 10 10 

Min. condensing temperature for pure 
fluids (◦C) 

25 40 25 40 

Min. mixture bubble point (◦C) 20 35 15 30 
Min. mixture dew point (◦C) 25 40 25 40 
Min. PPTD in the condenser (k) 10 10 5 5  

Table 2 
List of parameters in the optimizations.  

Parameter Value 

Heat source Air with inlet temperature 125–300 ◦C 
Heat sink River or sea water with inlet temperature 

10–25 ◦C 
Ambient temperature and pressure 10–25 ◦C, 101.325 kPa 
Pump isentropic efficiency 0.9 
Expander isentropic efficiency 0.8 
Min. condensing pressure 101.325 kPa 
Min. condensing temperature 25–40 ◦C (pure fluids and mixture dew point), 

20–30 ◦C (mixture bubble point) 
Min. temperature rise in the heat 

sink 
5–10 K 

Min. PPTD in the evaporator 10 K 
Min. PPTD in the condenser 5–10 K  
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mixtures. In section important factors affecting the behavior of the 
mixtures are discussed, and then in section 5.2 performance comparison 
between binary mixtures and pure fluids is explained in detail. 

There are two major factors which determine how a binary mixture 
would behave compared to its pure constituents. 

5.1. Condensing conditions 

Condensing conditions play an important role in the mixture’s 
behavior compared to its pure constituents. As mentioned in section 4, 
working fluids should satisfy both minimum condensing pressure 
(101.325 kPa) and temperature (25, 40 ◦C depending on the case). 
Therefore, for fluids whose normal boiling point is below the minimum 

Table 3 
List of pure fluids considered in the design of binary mixtures.  

No. Name of fluid Group Crit. temp. 
(◦C) 

Crit. pressure (bar) Normal boiling point (◦C) Molecular weight (gr/mol) 

1 methane alkane  − 82.6  46.0  − 161.5  16.0 
2 ethylene alkene  9.2  50.4  − 103.8  28.1 
3 carbon dioxide —  31.0  73.8 —  44.0 
4 ethane alkane  32.2  48.7  − 88.6  30.1 
5 propylene alkene  91.1  45.6  − 47.6  42.1 
6 propane alkane  96.7  42.5  − 42.1  44.1 
7 carbonyl sulfide —  105.6  63.7  − 50.2  60.1 
8 cyclopropane cycloalkyne  125.2  55.8  − 31.5  42.1 
9 dimethylether ether  127.2  53.4  − 24.8  46.1 
10 propyne alkyne  129.2  56.3  − 25.1  40.1 
11 ammonia —  132.3  113.3  –33.3  17.0 
12 isobutane alkane  134.7  36.3  − 11.8  58.1 
13 isobutene alkene  144.9  40.1  − 7.0  56.1 
14 butene alkene  146.1  40.1  − 6.3  56.1 
15 butane alkane  152.0  38.0  − 0.5  58.1 
16 trans-butene alkene  155.5  40.3  0.9  56.1 
17 neopentane alkane  160.6  32.0  9.5  72.1 
18 cis-butene alkene  162.6  42.3  3.7  56.1 
19 isopentane alkane  187.2  33.8  27.8  72.1 
20 diethyl ether ether  193.6  36.4  34.4  74.1 
21 pentane alkane  196.6  33.7  36.1  72.1 
22 isohexane alkane  224.6  30.4  60.2  86.2 
23 hexane alkane  234.7  30.3  68.7  86.2 
24 acetone ketone  235.0  47.0  56.1  58.1 
25 cyclopentane cycloalkyne  238.6  45.7  49.2  70.1  

Fig. 5. Combination of binary mixtures with critical temperature up to 240 ℃ with their mixture type categories.  
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condensing temperature (Tb < Tcond,min), the temperature rule is 
dominant (T1 = Tcond,min). Otherwise, the pressure rule applies (P1 =

101.3kPa, T1 = Tb). 
Fig. 7 shows normal boiling point of pure natural fluids, available in 

REFPROP. Generally, normal boiling point increases with critical tem-
perature. However, this change is not monotonic. Varshni [50] inves-
tigated the relationship between critical temperature and normal boiling 
point of organic compounds and showed that a simple relation as 1/
Tc[K] = α/Tb[K] +β is valid for many organic series where α > 0 and β >

0 are constants for that specific organic group. Therefore, the changes of 
normal boiling temperature vs. critical temperature is not monotonic 
considering all organic groups as well as inorganic fluids. 

For fluids with critical temperature above 240 ℃, normal boiling 
point increases significantly, resulting in low exergy efficiency values. 
Therefore, those fluids were excluded in the study and only pure fluids 
with critical temperature up to 240 ℃, present in Table 3 were further 
analyzed. 

Fig. 8 presents the cases with different minimum condensing con-
ditions. For the cases where Tcond,min = 25 ◦C, there is a clear border at 
Tc = 175 ◦C which divides the fluids based on the condensing conditions 
(Fig. 8a). Fluids with Tc < 175 ◦C, have normal boiling point below 25 ◦C 
and fluids with Tc > 175 ◦C, have higher normal boiling point than 
25 ◦C. For the case of Tcond,min = 40 ◦C, this border is at 210 ◦C (Fig. 8c). 
This criterion is based on normal boiling point, rather than critical 

temperature. For example, if the minimum condensing temperature was 
50 ◦C, there was no specific border of critical temperature which could 
divide the list of fluids into two groups with normal boiling temperature 
below and above 50 ◦C. Instead, fluids would be categorized based on 
their normal boiling point either below or above minimum condensing 
temperature: Tb < Tcond, min or Tb > Tcond, min. 

Depending on the condensing conditions, the table in Fig. 5 could be 
divided into 3 regions of: 

Tb,1, Tb,2 < Tcond, min, Tb,1 < Tcond, min < Tb,2, Tcond, min < Tb,1, Tb,2. 
Fig. 8b and Fig. 8d show region division for minimum condensing 
temperature of 25 ◦C and 40 ◦C, respectively. These regions are 
important in the mixture’s behavior compared to its pure constituents. 
The red region marks the mixtures where the pressure rule applies to 
both fluids (the normal boiling point of pure constituents is higher than 
minimum condensing temperature). By increasing the minimum 
condensing temperature, the red region becomes smaller. 

An important benefit of zeotropic mixtures is the possibility to lower 
the bubble temperature in the condenser (T1) due to its glide. Fig. 9 
shows how the bubble point in the condenser could be lowered for a 
zeotropic mixture (Fig. 9b) compared to a pure fluid (Fig. 9a). In pure 
fluid, the pinch point in the condenser is located at saturated vapor. On 
the other hand, in zeotropic mixtures, bubble point in the condenser 
could be reduced down to a temperature where pinch point occurs at 
saturated liquid. This is the minimum possible temperature for bubble 
point of a zeotropic mixture. This is where the effects of minimum 
temperature rise in the heat sink (5, 10 K) come into play. For cases with 
greater minΔTc (10 K), bubble point in the condenser has more potential 
to further decrease compared to the case with lower minΔTc (5 K). It only 
applies to mixtures whose glide in the condenser is higher than 5 K. 
Otherwise, minΔTc does not affect the mixture. 

The value of (Tc,in + PPTDcond.) is the minimum possible value for the 
bubble temperature of mixture in the condenser. However, it might push 
the heat sink outlet temperature to a lower value than its minimum 
(dashed curves in Fig. 9c) and increase the needed heat sink mass flow 
rate significantly. Therefore, bubble temperature in the condenser 
should be increased to meet the criteria for minimum heat sink tem-
perature (solid curves in Fig. 9c). In this case, pinch point in the 
condenser is in 2-phase region. Pinch point analysis method presented 
by Kim et al. [51] is used to calculate the pinch point location and heat 
sink outlet temperature and update bubble temperature in the condenser 
accordingly with this method, if needed. This method is also used to 
obtain heat source outlet temperature and pinch point location in the 
evaporator. 

If the pressure rule applies to both fluids (red region in Fig. 8b and d), 
bubble point in the condenser could not decrease due to the minimum 
pressure limitation. Fig. 10 shows how the condenser bubble tempera-
ture could change for binary mixtures in different regions of Fig. 8b for 
the reference case (Tcond,min = 25 ◦C, minΔTc = 5K). 

If the critical temperature of at least one fluid is below 175 ℃, 
condenser bubble temperature could decrease compared to pure fluids, 
down to 20 ℃ which is the minimum possible bubble point in the 
condenser for case 1 (Fig. 10a-b). Otherwise, it cannot be lowered due to 
the minimum pressure constraint (Fig. 10c). Therefore, binary zeotropic 
pairs with critical temperatures above 175 ℃ cannot benefit from the 
glide in the condenser (red region in Fig. 8b). On the other hand, 
azeotropic mixtures could also be beneficial. In minimum-boiling 
azeotropic mixtures, for some composition range, the boiling tempera-
ture of the mixture is lower than that of both its pure constituents 
(Fig. 3b). Therefore, the bubble temperature in the condenser becomes 
lower for some composition range (Fig. 10d) and the mixture generates 
more power compared to its pure constituents. 

Fig. 11 represents the maximum glide for mixtures in minimum 
operating conditions. To better visualize the changes in maximum glide, 
glide values over 40 K are filtered out. Mixtures close to the diagonal line 
have close critical temperatures (Tc,1≈ Tc,2) and lower glide. It is also 
clear in Fig. 5 where near-azeotropic mixtures are located close to the 

Fig. 6. validation for electrical power vs. composition for mixture of isobu-
tane/isopentane, by REFPPROP (assuming 100% generator efficiency) and 
experimental data from Wang et al. [49], with mean relative deviation of 6.9%. 

Fig. 7. Normal boiling point vs. critical temperature for pure natural fluids 
present in REFPROP. 
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diagonal line. On the other hand, mixtures with highest critical tem-
perature difference (Tc,1≪Tc,2) have highest glide which are located in 
lower left side of the table. Mixtures with high glide have high sensitivity 
to composition (steeper slope in glide-composition graphs as Fig. 4a). A 
slight change in composition will have significant effect on the perfor-
mance of the cycle which makes these mixtures undesirable for Rankine 
cycle. 

5.1.1. Different fluid behaviors 
As explained in section 2, the effects of heat source on the cycle could 

be analyzed with effective heat source temperature. Cases with the same 
effective heat source temperature have the same trends in the behavior 
of net power and the same pinch point location in the evaporator. 

Analyzing the behavior of fluids, 3 main behaviors were observed 
with regards to exergy efficiency (or net power) vs. evaporator pressure. 

Fig. 8. (a-b) Minimum condensing temperature of 25 ℃, (c-d): minimum condensing temperature of 40 ℃, (a) condensing temperature vs. critical temperature of 
pure fluids at Tcond,min = 25 ◦C, (b) region division for binary mixtures at Tcond,min = 25 ◦C, based on condensing temperature (c) condensing temperature vs. critical 
temperature of pure fluids at Tcond,min = 40 ◦C, (d) region division for binary mixtures for Tcond,min = 40 ◦C based on condensing temperature. In Figs (a) and (b), the 
dashed line shows the border to divide the fluids. The fluids on the left side of the border, have condensing temperature equal to Tcond, min, while fluids on the right 
side of the border are constrained by minimum allowable pressure. Red regions in (b) and (c) represent mixtures where the pressure rule applies to both fluids 
(Tcond, min < Tb,1,Tb,2). 

Fig. 9. Effect of glide condenser bubble temperature (a) pure fluid, (b) zeotropic mixture with minimum possible bubble temperature in condenser with pinch point 
at saturated liquid (c) zeotropic mixture with pinch point at 2-phase region. 
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Fig. 12 shows 3 main categories for pentane with Tc = 196.6 ◦C. For 
Th,eff < 196.6◦C, the behavior is either descending or dome-shaped 
(type I). For 230 ◦C ≤ Th,eff , the behavior is ascending with pressure 
(type III). For heat source temperatures in between 196.6 ◦C 
< Th,eff < 230◦C, the behavior starts to change from dome-shaped to 

ascending. 
The reason for these behaviors could be explained by the location of 

the pinch point in the evaporator and how the extracted exergy from the 
heat source varies by changing the evaporator pressure. Irreversibility 
distributions are presented for pentane at different heat source tem-
peratures in Fig. 13. Increasing the evaporator pressure, results in less 
temperature difference between the fluid and heat source, decreasing 
the İevap. (Fig. 13a-f). However, the behavior of İh depends on the loca-
tion of the pinch point in the evaporator. In pure fluids, for effective heat 
source temperature below critical temperature (Th,eff < Tc), the pinch 
point in the evaporator occurs at saturated liquid and by increasing the 
evaporator pressure, the extracted heat in the evaporator decreases. The 
rate of increase of İh is higher than the rate of decrease in İevap. (Fig. 13a- 
b). Therefore, İtot. increases, resulting in less exergy efficiency for high 
evaporator pressure in type I behavior (Fig. 12a-b and Fig. 13a-b). 

If Tc≪Th,eff , the pinch point is located at the entrance of the evapo-
rator, waste heat utilization is maximum (Fig. 13e-f) and consequently, 
net power will have a behavior like thermal efficiency, increasing with 
pressure (Eq. (7)) which explains the behavior of type III (Fig. 12e-f). 

Ẇnet = ηth×Q̇evap (7) 

For heat source temperature in between two previous cases (type II), 
the pinch point location varies between the evaporator inlet and the 
saturated liquid (Fig. 12c-d and Fig. 13c-d). 

The behavior types of pure fluids present in Table 3 was investigated 
with different effective heat source temperatures. The results are dis-
played in Fig. 14 with different categories for the types of behaviors. 
These categories could be easily separated from each other. 

The line Th,eff = 1.16TC marks the border between type II and type 

Fig. 10. Minimum bubble point in the condenser in different regions for zeotropic mixtures with Tcond,min = 25 ◦C and minΔTc = 5K (reference case) : (a):Tc,1 less than 
175 ◦C, (b): Tc,1 less than 175 ◦C < Tc,2, (c):175 ◦C < Tc,1,Tc,2, (d): minimum boiling azeotropic mixture with 175 ◦C < Tc,1,Tc,2. 

Fig. 11. Maximum glide for binary mixtures in condenser.  
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III, which is important in comparing the performance of a mixture with 
its pure constituents, discussed in section 5.2.1. The only misclassified 
point is acetone with Tc = 235.0 ◦C at Th,eff = 265 ◦C which is predicted 
to be type II instead of type III. 

For zeotropic mixtures, the same behavior is also observed. However, 
here the pinch point in the evaporator could also occur in 2-phase re-
gion. Analyzing the behavior of binary mixtures reveals that under the 
same conditions with regards to the heat source, heat sink and minimum 
PPTD, the mixture will behave similarly to its pure constituents. If both 
of the pure fluids belong to the same category, their mixture of any 
composition will have the same shape. If each of the fluids belongs to a 
different category, their mixture changes shape from one category to-
wards another by varying composition. This is just regarding the trend 
behavior and not comparing the maximum performance of the mixture 
to pure fluids which will be dealt in section 5.2.1. 

5.2. Performance of binary zeotropic mixtures 

The performance of zeotropic mixtures could be studied within two 
perspectives:  

• Comparing the performance of the mixture to its pure constituents  
• Comparing the performance of the mixture to all the pure fluids 

(present in the study) 

Both above comparisons are investigated in this paper. In this sec-
tion, the results are presented mainly for the reference case while the 
differences between various cases are explained. 

5.2.1. Comparing the performance of the mixture to its pure constituents 
In this comparison, different behaviors in mixtures are observed. 

Fig. 15 shows behavior examples of the mixtures compared to their own 
pure constituents for the reference case. Mixture curves are represented 
by their color based on molar fraction with intervals of 0.1. The per-
formance of near-azeotropic mixture falls between the performance of 
its pure constituents regardless of the type of the fluids (type I, II, III in 
Fig. 12) (Fig. 15a-b). In another behavior type, the mixture outperforms 
both pure constituents in all pressure ranges (Fig. 15c-d). In other cases, 
the mixture outperforms the pure constituents just for a specific pressure 
range (Fig. 15e-f). In Fig. 15e the maximum exergy efficiency of the 
mixture is higher than that of both pure fluids. However, in Fig. 15f, the 
mixture could be interesting, if there exists a maximum allowable 
evaporator pressure. In all the other cases, the mixture does not provide 
any performance boost compared to pure fluids. 

In order to study the behavior of the mixtures, we need to account for 
different sources of the irreversibility in the cycle. As explained in Eq. 
(2) and (4), there are 6 terms of irreversibility that contribute to the total 
irreversibility in the cycle. İp and İexp. are related to isentropic effi-
ciencies of the pump and the expander. Although, they are taken into 
account, their share in the total irreversibility is low. The share of İc is 
also low and its variation by mixture composition is small. Therefore, 3 
main sources of irreversibility in the cycle are: ̇Ih, ̇Ievap. and ̇Icond.. Types of 
the fluids (type I, II, III in Fig. 12), glide in the condenser, normal boiling 
point of the fluids and the minimum condensing temperature affect how 
the main sources of the irreversibility change in mixtures compared to 
their pure constituents. İcond. is an important factor considered in zeo-
tropic mixtures to be minimized. İcond. could be reduced for mixtures by 
lowering the bubble temperature. However, in the cases where the glide 
in the condenser is high, despite lower bubble temperature of the 
mixture in the condenser, dew temperature rises which results in higher 
İcond. compared to its pure fluids. İh depends on the behavior type of the 

Fig. 12. Behavior type for pentane at different heat source temperatures (Tc = 196.6 ◦C) showing exergy efficiency vs. evaporator pressure.  
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fluids and the bubble temperature of the mixtures in the condenser. In 
type III, the share of İh is less than type I and as the location of the pinch 
point in the evaporator is at evaporator entrance, the lower bubble point 
results in less ̇Ih. For type I, the share of ̇Ih is higher, due to the location of 
pinch point in the evaporator. İevap. depends on the behavior type of the 
fluid. While mixing fluids of type III, the optimum point for each mixture 
composition is at the highest evaporator pressure. As the composition 
changes from the fluid with lower critical temperature to the fluid with 

higher critical temperature, İevap. decreases. This is due to the less tem-
perature difference between the heat source and the working fluid/ 
mixture. In other cases, the behavior could be non-monotonic. Consid-
ering the variations in 3 main sources of the irreversibility, the perfor-
mance of the mixture depends on the summation of all these factors. 
Reducing İcond. does not necessarily guarantee performance improve-
ment of the mixture, compared to its pure constituents. 

In near-azeotropic mixtures, regardless of the behavior type of the 

Fig. 13. Behavior type for pentane at different heat source temperatures (Tc = 196.6 ◦C) showing irreversibility distribution vs. evaporator pressure.  

Fig. 14. Th,eff vs. Tc and category type of behavior of pure fluids present in this study.  

M. Shahrooz et al.                                                                                                                                                                                                                              



Energy Conversion and Management 266 (2022) 115783

12

fluids, the behavior of the mixture is not different from the behavior of 
its pure constituents. In this case the critical temperature of the fluids is 
close to each other and the glide in the condenser is less than 1 K. By 
changing the composition all the sources of irreversibility do not change, 
which results in the same performance of the mixture. The near- 
azeotropic mixtures are marked in Fig. 5. 

In mixture of propane/hexane at Th,eff. = 190 ◦C, composition of 
(0.9/0.1) has higher exergy efficiency for all the evaporator pressure 
levels (Fig. 15c). Propane and hexane have type I and III behavior 
respectively. The maximum condenser glide is 70 K. For hexane, İh is 
high and İevap. low, while the opposite is true for propane. Although the 

bubble point in the condenser could be reduced, due to high glide, dew 
temperature in the mixture is higher than that of pure fluids, causing 
more temperature difference between temperature profiles in the 
condenser, resulting in higher ̇Icond.. However, the summation of all these 
parameters decreases for mixture of (0.9 propane/0.1 hexane). 

In mixture of neopentane/pentane at Th.eff. = 240◦C, composition of 
(0.5/0.5) has the highest exergy efficiency (Fig. 15d). Both fluids have 
type III behavior. İevap. decreases moving from pure neopentane to pure 
pentane. İh is higher for pentane compared to neopentane due to higher 
condensing temperature. İcond. is minimized at composition of (0.5/0.5). 
Considering all the sources of irreversibility, mixture of (0.5 

Fig. 15. Performance comparison of binary mixtures to pure constituents for the reference case. Mixtures are represented by their color based on molar fraction with 
intervals of 0.1. 
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neopentane/0.5 pentane) has highest performance. 
In mixture of dimethylether/butene at Th,eff. = 115 ◦C, (Fig. 15e), 

İcond. is minimized at composition of (0.4/0.6). The other sources of 
irreversibility change, but the overall performance of the cycle is 
maximized at this composition. However, the improvement is not sig-
nificant compared to pure dimethylether and butene. 

In mixture of isobutane/pentane at Th.eff. = 165◦C (Fig. 15f), İevap.

increases for mixtures, while İcond. is minimized at the composition of 
(0.9/0.1). İh has a non-monotonic behavior with minimum and 
maximum at pure isobutane and pentane, respectively. In overall per-
formance, mixture does not boost exergy efficiency compared to its pure 
constituents. 

Fig. 16 shows the relative increase percentage in the exergy effi-
ciency of mixtures in comparison to their pure constituents, for different 
effective heat source temperatures for the reference case. Only the cases 
which improve the global performance of the pure fluids are considered 

and cases like Fig. 15f are not included. In this figure, azeotropic mix-
tures are excluded. As expected, near-azeotropic mixtures do not show 
any performance boost compared to their pure constituents. 

In these graphs, the maximum exergy efficiency of the mixtures with 
minimum molar composition of 0.1 is compared to the maximum exergy 
efficiency of its pure constituents and heatmaps are presented as relative 
increase percentage in exergy efficiency for each specific effective heat 
source temperature. Black cells represent mixtures with relative increase 
in exergy efficiency of above 50%. These mixtures correspond to fluids 
with high critical temperature difference (Tc,1≪Tc,2) at low effective 
heat source temperatures. Although the relative increase of exergy ef-
ficiency is high in these mixtures, the absolute value of the exergy effi-
ciency is low. As the maximum relative increase in exergy efficiency 
changes in different cases, a specific colorbar is used for each case to 
better reveal the information on each mixture, compared to the other 
mixtures. 

Analyzing the results in Fig. 16 reveals that the maximum relative 

Fig. 16. Comparison of exergy efficiency of zeotropic mixtures to their pure constituents based on the relative increase in exergy efficiency for the reference case.  
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increase in exergy efficiency, decreases with heat source temperature. 
As in Th,eff. = 290 ◦C, there is only a maximum of 10.76% relative in-
crease in the exergy efficiency of the mixtures compared to their pure 
constituents. At each heat source temperature, the mixtures with the 
highest performance boost lie in lower left part of the table (high critical 
temperature difference) compared to the rest of the mixtures with 
boosted performance. 

Next step was to map the mixtures which show performance boost 
compared to their pure constituents. It is very important not to draw 

very specific rules since, the information regarding some mixtures is 
missing due to non-availability of interaction parameters for those 
mixtures. 

Results of zeotropic mixtures in Fig. 16 were categorized into 3 
groups. Different categories include: mixtures with relative exergy effi-
ciency boost ≥ 3%, mixtures with no performance boost or below 3%, 
and mixtures which have performance boost only in low pressure levels 
as Fig. 15f. 

Effect of minimum condensing temperature 

Fig. 17. Mapping of binary zeotropic mixtures where boosted mixtures compared to their pure constituents lie (Case 1: Tcond,min = 25 ◦C and minΔTc = 5K).  
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Fig. 17 and Fig. 18 represent the results for case 1 and case 2 
respectively, where the minimum condensing temperature changes from 
25 ◦C to 40 ◦C. Shaded blue regions represent the regions with mixtures 
which have boosted exergy efficiency above 3% or have exergy boost in 
low pressures. Not all the mixtures in this region outperform their pure 
constituents. Rather, the mixtures with boosted performance lie in that 
region with high probability. This region is controlled by 3 borders. The 
borders are identified as average critical temperature of the two 
neighboring fluids. In the cases where the difference between the critical 
temperature of the neighboring fluids is high, the range is written. 

Naming horizontal axis Tc,1 (the fluid with lower critical tempera-
ture) and vertical axis as Tc,2 (the fluid with higher critical temperature), 
following generalized rules could be obtained based on minimum 
condensing temperature and effective heat source temperature pre-
sented in Table 4. Presenting the border which divides fluids based on 
the normal boiling point and minimum condensing conditions (borders 
in Fig. 8a and c) as T*

c : 
The mixture combination of fluids whose normal boiling point are 

higher than the minimum condensing temperature (Tcond, min < Tb,1,

Tb,2, red region in (Fig. 8b and d) do not show any performance boost, 

Fig. 18. Mapping of binary zeotropic mixtures where boosted mixtures compared to their pure constituents lie (Case 2: Tcond,min = 40 ◦C and minΔTc = 5K).  
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which sets a maximum on Tc,1 equal to T*
c . For the left border (minimum 

of Tc,1), a trend is observed that by increasing effective heat source 
temperature, this border increases. However, it is difficult to formulate 
this border as the difference between the critical temperatures of the 
neighboring fluids in that region is high. The upper border (minimum of 
Tc,2) is controlled by minimum of T*

c and the critical temperature at 
which the behavior type changes from type III to type II in. 

Fig. 14 (Th,eff/1.16). It means that a mixture combination of fluids 
with type III behavior does not improve the performance unless Tb,1 <

Tcond, min < Tb,2 as in Fig. 15d. 
In low effective heat source temperatures of 115 ◦C and 140 ◦C, the 

prediction is not accurate. However, in the other cases, the region where 
boosted mixtures lie is predicted accurately, with high probability. 

Therefore, both heat source and heat sink conditions control the 
minimum and the maximum critical temperature of the fluids whose 
binary mixture could have boosted performance compared to pure 
constituents. It is important to mention that these conclusions were 
based on the mixtures whose interaction parameters were available in 
REFPROP. 

Effect of minimum temperature rise in the heat sink 
Minimum temperature rise in the heat sink, accounts for how much 

the bubble temperature in the condenser could be lowered in mixtures, 
compared to pure fluids. This parameter affects how İcond. changes in 

Table 4 
Region rules for boosted performance of binary mixtures compared to their pure 
constituents [size: single column].  

Border Rule Critical temperature 

right Maximum of Tc,1 T*
c 

left Minimum of Tc,1  

top Minimum of Tc,2 Min (T*
c , Th,eff/1.16)  

Fig. 19. Comparison of exergy efficiency of binary mixtures which outperform their pure constituents to all the pure fluids available in the study for different 
effective heat source temperatures, for the reference case. 
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mixtures compared to their pure constituents. Changing this parameter 
does not affect the general rules obtained in the previous section. 
However, the maximum performance boost over pure constituents, in-
creases for some mixtures. 

5.2.2. Comparing the performance of the mixture to all the pure fluids 
In this section, the exergy efficiency values of the boosted mixtures 

are compared to the best performing pure fluid within each heat source 
to see if any binary mixture outperforms best pure fluids. Fig. 19 com-
pares the exergy efficiency of boosted binary mixtures (which outper-
form their pure constituents by at least 3% relative) to the best 
performing pure fluid, for the reference case and the results are pre-
sented as the relative difference percentage compared to the best pure 
fluid. Only pure fluids and boosted zeotropic mixtures within the range 
of − 10% of the best performing pure fluid are shown. All the other re-
sults are filtered out. The maximum boost comparing mixtures and pure 
fluids belongs to the effective heat source temperature of 140 ℃ with 
10.46%. All the other cases of heat source temperature have perfor-
mance boost of less than 5% compared to the best performing fluid. 

At each heat source temperature, the critical temperature range of 
best performing pure fluids is mapped to the binary mixture table to 
compare where the best mixtures lie in the table compared to best pure 

fluids. Comparing the critical temperature range of best pure fluids to 
the best zeotropic mixtures, it is concluded that: 

The combination of pure fluids, where the critical temperature of 
both fluids is below or above the range, are excluded. Besides, fluids 
whose critical temperature are 30 K less than the optimum critical 
temperature range should be excluded. These regions are marked with 
light red in Fig. 19. In all the cases, best performing pure fluids have 
critical temperature lower than the effective heat source temperatures 
which makes type I behaviors (in Fig. 12) not among the best performing 
pure fluids. 

Applying the rules and including blue regions in section 5.2.1 and 
excluding red regions in section 5.2.2, it is possible to map the regions 
with performance boost compared to their pure constituents and high 
absolute exergy efficiency. 

Table 5 presents exergy efficiency for the best pure fluid for each heat 
source temperature for reference case. Then pure fluids within the range 
of − 10% of the pest pure fluid are presented with their relative per-
centage difference. Besides, mixtures with performance above the best 
pure fluid are shown with their relative boost in exergy efficiency 
compared to the best pure fluid. Many mixtures at. 

Table 5 
Exergy efficiency for the best pure fluid for each heat source temperature for reference case. Pure fluids within the range of − 10% of the best pure fluid as well as 
mixtures with performance above the best pure fluid are presented with their relative percentage difference.  

Th,eff ¼ 115 ◦C Best pure: propylene (39.5%) Th,eff ¼ 140 ◦C Best pure: propane (44.0%) 

propane − 6.3% ethane/propane 3.1% propylene − 4.9% propylene/dimethylether  6.2%       
propylene/isobutane  8.7%       
propylene/butene  8.1%       
propylene/butane  7.3%       
propylene/isopentane  6.3%       
propylene/pentane  6.7%       
propylene/acetone  7.3%       
propane/ dimethylether  4.9%       
propane/isobutane  10.3%       
propane/isobutene  8.7%       
propane/butane  10.5%       
propane/neopentane  9.1%       
propane/isopentane  8.6%       
propane/pentane  5.5%  

Th,eff ¼ 165 ◦C Best pure: isobutane (51.0%) Th,eff ¼ 190 ◦C Best pure: butane (54.9%) 
cyclopropane − 3.3% propane/isobutene 1.4% cyclopropane − 9.2% isobutane/isopentane  1.8% 
dimethylether − 0.6% dimethylether/butane 3.2% dimethyl ether − 8.5% isobutane/pentane  0.9% 
propyne − 3.5%   propyne − 7.4%   
isobutene − 9.8%   isobutane − 5.4%       

isobutene − 0.9%       
butene − 0.7%       
trans-butene − 2.2%       
neopentane − 2.5%       
cis-butene − 6.7%    

Th,eff ¼ 215 ◦C Best pure: cis-butene (56.6%) Th,eff ¼ 240 ◦C Best pure: isopentane (55.3%) 
isobutene − 7.7% butane/pentane 1.8% butene − 10% isobutane/isopentane  3.5% 
butene − 6.6% butane/acetone 0.9% butane − 7.8% butane/isopentane  4.3% 
butane − 4.4% trans-butene/acetone 2.2% trans-butene − 4.7% butane/pentane  3.8% 
trans-butene − 2.2% neopentane/pentane 1.4% neopentane − 8.1% trans-butene/acetone  2.4% 
neopentane − 4.9%   cis-butene − 0.9% neopentane/pentane  2.9% 
isopentane − 7.8%   diethylether − 3.4% cis-butene/acetone  4.8%     

pentane − 6.9%    

Th,eff ¼ 265 ◦C Best pure: isopentane (53.3%) Th,eff ¼ 290 ◦C Best pure: isopentane (50.8%) 
butane − 9.1% butane/isopentane 3.4% butane − 9.3% butane/isopentane  3.1% 
trans-butene − 6.2% butane/pentane 3.5% trans-butene − 6.3% butane/acetone  2.6% 
neopentane − 9.6% trans-butene/acetone 1.7% neopentane − 9.7% neopentane/pentane  1.4% 
cis-butene − 2.4% neopentane/pentane 1.7% cis-butene − 2.5% cis-butene/acetone  4.5% 
diethyl ether − 3.4% cis-butene/acetone 4.7% diethyl ether − 2.9%   
pentane − 4.7%   pentane − 4.3%       

acetone − 7.5%       
cyclopentane − 2.4%    
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5.3. Mixture screening method 

The analyses results are briefed into screening criteria for mixtures: 
Step 1: Preparation of the triangular table with available fluids 

in the study, sorted by their critical temperature. Table of fluids as 
presented in Fig. 5 should be prepared. 

Step 2: Removing the pairs where normal boiling point of both 
pure fluids is higher than the minimum condensing temperature 
for pure fluids. Mixtures in this region cannot benefit from the glide in 
the condenser due to the minimum condensing pressure of 101.3 kPa. 
This rule could be translated as the maximum critical temperature of the 
fluids, discussed in section 5.1.1. A minimum condensing temperature of 
25 ◦C (ambient temperature of 10 ◦C, cold region) sets a maximum 
critical temperature of 175◦Cand a minimum condensing temperature of 
40 ◦C (ambient temperature of 25 ◦C, hot region) sets a maximum 
critical temperature of 210 ◦C. 

Step 3: Applying minimum to the critical temperature of both 
pure fluids. Based on the effective heat source temperature and 
condensing conditions in step 2, minimum temperature is applied to 
both fluids based on Table 4 and discussed in section 5.2.1. This region 
marks the mixture which could have boosted performance compared to 
their pure constituents. 

Step 4: Mapping the critical temperature range of the best pure 
fluids for the specific heat source temperature. Mixtures where the 
critical temperature of both fluids is above or below this range should be 
excluded. Fluids with critical temperature of 30 K below the range 
should be also excluded, discussed in section 5.2.2. Rest of the mixtures 
represent mixtures which could have high absolute exergy efficiency. 

Step 5: Finding the intersection of regions in step 3 and 4. The 
intersection of regions in step 3 and 4 represents potentially the mixtures 
with boost compared to their pure constituents and high absolute exergy 
efficiency. 

Step 6: Avoiding fluids with very high critical temperature dif-
ference. Although mixtures of fluids with high critical temperature 
difference have high performance boost compared to their pure con-
stituents, their absolute exergy efficiency is low. Besides, they have high 
condenser glide with high sensitivity toward composition. A slight 
change in the composition will have a high impact on the performance of 
the mixture in the cycle. 

6. Conclusion 

In this study, we analyzed all binary mixtures of natural fluids whose 
interaction parameter exists in REFPROP. The mixtures were investi-
gated in subcritical cycles with heat source temperatures of 125–300 ◦C. 
Having glide, these mixtures could possibly enhance the performance of 
the cycle by decreasing the irreversibilities in the evaporator and the 
condenser. However, a glide does not guarantee performance boost. For 
this reason, we applied a thermodynamic model to predict the perfor-
mance of the ORC considering binary mixtures and their pure compo-
nents for different heat source cases. 

Binary mixtures were investigated within two frameworks: 
comparing the mixture to its pure constituents and best performing pure 
fluid. In the first perspective, it was possible to draw few rules to map the 
binary mixtures with boosted performance compared to their pure 
constituents. These rules are based on the heat source, heat sink, normal 
boiling point and minimum condensing temperature for pure fluids. This 
improvement decreases with heat source temperature, as at Th,eff=

◦C, 
only a maximum of 10.76% improvement is observed for a binary 
mixture compared to its pure constituents for the reference case. In the 
second perspective, results show a maximum of 10% improvement to 
the best performing fluid at Th,eff = 140 ◦C, while in other heat source 
temperatures, the improvement is below 5%. 

Maximum allowable pressure in the evaporator also plays an 
important role whether a mixture is superior to its pure constituents or 
not. A mixture with a fixed composition which has a fixed critical 

temperature and condenser glide, could behave differently at different 
evaporator pressure levels. 

In the second perspective, mixtures which have boosted performance 
compared to their pure constituents and have high exergy efficiency 
were identified. First the optimum critical temperature range of pure 
fluids was found for each heat source temperature. Then binary pairs of 
fluids whose critical temperatures are both above or below the range 
were excluded. Fluids with critical temperature of 30 K below the op-
timum range were also excluded. 

Finally, a screening method is presented to map the binary mixtures 
with performance boost compared to pure constituents and high abso-
lute exergy efficiency. 

This study is helpful for future in-depth studies, where it is desirable 
to minimize the number of candidate binary mixtures for further 
investigation as well as multi-component mixtures. 
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