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The thermodynamic performance of an organic Rankine cycle can be improved effectively with zeotropic
mixtures instead of pure fluid; however, it is quite challenging for the selection of zeotropic mixture to achieve
the optimal thermodynamic and thermo-economic performance due to the lack of selection criteria. In this study,
the thermodynamic and thermos-economic performance is evaluated in terms of overall exergy efficiency and
the levelized energy cost respectively. The criteria for the selection of the optimal zeotropic mixture is revisited.
It is found that our previously proposed criteria based on thermodynamic analysis for open heat source also
holds for the thermo-economic analysis. Furthermore, the study for the effect of temperature drop on the se
lection of mixtures is carried out for the closed heat source. It is revealed that the heat source temperature drop
can be divided into large, small, and transition regions, and the criteria for selection of optimal zeotropic mixture
is proposed for each region. The thermo-economic analysis shows that the optimal thermodynamic and thermoeconomic performance can be obtained simultaneously in the ORC system with the proposed selection criteria.

1. Introduction
To alleviate the serious global warming, energy crisis, and fossil fuel
depletion, efficient energy conversion, and utilization technologies are
urgently needed. The low-grade heat source provides a large amount of
energy, such as geothermal energy and industrial waste heat, etc. In
order to utilize low-grade energy, the organic Rankine cycle (ORC) is a
promising technology to convert the heat to power [1,2]. To match the
low-grade heat source, the organic fluid with low boiling temperature is
adopted as working fluid instead of water steam [3–5], the working
fluid can be pure substances or their mixture. The mixtures that have no
zeotropic state existing in the two-phase region are referred to as the
zeotropic mixtures. During the gas-liquid phase change process, the
temperature keeps constant for pure fluid, while for zeotropic mixture

temperature glide exists, thus the temperatures in the heat source and
working fluid can match well in the heat exchanger, resulting in re
duced irreversible loss [6–8], hence the zeotropic mixture is attracting
more and more attention from the researchers.
It has been widely proved that the ORC system with an azeotropic
mixture performs better than that with pure working fluid [9–12]. So
far there are plenty of substances for selection as the working fluid, and
their mixtures are far more. Only a limited number of mixtures are
studied, and the reasons are analyzed why they can improve the per
formance of ORC systems. However, the underlying mechanism is
seldom revealed, the guidelines are also lacked to select the specified
substances for the mixtures and their fractions at the given temperature
of heat sources. The Edisionian approach is based on trial and error,
which is not only computation-intensive but also inaccurate. Hence it is
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Nomenclature

eva
exp
hs
in
L
net
h
m
Q
T
C
LEC

List of symbols

E
I
P
s
W

exergy flow rate, kW
exergy loss rate, kW
pressure, kPa
specific entropy, kJ/(kg·K)
power, kW

Abbreviations
ORC

organic Rankine cycle

out
p
pump
pre
sub
sup
tot
V
wf
*

Greek letters
efficiency
exergy loss coefficient
Subscripts and superscripts

bm
cf
con
cri

bare module
cooling fluid
condensation or condenser
critical state

of great significance to find the criteria to select the optimal zeotropic
mixtures according to their thermophysical properties instead of mas
sive thermodynamic calculation. In our previous work [13] the criteria
of zeotropic mixtures were proposed for subcritical ORC which is driven
by the open heat source. ‘Open’ means there is no limitation on the
outlet temperature of the heat source. If the outlet temperature is
specified, it is called a closed heat source [14–16]. For example, if the
ORC is used to recover heat from the flue gas of a coal-fired boiler, the
heat source outlet temperature should be above 393.15 K to protect the
heat exchanger from the acid dew point corrosion. Two correlations are
adopted
for
mixture
selection,
which
are
Ths Tp\_eva = 1.182Tcri 39.244 (K) and Twf\_con = Tcf
Tsub , cor
responding to the temperature match in the evaporator and condenser,
respectively. Based on the temperature of the heat source/sink, the
optimal critical temperature Tcri and condensation temperature glide
*
Twf\_con
can be determined. These two temperatures are related to the
thermophysical properties of the pure components and their con
centrations in the mixture.
Herein, there are still two issues to be addressed: (1) how to select
the optimal mixtures as working fluids for a closed heat source. (2)
Whether the selected mixture by the thermodynamic criteria also has a

evaporator
expander
heat source
inlet
liquid
net output
specific enthalpy, kJ/kg
mass flow rate, kg/s
heat transfer rate, kW
temperature, K
cost, $
levelized energy cost
change or difference
outlet
pinch point
pump
precooling or preheating
subcooling
superheating
total
vapor
working fluid
optimal value

relatively higher thermo-economic performance. For the first issue,
to the best knowledge of the authors, the selection criterion of the close
heat source is still lacking. Most studies are focused on the performance
comparison of the ORC system with mixture and pure fluids [17–19], in
which inlet and outlet temperatures of heat sources are specified. Few
studies analyzed the effect of the inlet temperature of the heat source on
ORC performance [20,21]. Furthermore, the effect of the outlet tem
perature was neglected. Some mixtures are recommended in these
works for a certain heat source. However, as mention above, the
guidelines of how to select the mixtures are still lacked. Inspired by
exergy analysis of the ORC [13,22] and the proposed selection criteria
for pure working fluids [23,24], it is believed that the heat source
temperature drop and the mixture critical temperature are the key
factors for the mixture selection, which significantly affect the tem
perature match in the heat exchangers (evaporator and condenser).
For the second issue, the thermo-economic analysis should be car
ried out to evaluate thermo-economic performance. There have been
extensive comparisons for the thermo-economic performance of the
ORC system with zeotropic mixtures and pure fluids. Some studies
showed that the ORC system with zeotropic mixtures performed better
in the thermo-economic aspect [21,25–29] while other studies showed

Fig. 1. (a) Schematic and (b) T-s diagram of a basic subcritical ORC.
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the opposite conclusion [8,30,31]. Yang et al. [26] analyzed an ORC
system using the mixture of R245fa/R236fa and found that the system
with mixture has higher thermodynamic and economic performance
than that with either pure-component of R245fa or R236fa. Heberle
et al. [29] claimed that the overall thermo-economic performance with
the mixture as a working fluid is better than that with the pure fluid in a
geothermal ORC system. Le et al. [32] found that the ORC system with
n-pentane showed the highest thermo-economic and thermodynamic
performance, compared to the ORC using R245fa, and the mixture of npentane and R245fa. Oyewunmi et al. [33] found that mixtures result in
more costs of the ORC system than the pure working fluid under the
same net output power. The diverse results above is because the se
lected mixture may not match well with the heat source, leading to its
poorer performance than the pure fluid, hence it is necessary to find the
selection criteria for the optimal mixture according to both thermoeconomic analysis and the thermodynamic analysis.
To address the issues above, in this study the thermodynamic and
thermo-economic models on the ORC system are proposed Section 2
and validated first in Section 3.1. Then the thermo-economic perfor
mance of the ORC system with zeotropic mixtures selected through
criteria for the open heat source is investigated in Section 3.2. Finally,
the effect of the heat source temperature drop is studied, and the
screening criteria are proposed for the closed heat source in Section 3.3
according to the thermodynamic and thermo-economic analysis.

log10 Fp = C1 + C2 log10 (P ) + C3 [log10

Ctot = (Cbm, eva + Cbm, exp + Cbm, con + Cbm, pump)

CEPCI2018
CEPCI2001

(5)

where CEPCI is the Chemical Engineering Plant Cost Index which
considers the variation of price with time. Based on the data reported in
the literature [36–39], CEPCI2001 = 397 and CEPCI2018 = 638.1 were
adopted. It is noted that the cost of working fluid is not taken into
account in this work as many work have revealed that it attributes to
less than 1% of the total cost [21,40–43].
The levelized energy cost (LEC) is chosen as the thermo-economic
index, which is a synthetical index considering the thermodynamic and
economic performance of the ORC system. It is given as follows:
(6)

LEC = (CRF ·Ctot + Com )/(top·Wnet )

where the capital recovery factor CRF and the operational and main
tenance cost of the system Com are calculated by

CRF = i (1 + i) LTpl /[(1 + i )LTpl

2.1. System description

(7)

1]

(8)

Com = 1.5%Ctot

The schematic and T-s diagrams of a basic subcritical ORC are
shown in Fig. 1. The system is composed of four fundamental equip
ment: evaporator, expander, condenser, and pump. The liquid working
fluid is pumped to the evaporator and vaporized by the heat source,
then the high-pressure vapor expands in the expander to generate
mechanical work, finally, the exhaust vapor is condensed into liquid
after releasing heat in the condenser.

The interest rate i, the equipment lifetime LTpl, and the annual
operation hour top are assumed to be moderate at 5%, 20 years, and
8000 h, respectively, according to reported data in the literature
[29,35,37,38,44,45].
2.4. Heat exchanger model
The counter flow shell-tube heat exchanger is adopted as the eva
porator and condenser. The logarithmic mean temperature difference
(LMTD) [44] approach is used to calculate the heat transfer area. The
heat source/sink fluid flows in the shell side. The heat source fluid is air
and its mass flow rate is 10 kg/s. The heat sink fluid is water with an
inlet temperature of 293.15 K and a temperature rise Tcf of 10 K [38].
The Kern [46] correlation is used to calculate their Nusselt coefficients:

2.2. Thermodynamic analysis
The thermodynamic analysis is established for the four main com
ponents, the heat source/sink as well as the system, based on the first
and second laws of thermodynamics. The equations are listed in
Table 1. The details can be found in our previous work [13]. The re
ference state is set at T0 = 293.15 K and P0 = 1.01 × 105 Pa . The overall
exergy efficiency is chosen as the thermodynamic index for the selec
tion of mixtures as working fluid.

(9)

Nu = 0.36Re 0.55Pr 0.33
Table 1
Basic equations of the thermodynamic analysis.

2.3. Thermo-economic analysis
The cost of every component in the ORC system is firstly calculated
by the module costing technique [34], which is usually applied to assess
the cost of chemical equipment. As the heat exchangers, expanders, and
pumps are also common equipment involved in the chemical industry,
many researchers adopted this technique to estimate the cost of the
ORC system [21,28,29,35]. The bare module cost Cbm of equipment is
calculated from [34]:

Components

Variables

Equations

Heat source

heat flux

Q hs = mwf (h1

h 6) = mhs (h 9

Ehs = mhs (h 9

h0

evaporator
expander
pump

(1)

condenser
system

where
is the procurement cost of the equipment in the base condi
tion: working at the ambient pressure and made of common material,
such as carbon steel. Fbm is the bare module factor considering the ef
fect of operating pressure and material on the bare module cost of
equipment. Cp0 and Fbm are given as follows,

Cp0

log10 Cp0 = K1 + K2 log10 (Y ) + K3 [log10 (Y )]2

(4)

(P )]2

where the component capacity parameter Y refers to the heat transfer
area, shaft power, and consumed power for the heat exchanger, ex
pander, and pump, respectively. Fm is the material factor, and Fp is the
pressure factor. P is the design pressure of the equipment. The coeffi
cients K1 − K3, B1, B2, C1 − C3, Fm are given in Table 2.
The total cost of the ORC system depends mainly on the bare
module cost of each component and can be calculated as:

2. Model description

Cbm = Cp0 Fbm

(3)

Fbm = B1 + B2 Fm Fp

inlet exergy

exergy loss

Ieva = T0 (mwf (s1

T0 (s9

s6)

shaft power

Wexp = mwf (h1

h2) =

exergy loss

Iexp = T0 mwf (s2

s2s)

power consumed

Wpump = mwf (h 6

exergy loss

Ipump = T0 mwf (s6

s6s)

Icon = T0 (m cf (s12

s11)

exergy loss

thermal
efficiency
coefficient of
exergy loss
overall exergy
efficiency

mhs (s9

s10))

exp m wf (h1

h2s)

h5) = mwf (h 6s

I

= Wnet /Q hs = (Wexp

i

= Ii/Ehs (a)

II

h10)

s0))

= Wnet /Ehs = 1 -

mwf (s2

h5)/

pump

s5))

Wpump)/Q hs

a

i(

)

a
I denotes the different components in the ORC cycle, including the heat
source/sink, the evaporator, condenser, expander, and pump.

(2)
3
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assumed initially and adjusted iteratively to achieve the highest exergy
efficiency under the constraint of the pinch temperature difference. The
evaporation and condensation pressures are also updated iteratively to
make the minimum temperature difference in the heat exchanger ap
proach the given pinch temperature difference. The liquid, two-phase,
and vapor sections shown in Fig. 1 are further discretized into hundreds
of sub-sections to calculate the temperature difference accurately based
on the energy conservation equation. The working fluid properties are
calculated from the Refprop 9.0 database. The main operation para
meters are shown in Table 3.
Assumptions used in the thermodynamic analysis are presented as
follows:

Table 2
The costing coefficient of the components of the ORC system [34].
Coefficient

Pump

Evaporator

Condenser

Expander

K1
K2
K3
C1
C2
C3
B1
B2
Fm
Fbm

3.3892
0.0536
0.1538
−0.3935
0.3957
−0.00226
1.89
1.35
1.55
/

4.3247
−0.303
0.1634
0.03881
−0.11272
0.08183
1.63
1.66
1.35
/

4.3247
−0.303
0.1634
0.03881
−0.11272
0.08183
1.63
1.66
1.35
/

3.514
0.598
0
/
/
/
/
/
/
1.5

(1) The working fluid at the outlet of the expander is saturated or su
perheated to ensure no liquid entrainment in the expander.
(2) The pressure drop and heat loss in the evaporator and condenser are
neglected.
(3) The isentropic efficiencies of the expander and pump are assumed
as 0.8 [52,53] and 0.75 [52,54].
(4) The maximum evaporation pressure is restricted below 90% of the
working fluid critical pressure to ensure the safe operation of the
ORC system.

Pure or mixture working fluid flows in the tube side. The Gnielinski
correlation [47] is used for the single-phase convective heat transfer:

Nu =

(f /8)(Re 1000) Pr
1 + 12.7(f /8)0.5 (Pr 2/3 1)

f = [0.790ln (Re )

1.64]

(10)
(11)

2

The boiling heat transfer coefficient TP is obtained from the
Gungor-Winterton correlation [48] with the correction factors Fc for
mixture working fluid proposed by Thome [49]:
TP

=E

(12)

L

E = 1 + 3000(BoFc )0.86 + 1.12(
= 0.023ReL0.8 PrL0.4

L

id

Fc = 1 + (

q

x
1

x

L 0.41
)

)0.75 (

V

kL
di

) Tevp 1

(13)
(14)

exp(
L

qB0
Hvap

1

)
L

(15)

where Fc is equal to 1 for the pure working fluid. αid is L in Eq. (14) but
with the mixture’s physical properties. ΔTevp is the temperature glide
during boiling; B0 is the ratio factor, and βL is the mass transfer coef
ficient.
The condensation heat transfer coefficient of the pure working fluid
is calculated from the Shah correlation [50]:
TP

I

=

Nu

, JV

I

=
I

+

L (1

+

Nu

0.98(Z + 0.263) 0.62
, JV
0.98(Z + 0.263) 0.62

µ
3.8
)( L )(0.0058+ 0.557pr )
Z 0.95 14µ V

= 1.32ReL(

L( L

1/3)

µ L2

(16)
(17)

3 1/3
V ) gkL

(18)

where the expressions of parameter JV and Z can be found in the lit
erature [50]. For the condensation of a mixture, the correction ap
proach proposed by Bell and Ghaly [51] for Shah correlation is applied:

1
mix

1

=

+

mono

YV = xCpv

YV
V

Tcon
Hvap

(19)
(20)

where αmono is TP in Eq. (16) but with the mixture’s physical proper
ties. Cpv is the specific heat capacity of the vapor phase and ΔTcon is the
condensation temperature glide.
2.5. Calculation method and conditions
Fig. 2 shows the computational flow chart. For a specified heat
source inlet temperature, the heat source outlet temperature was

Fig. 2. Computational flow chart.
4
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Table 3
Calculation conditions of the model.
Parameters

Symbol

Value

Reference

The pinch temperature difference in the evaporator
The pinch temperature difference in the condenser
Subcooling degree in the condenser output
Heat source inlet temperature

Tp_eva
Tp_con
ΔTsub
Ths_in

10 K
10 K
0 K, 5 K
393.15 K-623.15 K

[23,55,56]
[22,57]

3. Results and discussion

require higher investment cost. For Tcri higher than 520 K, Cbm,con, and
Ctot increase rapidly with Tcri . It reflects that the thermodynamic and
economic performance will be deteriorated if the mixture working fluid
has too high Tcri .

3.1. Model validation
The present model was validated with the results of Chys et al. [58]
who studied the ORCs with R245fa, R365mfc, and their mixtures. Use
the same heat source/sink parameters as those in literature [58], the
results are summarized in Table 4. It is seen that the results of the
present model agree well with the reported data, indicating the relia
bility of the simulation in the present work.

3.2.2. Thermo-economic performance considering the optimal critical
temperature
Integrating the thermodynamic and thermo-economic analysis, the
overall exergy efficiency ηII and levelized energy cost LEC under dif
ferent Ths_in are shown in Fig. 4. It is seen that the LEC exhibits a very
gentle variation trend with the increase in Tcri, first reduces and then
increases. The higher overall exergy efficiency ηII near Tcri always cor
responds to a smaller LEC, which indicates the improvement of ther
modynamic performance through optimizing the temperature match is
more significant than the deterioration of economic performance
caused by the increasing heat transfer area. In addition, it is seen that
the optimal ηII goes higher with the increase in the Ths_in while the LEC
becomes lower. Thus, the thermodynamic and thermo-economic per
formance of the ORC system could be optimized by increasing the Ths_in.
This trend is similar to the results in the literature [21].

3.2. Thermo-economic analysis of the ORC with an open heat source
In this section, the thermo-economic performance of the ORC using
mixtures selected by the thermodynamic criteria for the open heat
source in our former work [13] is evaluated. Detailed information on
the mixtures can be found in the literature [13]. The criteria consist of
Ths Tp_eva = 1.182Tcri 39.244 (K )
two
correlations:
and
Twf _con = Tcf
Tsub . The first correlation was used to calculate the
optimal mixture critical temperature Tcri . It was proved that the opti
mization of the temperature match in the evaporator improve the cycle
performance more significantly than that in the condenser. After
forming a series of mixtures all with Tcri , the mixtures with a con
densation temperature glide near the optimal temperature glide Twf _con
were selected. Due to the discontinuous variation of the condensation
temperature glide, a temperature range ± 2K is added to Twf _con .

3.2.3. Thermo-economic performance considering the optimal condensation
temperature glide
Lots of mixtures with the same critical temperature (Tcri ) can be
obtained by adjusting the concentration of pure substances. However,
these mixtures have different condensation temperature glide. Fig. 5
illustrates the ηII and LEC of the ORC system using mixtures all with
Tcri = 382.7K . Two subcooling degrees Tsub of 0 K and 5 K are em
ployed to investigate its influence on the optimal region of condensa
tion temperature glide. As the temperature rise of cooling water Tcf is
10 K, the Twf _con is calculated to be 10 K and 5 K, respectively, based
Tsub . Thus, the optimal re
on the correlation [13] Twf _con = Tcf
gion shown in Fig. 5 is 8–12 K for Tsub = 0K , and 3–7 K for
Tsub = 5K considering a temperature range of ± 2K . It is seen that
mixtures in the optimal region exhibit the higher ηII and lower LEC,
indicating that the selection criteria can predict suitable zeotropic
mixtures effectively both from the thermodynamic and thermo-eco
nomic points of view.

3.2.1. Bare module cost of the main components and ORC system
The heat source inlet temperature Ths_in of 423.15 K, 503.15 K, and
583.15 K are considered to make a comparison study. The bare module
cost of the evaporator, condenser, and expander as well as the total cost
of the ORC system for mixture with different Tcri are shown in Fig. 3.
The dashed lines represent Tcri predicted by the first correlation, which
is 382.7 K, 450.4 K, and 518.1 K, respectively.
Generally speaking, Cbm,eva, Cbm,con, and Cbm,exp become higher with
the increase in Ths_in. It indicates an increase in the output power of the
ORC system. The highest Cbm,eva, and Cbm,exp appear near the dashed
lines, indicating that more heat transfer area and expander power are
needed for the mixture with Tcri . It is because the temperature differ
ence between the heat source and the working fluid is reduced while
the working fluid with Tcri providing the optimal temperature match in
the evaporator and condenser. Besides, the change of Cbm,con is quite
small when Tcri is lower than 520 K. Thus, the variation of Ctot is de
termined by those of Cbm,eva, and Cbm,exp. The relatively high Ctot at Tcri
implies that the optimal mixtures from a thermodynamic point of view

3.2.4. The optimal outlet temperature of the open heat source
For a given Ths_in and Tcf_in, the proper mixture can be screened out,
then the heat source outlet temperature Ths_out is obtained from the
thermodynamic analysis of the cycle. The Ths_out corresponds to the
maximum ηII of the cycle is defined as the optimal outlet temperatures
of the open heat source Ths _out . We summarized the Ths _out under

Table 4
Validation of the present model [58].
Composition ratio (mole)

Peva (kPa)

Pcon (kPa)

mwf (kg/s)

Ppump (kW)

Pgen (kW)

ƞI (%)

R245fa

1

M. Chys
Present work

2030
2026

290
287

4.47
4.47

−7.5
−7.5

100.3
100.3

9.61
9.62

R365mfc

1

M. Chys
Present work

940
943

120
118

4.25
4.25

−3.6
−3.6

104.1
104.0

10.40
10.41

R245fa- R365mfc

0.30–0.70

M. Chys
Present work

1310
1272

150
148

4.28
4.26

−5.0
−4.9

109.5
108.3

10.82
10.75
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Fig. 3. Equipment cost and total cost of system under heat source inlet temperature of (a–b) 423.15 K, (c–b) 503.15 K, and (e–f) 583.15 K.

different Ths_in in Fig. 6. It is seen that Ths _out is distributed in a narrow
temperature range of 20 K (from 313 K to 333 K) while the Ths_in varies
significantly from 413.15 K to 623.15 K. In the present work, 313 K is
the lower limit of Ths _out as it is the sum of the cooling water inlet
temperature Tcf_in, the pinch temperature difference in the condenser
Tp_con and the pinch temperature difference in the evaporator Tp_eva,
shown in Fig. 6(b). If the given outlet temperature of a closed heat
source falls in this range, the closed heat source can be treated as an
open heat source. Thus, the selection criteria of zeotropic mixtures
proposed in our former work [13] are still applicable. If the outlet
temperature of the closed heat source is higher than the 20 K range,
further analysis is implemented in the next section.

Ths is small (20 K, 30 K), ηII increases rapidly first and then decreases
gently as Tcri increases. This trend agrees with results in the literature
[24] which studied the effect of critical temperature on the selection of
pure working fluid. The divergent trends indicate that the mixtures
with relatively lower Tcri are preferred to the large Ths while the
mixtures with higher Tcri can provide higher thermodynamic perfor
mance at the small Ths .
Fig. 8 shows the coefficients of exergy loss in main equipment and
explains why ηII exhibits divergent trends in Fig. 7. It is clear that the
variation of the sum ξeva + ξcon + ξexp is determined by ξeva. ξcon in
creases gently with Tcri at both the large and small Ths while ξexp shows
the contrary trend. They offset each other and highlight the effect of
ξeva.
ξeva is directly related to the temperature match between the heat
source and working fluid in the evaporator. Fig. 9 shows the T-s dia
grams of mixtures different Tcri with under large and small Ths . It is
seen that the constant-pressure line (green lines) in the evaporator has a
much steeper slope in the preheating region than the two-phase liquidvapor region. As a result, the heat source with a large Ths can ther
mally match well with the working fluid at the preheating region but
poor at the two-phase liquid-vapor region, shown in Fig. 9(a) and (b).
Thus, the irreversible loss is mainly caused by the heat transfer at the
two-phase liquid-vapor region. In this situation, it is expected to have a

3.3. Selection criteria of zeotropic mixture for the ORC with a closed heat
source
In this section, we also use the ηII and LEC as the thermodynamic
index and thermo-economic index to select mixture working fluids.
3.3.1. Effect of heat source temperature drop on system thermodynamic
performance
Fig. 7 shows the variation of ηII with Tcri under different Ths . When
Ths is large (70 K, 80 K), ηII decreases monotonically with Tcri. When
6
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explore the principles of how to classify the temperature drop into
different regions and its effect on the selection of working fluid. The
results are summarized in Figs. 10–11.
Fig. 10 shows the division of Ths . Three regions are marked out by
two lines obtained by the linear fitting. The red solid line is the upper
upper
= 0.709Ths _in 243.07 (K ) and Ths over
bound corresponding to Ths
this line can be treated as a large temperature drop. The blue solid line
lower
= 0.56Ths _in 196.297 (K ) .
is the lower bound corresponding to Ths
Ths below the line is treated as a small temperature drop.
Temperature drop regions in Fig. 10 is directly related to the var
iation of ηII with Tcri. Accordingly, the principles of selecting mixture
working fluids can be achieved. Fig. 11 shows the influence of the
temperature drop on the working fluid selection. The heat sources inlet
temperature of 423.15 K and 448.15 K are selected for the present
analysis. The upper and lower bound temperature drop is calculated as
56.9 K and 40.7 K for the inlet temperature of 423.15 K while 74.7 K
and 54.7 K for the inlet temperature of 448.15 K. It is seen that ηII
decreases monotonously with Tcri in the large temperature drop region
(red points). The relatively high exergy efficiency can be achieved when
the mixture critical temperature is below Ths_in − Tp_eva + 30 K, re
presented by the purple dashed line in Fig. 11. Regarding the small
temperature drop region (blue points), the ηII increases rapidly at first
and then decreases much gentler with the increasing Tcri. The maximum
ηII appears near the blue line which represents the temperature of
Ths_in − Tp_eva + 70 K. The mixtures with the critical temperature
higher than and close to Ths_in − Tp_eva + 70 K are recommended. When
Ths locates in the transition region (black points), the mixtures with
the critical temperature in the range of Ths_in − Tp_eva + 30 K to
Ths_in − Tp_eva + 70 K can provide relatively high ηII.

Fig. 4. The variation of (a) ηII and (b) LEC with the Tcri of working fluid under
different Ths_in.

longer constant-pressure line in the preheating region. Consequently,
the mixture with a lower Tcri is preferable. Fig. 9(c) and (d) show the
same logic. the mixture with a relatively higher Tcri is suitable for the
heat source with a smaller Ths .

3.3.3. Thermo-economic analysis of the ORC with a closed heat source
Fig. 12 depicts the variation of the thermodynamic index ηII and the
thermo-economic index LEC with the increase in Tcri. The purple line
represents the temperature of Ths_in − Tp_eva + 30 K and the blue line is
Ths_in − Tp_eva + 70 K. When Ths is in the large temperature region,
shown in Fig. 12(a), the mixtures locate at the left of the purple line are
recommended. It is seen that ηII is relatively higher and LEC is lower in
this region. Thus, the thermodynamic and the thermo-economic indexes
can be satisfied at the same time. For the small Ths shown in Fig. 12(b),
the working fluid at the right side of the blue line is preferable based on
the analysis in the section above. It is seen that thermodynamic and

3.3.2. Division of heat source temperature drop and determination of the
preferred mixtures
Analysis in Section 3.3.1 indicates that Ths is a sensitive parameter
that should be considered in the selection of working fluid. It is ex
pected to study the transition between the two trends shown in Fig. 7.
Further analysis of ηII under different Ths_in and Ths was carried out to

Fig. 5. The variation of ηII and LEC with condensation temperature glide for (a) ΔTsub = 0 K and (b) ΔTsub = 5 K.
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Fig. 6. Optimal heat source outlet temperature corresponding to the selected mixtures under different Ths_in.

Fig. 7. Overall exergy efficiency of ORC using mixtures at the (a) large and (b) small heat source temperature drop.

Fig. 8. Coefficient of the exergy loss in main components under (a) large and (b) small heat source temperature drops.

thermo-economic indexes can also be satisfied. It is noted that Tcri
should be higher and close to Ths_in − Tp_eva + 70 K because the LEC
will increase significantly when Tcri is far from the blue line.
The local fluctuation of ηII is related to the different condensation
temperature glide as these points corresponding to the mixtures with
the same components but different concentrations. As the temperature
match in the condenser is sensitive to the mixture’s condensation
temperature glide but not the type of heat source (open or closed), the
Tsub , proposed in our former work [13]
correlation Twf _con = Tcf
for the open heat source is also applicable for the closed heat source to
screen out the mixture with proper condensation temperature glide
among these fluctuation points.

3.3.4. Selection criteria of mixtures for the closed heat source
Accordingly, the selection criteria of mixtures for the closed heat
source can be proposed as follows:
(1) Check the heat source outlet temperature. If Ths_out falls in the range of
Tcf_in + Tp_eva + Tp_con to Tcf_in + Tp_eva + Tp_con + 20 K, the closed
heat source can be treated as an open heat source. Thus, the se
lection criteria of zeotropic mixtures proposed in our former work
[13] are still applicable.
(2) Determine the type of temperature drop. If the heat source cannot be
treated as an open heat source, calculate Ths . Then the corre
sponding temperature drop region can be determined according to
the upper and lower bound correlations.
8

Applied Thermal Engineering 180 (2020) 115837

Z. Miao, et al.

Fig. 9. Temperature match between low/high Tcri working fluid with heat source under (a–b) large and (c–d) small temperature drop.

wet properties of the mixtures. In this situation, these selection criteria
become less effective. The proposed selection criteria for open and
closed heat sources are based on the thermodynamic and thermo-eco
nomic analysis, thus further consideration of the toxicity, flammability,
and environment-friendliness of the mixtures is necessary.
Furthermore, the present work is for the sub-critical ORC, the study on
the selection criteria of mixtures for the super-critical ORC is underway.
4. Conclusions
In the present work, the thermodynamic and thermo-economic
analysis of the ORC using zeotropic mixture working fluids were carried
out. Thermo-economic performance of the ORC with mixtures selected
from the thermodynamic criteria for open heat source was evaluated.
The selection criteria for the closed heat source was proposed. The main
findings are presented as follows:
(1) The zeotropic mixtures selected by the proposed criteria can realize
the high overall exergy efficiency and low levelized energy cost
simultaneously as the improvement of thermodynamic performance
through optimizing the temperature match is more significant than
the increased investment cost due to the increased heat transfer
area.
(2) The closed heat source can be treated as an open heat source if its
outlet temperature falls in the range of Tcf_in + Tp_eva + Tp_con to
Tcf_in + Tp_eva + Tp_con + 20 K. The selection criteria of zeotropic
mixtures for the open heat source are also applicable for the closed
heat source in this situation.
(3) For a closed heat source, the heat source temperature drop has a
significant effect on the selection of working fluid. It can be divided
into large, small, and transition regions by correlations of
upper
lower
Ths
= 0.709Ths _in 243.07 (K )
Ths
= 0.56Ths _in
and
196.297 (K ).
(4) The selection criteria for the closed heat source are Tcri ≤ (Ths_in-

Fig.10. Determination of temperature drop region of heat source.

(3) Recommend the suitable mixture components. Based on the tempera
ture drop region determined in the second step, the optimal mix
tures
should
have
the
critical
temperature
of
Ths ;
Tcri ≤ (Ths_in − Tp_eva + 30 K) for the large
Tcri ≥ (Ths_in − Tp_eva + 70 K) for the small Ths , and
(Ths_in − Tp_eva + 30 K) ≤ Tcri ≤ (Ths_in − Tp_eva + 70 K) for the
transition region.
(4) Recommend the proper mixture concentration. The proper mixture
concentration can be determined according to the correlation
Twf _con = Tcf
Tsub ± . = 2K is recommended.
It is worth emphasizing that the proposed selection criteria for the
closed heat source are more effective when Ths_in is below 473.15 K. For
Ths_in above 473.15 K, ξcon fluctuates in a large range due to the dry and
9
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Fig. 11. The overall exergy efficiency of the ORC system in different temperature drop region under different heat source inlet temperature.

Fig. 12. Overall exergy efficiency and LEC for (a) large and (b) small heat source temperature drops.

Tp_eva + 30 K) for the large temperature drop region;
(Ths_in − Tp_eva + 30 K) ≤ Tcri ≤ (Ths_in − Tp_eva + 70 K) for the
transition region and Tcri ≥ (Ths_in − Tp_eva + 70 K) for the small
Tsub is
temperature drop region. The correlation Twf _con = Tcf
adopted to determine the proper mixture concentration for both the
open and closed heat sources.
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