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Organic Rankine cycle (ORC) is one of the most technically feasible methods to convert low-grade ther-
mal energy into shaft power. An efficient approach to improve the thermodynamic performance is using
zeotropic mixtures that enables better temperature match with the heat source and sink. In this article, a
thorough assessment of thermodynamic and economic performance is conducted for the low grade ORCs
using pure fluid and zeotropic mixtures. This work also examines the effects of heat source temperature
and mixture mass fraction on the net power output, heat exchanger size, and cost-effective performance,
and discusses the according basis for the selecting pure fluid or zeotropic mixtures. The results show that
zeotropic ORC is capable of producing more net power than pure ORC, particularly for heat source with
larger temperature difference. However, it needs much more heat exchanger area and therefore causes an
unfavorable economic performance. Under the same heat exchanger area, pure cycle has lower pinch
point temperature and higher net power output than zeotropic cycle. Therefore, the selection between
pure fluid and zeotropic mixtures is also dependent on whether the power demand can be satisfied in
pure ORC under the given pinch point condition.
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1. Introduction concerns in ORC research. A broad range of pure working fluid can-
didates have been investigated. In general, R123 [3], R134a [4],

With human energy demand increasing over 40% since 2000 [1], R245fa [5], and N-pentane [6] are typically selected as the working

the associated worldwide energy crisis and environment problems
have been forcing people to develop energy-saving solutions and
alternative energy sources. Low-grade heat from renewable ther-
mal energy/waste heat is one of the prevailing research subjects
due to its abundance and environmental friendliness. In the frame-
work of converting low-grade thermal energy into electricity,
organic Rankine cycle (ORC) is proposed as a promising method
due to its high efficiency and reliability, small size, and low emis-
sion [2]. The ORC principle is similar to the steam Rankine cycle but
using organic substance with low boiling temperature as working
fluid. Therefore, the selection of working fluid is one of the most
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fluids of middle-low temperature ORC due to their outstanding
comprehensive properties. Besides, toluene [7] and siloxanes [8]
with good thermal stability are more suitable for high-
temperature ORC.

With the in-depth research, the ORC using pure fluid (pure ORC)
has been recognized to be substantially potential. To further
improve the cycle performance, ORC using zeotropic mixtures
(zeotropic ORC) as working fluid was proposed. Due to the non-
isothermal property during the phase change process, zeotropic
mixtures can match better with the temperature in the heat source
or sink, leading to a smaller exergy destruction and therefore a bet-
ter thermodynamic performance. Zeotropic mixtures has been
widely used in the refrigeration cycles to improve the cooling per-
formance [9]. The first Rankine cycle employing zeotropic mixtures
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Nomenclature

M molar mass [kg/kmol]

P pressure [kPa]

T temperature [°C]

Q heat absorption capacity [KW] or heat flux [W/m2]
W power output [KW]

m/G mass flow rate [kg/s]

h specific enthalpy [k]/kg]

d/D diameter [m]

Re Reynolds number

Pr Prandt number

Pr reduced pressure [kPa]

X vapor quality

Cs liquid heat capacity []J/(kg °C)]

y mole fraction

n total number of components

Greek symbols

n cycle efficiency [%] or viscosity [Pa-s]
I8 thermal conductivity [W/(m °C)]

p density [kg/m3]
Subscripts
evap evaporation

cond condensation

source heat source

sink heat sink

gen power generation
out heat source outlet
\Y% vapor

1 liquid

d dew point

b bubble point

vp vaporization

S saturation

is Kalina cycle [10], where the working fluid is typically ammonia
and water but the mixing state of ammonia and water only exists
in the heat transfer processes.

The research of zeotropic ORC began in the 1990s due to the
establishment and development of the properties prediction mod-
els for fluid mixtures. Angelino et al. [11] firstly evaluated the mer-
its of organic-fluid mixtures as the working fluids of ORCs for heat
recovery and geothermal applications, and found no efficiency
increase in the zeotropic ORC comparing to pure ORC. Similar con-
clusions are documented in the studies of Wang et al. [12] and Li
et al. [13]. However, their findings are limited to the operating con-
ditions [14]. Chys et al. [15] analyzed the effect of using mixtures in
ORC through pinch analysis method and provided the method to
determine the optimal zeotropic mixtures. The results showed that
the use of zeotropic mixtures has positive effect on the ORC perfor-
mance, and the cycle efficiency increases up to 20% for the low
temperature heat source.

Many existing studies also adopted pinch analysis method to
evaluate the performance of zeotropic ORC. Dong et al. [2] ana-
lyzed the performances of zeotropic mixtures MM/MDM as work-
ing fluid for high temperature ORC. The results indicated that the
zeotropic mixture leads to a cycle efficiency increase compared
to pure fluid and condensation parameters affect the cycle effi-
ciency more significantly than evaporation conditions. Liu et al.
[16] discussed the effects of the condensation temperature glide
of the zeotropic mixtures on the cycle performance and stated that
zeotropic ORC has better thermodynamic performance when the
condensation temperature glide is close to the cooling water tem-
perature increase. According to Zhao and Bao [17], heat source
inlet temperature has significant influence on the optimal compo-
sition of zeotropic mixtures, and there exists a heat source inlet
temperature with no high efficiency advantage for zeotropic ORC.
Heberle et al. [18] presented the simulations of zeotropic ORCs
for low-grade geothermal resources and their results showed that
the second law efficiency can be increased by adding a less volatile
component in a mixture for higher heat source temperature. Chen
et al. [19] proposed a concept of zeotropic transcritical ORC and the
efficiencies of the ORCs with R134a/R32 is 10-30% higher than the
cycles using R134a. Li et al. [13] evaluated the effects of internal
heat exchanger on pure and zeotropic ORCs and proposed that
the increase of thermal and exergy efficiencies by adding a recu-
perator is higher for R141b/RC318 than pure R141b. Sadeghi

et al. [20] thoroughly investigated the performance of various
ORC configurations using zeotropic mixtures. It was found that
using zeotropic mixtures improves the power generation in differ-
ent configurations. The series of two-stage evaporator ORC using
R407A as working fluid has the highest net power output. Wu
et al. [21] explored the economic performance of zeotropic mix-
tures for ORC based on the net power output per unit UA (the pro-
duct of heat transfer coefficient and heat transfer area). However,
the results indicated the economic performance becomes worse
compared to that of pure ORC. The study by Zhao and Bao [22]
showed that composition shift on zeotropic ORC significantly low-
ers the net output work and the thermal efficiency. In addition to
the thermodynamic analysis and modeling, several experimental
investigation relating to zeotropic ORC also have been performed
[23-25].

By far, pinch analysis is the most widely used method to ana-
lyze zeotropic ORC. Multiple evaluation indexes, e.g. cycle effi-
ciency, exergy efficiency, and net power output, have been
selected to compare the thermodynamic performances between
pure cycle and zeotropic cycle. However, to the best of our knowl-
edge, the analysis in zeotropic ORC is rarely performed by account-
ing for the heat exchanger area. It is necessary to further study the
economic performance of zeotropic ORC for the following reasons:
(1) Non-isothermal behavior of zeotropic mixtures may lead to a
smaller heat transfer temperature difference under the same pinch
point temperature; (2) Due to the mass transfer resistance, the
heat transfer coefficient of zeotropic mixtures in the phase transi-
tion step is smaller than that of pure constitutive fluids [26]. These
factors can both affect the demand for heat transfer area and there-
fore the economic performance.

To fill the shortcoming in the existing literature, this study
explores the thermodynamic and economic performance of the
low-temperature ORC using refrigerants and their mixtures. A
thermodynamic and heat transfer coupling model is developed to
investigate the effects of heat source temperature and mixture
mass fraction on the net power output, heat exchanger size, and
cost-effective performance. According to the results, the guidance
for the selecting pure fluid or zeotropic mixtures is proposed at
last.

The paper starts with the introduction section followed by Sec-
tion 2 which describes the cycle and considered working fluids.
Then, Section 3 gives the method of simulation in this work. The
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results and discussion are presented in Section 4, including the
thermodynamic performance, economic performance, and the
comparison between pure and zeotropic ORCs. Lastly, Section 5
draws the research conclusions and provides the related research
prospects.

2. ORC and working fluids

The schematic and temperature-entropy curve of the zeotropic
ORC are shown in Fig. 1. The basic ORC includes an expander to
generate shaft power output, a condenser to condense the working
fluid, a pump to elevate the cycle pressure and an evaporator to
absorb heat from the heat source. In the condenser and evaporator,
the variable temperature of the zeotropic mixtures during the
phase transition process could improve the temperature match
between the working fluid and the heat transfer medium. Besides,
variable temperatures can also widen the average temperature dif-
ference between evaporation and condensation processes. Both of
them help improve the thermodynamic performance of the cycle.

The conditions of the heat source, heat sink and ORC process
parameters are summarized in Table 1. Both the heat source and
heat sink media are water at different pressures. The heat source
outlet temperature is varied to investigate its influence on the cycle
performances, while other parameters are constant and mainly
obtained from Chys et al. [15]. Among them, the pinch point tem-
perature in the condenser is lower than that in the evaporator
due to its relatively significant effect on the cycle efficiency [2].

Evaporator

3 Turbine

Condenser 2

Temperature

Entropy

Fig. 1. (a) Schematic and (b) T-s curves of zeotropic ORC.

Table 1
Parameters for the heat source, heat sink and cycle.
Heat source (water) Inlet temperature 150 °C
Pressure 500 kPa
Mass flow rate 25 kg/s
Heat sink (water) Inlet temperature 25°C
Outlet temperature 35°C
Pressure 150 kPa
ORC Isentropic pump efficiency 80%
Isentropic turbine efficiency 75%
Pinch temperature in the evaporator 20°C
Pinch temperature in the condenser 10°C

Working fluid selection is fundamental in ORC design. Each
component in the mixture fluids is required to satisfy the chemi-
cally stability requirement and exhibit the suitable thermal prop-
erties. Due to the condition of the heat source temperature and
the limits of the adopted heat transfer models, refrigerants are
selected as the potential components. Since the ORC in this work
is a subcritical cycle with the saturated vapor at the turbine inlet,
only dry fluids or isentropic fluids (the slope of the saturated vapor
line in the T-s diagram is infinite or positive) are considered. The
critical temperature of the fluid candidate should be higher than
150 °C based on the heat source temperature, while its boiling
temperature should not be significantly higher than the heat sink
temperature to avoid extremely low condensation pressure. By fol-
lowing these guidelines, five commonly used ORC working fluids,
R245fa, R245ca, R123, R365mfc, and R113, are selected as the can-
didates. Their main thermal properties and the saturation curves of
R123, R365mfc, and R123/R365mfc (0.5/0.5) are given in Table 2
and Fig. 2, which are derived from the fluid property database
REFPROP 9.0 [27].

3. Simulation method

An original Matlab program is developed to simulate the
described cycle with various working fluids. The simulation is eval-
uated under the assumptions that the cycle operates at steady
state, pressure drop and heat loss through the pipes and heat
exchangers are neglected, and the composition shaft of the zeotro-
pic mixtures is not considered.

The modeling process applies the pinch analysis method and its
flow chart is shown in Fig. 3, where the subscripts 1 and 3 are the
state points in Fig. 1. The temperature profile of the cycle is deter-
mined by the conditions of the heat source and sink, offset by pinch
point temperatures. The turbine inlet temperature T; and the con-
denser outlet temperature T5 are determined by the pinch point
temperatures in the evaporator and condenser, respectively. The
energy balance in each component of the cycle can be calculated
by:

Q« — Wy =m(h; — h;) M

where Q, W, m, and h represent the heat absorption capacity, power
output, mass flow rate, and specific enthalpy, respectively. The sub-
scripts i and j are the inlet and outlet of the component x.

To determine the pinch point temperature, the temperature
profile of the mixture in the phase change process is divided into
30 segments based on the same temperature step. Then the tem-
perature of water in each corresponding segment can be calculated
by the energy conservation equation. The pinch point temperature
can be therefore obtained by:

Tpinch.evap =min {Tsource(i) - Teuap(i)}yi = 1, 2...30 (2)

Tpinch.cond = min{Tcond(i) - Tsink(i)}7i = 1~2 ...30 (3)
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Table 2

Fluid properties of the selected refrigerants.
Fluid M [g/mol] Periticat [kPa] Taitical [°C] Thoiting [°C]
R245fa 134.05 3651 154.01 15.14
R245ca 134.05 3925 174.42 25.13
R123 152.93 3662 183.68 27.82
R365mfc 148.07 3266 186.85 40.15
R113 187.38 3392 214.06 47.59

M: molar mass; Periticai: Critical pressure; Teisicait Critical temperature; Tpojing: boiling temperature.

200 R123/R365mfc (0.5/0.5)
R123

o ™ R365mfc
o
p=}
© 100
@
Q.
5
[ 50

0+

1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0

Entropy (kJ/kg°C)

Fig. 2. Saturated curves of R123, R365mfc, and R123/R365mfc (0.5/0.5).

Input the parameters of heat source, heat sink, cycle, and heat exchanger

|

> Input initial T

Input initial Ts

‘ Calculate the parameters of all the state points

!

Meet the pinch temperature in the condenser ? ‘

No
lYes
No . .
Meet the pinch temperature in the evaporator ?

lYes

Determine the thermodynamic parameters l

!

‘ Calculate the parameters of heat exchangers

I

‘ Calculate the thermal and economic parameters

Fig. 3. The flow chart of the simulation.

where the subscripts source and sink represent the heat source and
the heat sink. After these initial input parameters being updated to
meet the pinch point conditions, the cycle thermodynamic param-
eters can be determined through Eq. (1).

As shown in Fig. 4, the concentric double pipe heat exchanger
with the same size is selected as the evaporator and condenser.
The heat transfer correlations used in this modeling are detailed
in the Appendix A. Among them, Gnielinski and Dittus-Boelter cor-
relations are used to calculate the single-phase heat transfer coef-
ficients. Other correlations, developed and summarized by Bivens
and Yokozeki [28], are applied to determine the evaporation and
condensation heat transfer coefficients of the refrigerant flow in
tubes. Based on the heat transfer coefficient in each stage together
with the corresponding heat transfer capacity and mean logarith-
mic temperature difference, the heat exchanger area can be
obtained by heat transfer equation.

In this work, the heat source is the waste heat or geothermal
energy with a fixed inlet temperature, thus the design object is
to get more shaft power instead of higher cycle efficiency. The
net power output, which is defined as the difference between the
output of the turbine and the input of the pump, is employed to
evaluate the thermodynamic performance. In the economic analy-
sis, the ratio of the net power output to the total heat exchanger
area is selected as the evaluation indicator (hereinafter referred
to as cost-effective performance).

The simulation method is validated with the results of the ORCs
using R245fa, R365mfc and their mixtures R245fa/R365mfc
(0.3/0.7) in Chys et al. [15]. As shown in Table 3, the comparisons
show the results coincide within the maximum difference of
2.29%, indicating the reliability of the simulation in the present
work.

4. Results and discussion

The thermodynamic performance of zeotropic ORC, which is
evaluated by the net power output, is presented in the first subsec-
tion. The economic performance considering the heat exchanger
area is then analyzed in the second subsection. With the above
analysis, the comparison between pure cycle and zeotropic cycle
is discussed in the third subsection.

A
° Water €<————
_____ A

€ € €

—————> Working fluid ° E| E| E

~— ~— N

Water <

/

Single phase heat transfer Phase change heat transfer
i (Dittus-Boelter correlation) (Bivens and Yokozeki correlations)

Fig. 4. The structure size of the concentric double pipe heat exchanger.
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Table 3
Validation of the proposed simulation method.
R245fa R365mfc R245fa/R365mfc
Chys This work Chys This work Chys This work
Pevap [kPa] 2030 2030 940 940 1310 1340
Peona [kPa] 290 290 120 120 150 150
Pratio 71 71 8.1 8.1 8.7 8.7
m [kg/s] 447 4.46 425 425 428 428
Woump [KW] 7.5 7.5 3.6 3.6 5.0 5.1
Ween [KW] 100.3 100.3 104.1 104.0 109.5 109.6
n [%] 9.61 9.61 10.4 10.4 10.82 10.82

Peyqp: evaporation pressure; Peong: condensation pressure; Pyqeo: pressure ratio; m: mass flow rate; Wpyy,,: power consumed by the pump; Wee,: power generation; 5: cycle

efficiency.

4.1. Thermodynamic performance

ORC with zeotropic mixture as working fluid shows higher net
power output than that using pure fluid. As illustrated in Fig. 5,
the zeotropic cycle using R245fa/R113 (0.4/0.6) produces the most
net power under the conditions of variable heat source outlet tem-
perature. The advantage of using zeotropic mixture is more signif-
icant when lowering the heat source outlet temperature. For
example, the mixture R245fa/R113 shows the highest net power
of 251.39 kW at the outlet temperature of 130 °C, representing
an increase of 2.56% for R245fa and 7.16% for R113, respectively.
When the outlet temperature is 90 °C, the net power is up to
557.68 kW and the increases are 20.46% for R245fa and 14.14%
for R113.

With the decrease of heat source outlet temperature, on the one
hand, the cycle heat absorption increases accordingly, while on the
other hand, the reduced average evaporation temperature leads to
a lower cycle efficiency. Therefore, the increase of net power out-
put by using zeotropic mixtures gets gradually smaller in the range
of low heat source outlet temperature. The net power output from
the cycle using R113 even decreases slightly when the heat source
outlet temperature changes from 100 to 90 °C. We can also find
that the net power of the cycle using R245fa/R113 fluctuates when
the mass fraction of R245fa is within 0.1-0.3. Fig. 6(a) shows that
when R245fa fraction is 0.2, the condensation temperature glide is
13.13 °C that is higher than the temperature difference of the cool-
ing water. As shown in Fig. 6(b), it causes the pinch point in the
condenser occurs at its outlet and therefore the average condensa-

Working fluid:R245fa/R113

—=—130°C 110 °C
Heat source outlet temperature
600 - —e—120 °C 100 °C
| —— 90°C
< 500
S5
5
joN
3
5 400
2
<)
S W
3
300
B—/-B\B——B’/H‘B\B\—B\H
200 1 L 1 L 1 L 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1

Mass fraction of R245fa

Fig. 5. Net power output versus mass fraction in the ORC using R245fa/R113.

tion temperature increases, which results in a negative impact on
the net power output. Since the pinch point in the evaporator
occurs at the saturated liquid state, the relatively higher evapora-
tion temperature glide leads to a higher average evaporation tem-
perature. The combined effects of evaporation and condensation
temperatures result in the fluctuation of the net power output. It
indicates that higher temperature glide does not always result in
more net power output for zeotropic ORC.

Fig. 7 summarized the optimum working fluid and the maxi-
mum net power output under the different heat source outlet tem-
perature. R245ca/R113 is more suitable for the heat source outlet

(a) Working fluid:R245fa/R113

14
—&— Evaporation
12 —e— Condensation
O 10+
8 8f
=)
o
S ef
©
2 4r
S
e Ll
0 -
_2 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Mass fraction of R245fa
Working fluid:R245fa/R113 (0.1/0.9)
(b)
Heat source 150 °C
106 °C 7
90 °C i—» Pinch 97 °C
o 86 °C \
2 Evaporation process
g 35°C
o
§
= 67 °C
Condensation process
\ 45°C
35°C - 35°C
25°C N ) 34°C
Heat sink
Entropy

Fig. 6. (a) Temperature glide versus mass fraction in the cycle using R245fa/R113
and (b) T-s curves of the evaporation and condensation processes in the cycle using
R245fa/R113 (0.1/0.9).
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Toe  Optimum working fluid

Net power output (kW)

PRIEN0] -6.94%

130°C 255 .59
L] -4.28%

338 SAMEDA
120°C 363,68
VKW -5.96%

418.38 Ry

110°C 449 50

418.53 Rl

EY4ACHEN-10.04%

100 °C 520.60

EYVREE) -12.45%

ERENSEN -14.22%

90 °C 557,99
PLPREEA -20.56%

Fig. 7. The optimum working fluid and the most net power output under different heat source outlet temperature (Toy).

temperature in the range of 110-130 °C, and the optimum mass
fraction of R245ca increases from 0.19 to 0.37 with the decrease
of heat source outlet temperature. When the outlet temperature
is lower than 110 °C, using R245fa/R113 shows higher net power
output. Consistent with above analysis, the maximum output
power increases when the heat source outlet temperature is
reduced, but the increasing rate decreases gradually. However,

—
)
-

70 | Evaporation process
r —=— R245fa

60F —<— R113

- —&— R245fa/R113 (0.44/0.56)

50

40 -

30+

10 st A

I n n 1 n 1 n n

0 0.2 0.4 0.6 0.8 1.0
Vapor quality

Heat transfer coefficient (kW/m?°C)

—~
o
~

8 - Condensation process

I —8— R245fa

7T o R113

'_ —4— R245fa/R113 (0.44/0.56)

Heat transfer coefficient (kW/m?°C)
(XN
T

0 I " 1 " 1 " 1 " 1 "
0 0.2 0.4 0.6 0.8 1.0

Vapor quality

Fig. 8. Heat transfer coefficients of R245fa, R365mfc, and their mixture (0.44/0.56)
along (a) evaporation process and (b) condensation process.

compared with the pure cycle with relatively high power output,
the rise in the output power by using mixture increases from
4.28% to 14.22% along with the decreasing heat source outlet
temperature.

4.2. Economic performance

The economic analysis in this work focuses on the heat exchan-
ger area, which is a common economic indicator in the related
research [29,30]. Fig. 8 first shows the evaporation and condensa-
tion heat transfer coefficients of R245fa, R113, and their mixture
with a ratio of 0.44/0.56 at the heat source outlet temperature of
100 °C. The heat transfer coefficients in the evaporation and con-
densation processes increase with the increase of vapor quality,
but the change for R245fa/R113 is smaller. Also, the heat transfer
coefficients of the mixture are lower than that of the components,
especially for the evaporation process. The average evaporation
heat transfer coefficient of the mixture is 8.44 kW/(m? °C), which
is only 21.31% and 19.55% of that for R245fa and R113. By compar-
ison, the heat transfer coefficient in the condensation process is
relatively low, and the average condensation heat transfer coeffi-
cient of R245fa/R113 shows a decrease of 30.74% and 35.82% for
the heat transfer coefficients of R245fa and R113.

The heat transfer areas of the evaporator and condenser can be
determined based on the heat transfer capacity, the mean logarith-
mic temperature difference, and the heat transfer coefficient

Working fluid:R245fa/R113

450 560
Evaporator area Condenser area
400 -

I Sensible heat [ Sensible heat

350l I Latentheat ~ I Latentheat J 540

—e=— Net power

300
250
200
150
100

50

520

500

Heat exchanger area (m?)
(A1) Indino samod JoN

480

4
0 0.2 0.4 0.6 0.8 1.0 €0

Mass fraction of R245fa

Fig. 9. Heat exchanger area versus mass fraction in the ORC using R245fa/R113.
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Toe  Optimum working fluid

Cost-effective performance (kW/m?)
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Fig. 10. Cost-effective performance of the cycle using optimum working fluid under different heat source outlet temperature (Toy).

obtained from the thermodynamics and heat transfer equations.
Fig. 9 shows the required heat exchanger area for the cycle using
R245fa/R113 at the heat source outlet temperature of 100 °C. The
total heat exchanger area initially increases and then decreases
with the increasing mass fraction of R245fa. The variations of the
heat exchanger area and the net power output are basically the
same. The biggest change in the heat exchanger area for various
mass fractions appears in the latent heat stage of the condenser.
The cycle using R245fa/R113 (0.4/0.6) produces the most net
power of 520.17 kW and at the same time demands the largest
heat exchanger area of 348.30 m?, while using pure R245fa shows
the lowest net power of 463.03 kW and also the smallest heat
exchanger area of 235.60 m2.

Fig. 10 presents the cost-effective performance of the cycle
using the optimum working fluid at various heat source outlet
temperature. It is worthy of note that the optimum working fluid
here means that it can produce the maximum net power (see
Fig. 7). Besides, since the mass flux of the working fluid increases
with the decrease of the heat source outlet temperature, to obtain
a reasonable tube fluid Reynolds number, the mass flux of the heat
source medium is divided by 100-500 according to the conditions
of the heat source temperature. Therefore, the absolute values of
the cost-effective performances under different heat source outlet
temperatures cannot be compared. The results of the cost-effective
performance are contrary to the net power output in Fig. 7. Taking
the heat source outlet temperature of 100 °C as example, compared
to the pure cycle with R245fa, using R245fa/R113 (0.44/0.56) can
improve the net power by 10.04%, whereas the cost-effective per-
formance is reduced by 25.93%. In the range of the test, zeotropic
cycle always shows lower cost-effective performance than pure
cycle. This result illustrates that the better thermodynamic perfor-
mance of zeotropic ORC is achieved at the cost of larger heat
exchanger area, which results in a lower cost-effective
performance.

As pure cycle shows better cost-effective performance than zeo-
tropic cycle, the effect of the heat source outlet temperature on the
cost-effective performance specific to the pure cycle is illustrated
in Fig. 11. Here the relative cost-effective performance refers to
the value of the cost-effective performance to the maximum value
among various working fluids. The results show that adopting
R123 under the heat source outlet temperature higher than 110
°C gets the highest cost-effective performance, while R245ca is sui-
table for the lower the heat source outlet temperature (<110 °C).
By contrast, the pure cycle using R113 shows a relatively low eco-
nomic performance.
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Fig. 11. Relative cost-effective performance versus heat source outlet temperature
in the ORC using pure fluid.
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Fig. 12. Modified pinch point temperature in the condenser and net power
increment for the cycle using pure fluid under the same heat exchanger area.

4.3. Comparison between pure and zeotropic ORCs

Given the above analysis, the enhancement of the net power
output for zeotropic ORC is attributed to the larger heat exchanger
area. Only adopting traditional pinch analysis method is not com-
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Table 4

Net power increment for zeotropic ORC under the same pinch point condition.
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Toue (°C) Optimum fluid Net power (kW) Optimum mixture Optimum ratio Net power (kW) Increment (%)
90 R245fa 488.54 R245fa/R113 0.41/0.59 557.99 14.22

100 R245fa 473.11 R245fa/R113 0.44/0.56 520.60 10.04

110 R113 418.53 R245ca/R113 0.37/0.63 449.50 7.40

120 R113 343.21 R245ca/R113 0.27/0.73 363.68 5.96

130 R113 245.09 R245ca/R113 0.19/0.81 255.59 4.28

prehensive enough to compare the thermodynamic performance
between pure ORC and zeotropic ORC. In this section, the total heat
exchanger area instead of the pinch point temperature is selected
as the boundary condition. The required heat exchanger area of
zeotropic ORC is obtained based on the initial pinch point condi-
tion at first, and then the result is used to model pure cycle to
get a new pinch point condition and corresponding net power.
Fig. 12 shows the modified pinch point temperature in the con-
denser and the net power increment of pure ORCs using R245fa
and R113. Under the same condition of the required heat exchan-
ger area for zeotropic cycle with R245fa/R113 (0.4/0.6), the pinch
point temperature of pure ORC decreases significantly from the ini-
tial value of 10 °C to around 4 °C. Therefore, the net power output
from the cycle using pure fluid is higher than using zeotropic mix-
ture. With the decrease of the heat source outlet temperature from
130 to 90 °C, the net power increment for the cycle with R245fa
increases from 4.76% to 11.56%, and the increment of using R113
decreases gradually from 9.92% to 8.51%. It tells that pure cycle
can produce more power than zeotropic cycle when reducing the
pinch point temperature to obtain the same heat exchanger area.

Nevertheless, when the pinch point temperature is determined,
the potential of zeotropic ORC is still higher. As illustrated in
Table 4, under the same pinch point condition, the net power
increment by using zeotropic mixture increases from 4.28% to
14.22% with the decrease of the heat source outlet temperature
from 130 to 90 °C. Therefore, power demand and pinch point tem-
perature become the main criterion of selection pure ORC or zeo-
tropic ORC. When the power demand is lower than the design
power of pure cycle under the given minimum heat transfer tem-
perature difference, using pure fluid shows better thermal eco-
nomic performance than using zeotropic mixture. However,
when the power demand exceeds the design power of using pure
fluid, zeotropic ORC becomes an alternative option as it can avoid
the local heat transfer deterioration.

5. Conclusion

This work investigates the thermodynamic and economic per-
formance of the low-grade zeotropic ORC by leveraging pinch anal-
ysis method. A few of the commonly-used refrigerants, i.e. R245fa,
R245ca, R123, R365mfc, R113 and their mixtures are considered as
the ORC working fluids. The effects of heat source temperature and
mixture mass fraction on the net power output, heat exchanger
size, and cost-effective performance are investigated through a
thermodynamic and heat transfer coupling model. The paper
draws the main conclusions as follows:

(1) In test range, the net power output increases with the
decrease of heat source outlet temperature, but the increase
rate slows down gradually. Compared with pure cycle, zeo-
tropic ORC has the capacity to produce more net power,
and the net power increment is larger under a lower heat
source outlet temperature.

(2) The variations of the required heat exchanger area and the
net power output with the mass fraction are basically
the same. Zeotropic ORC shows lower cost-effective
performance than pure ORC, which indicates that higher

power output is achieved at the cost of larger heat exchanger
area.

(3) Under the boundary condition of the same heat exchanger
area, pure cycle shows lower pinch point temperature and
higher net power output than zeotropic cycle. Therefore,
power demand and pinch point temperature become the
basis for the selection of pure ORC or zeotropic ORC. If the
power demand can be met for pure cycle under the given
pinch point condition, pure fluid should be selected as the
ORC working fluid. Otherwise, zeotropic ORC can yield
higher output power with relatively higher pinch point for
the heat exchanger.

Generally, zeotropic ORC may not always show outstanding
economic performance. But it is still potential for the next gen-
eration ORC if environmental impact is required to be accounted
for, because zeotropic mixtures can significantly expand the
selection range of ORC working fluids. It is worthy of further
researches on the heat transfer coefficient of the promising zeo-
tropic mixtures and experiment so as to verify the conclusion in
this work.
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Appendix A

For the working fluid in the outer pipe, the single-phase heat
transfer coefficient is using Gnielinski equation for calculation:

4 (f/8)(Re — 1000)Pr
Cd14+12.7(F/8)" (P — 1)

(A1)

f=(1.82IgRe —1.64)2

For the working fluid in the inner pipe, its single-phase heat
transfer coefficient is calculated by Dittus-Boelter equation:

h =0.023 gReO'erm

with m = 0.3 for cooling and m = 0.4 for heating.
Following correlations are developed and summarized by

Bivens and Yokozeki [28]. The evaporation heat transfer coefficient

can be calculated as follows:

(A2)

1/25

h= (AZ.S +BZ.5) (A3)

55Q0,67P0.12
m(-1g(P)*%

B = 2.838h,Fr’2(0.29 + 1/X)*®, for Fr < 0.25
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B = 2.15h,(0.29 + 1/X,)*% for Fr > 0.25

2
Fr= 9.(SG(§(§)(IS)SD KXo = (1/x=1°/p,/pi(n/n,)*!

hy = O.ZB%Reg'SRrO“‘,ReX = GD(1 —x)/n;,Pr = Cony/ 2y

where m: molecular weight; Q: heat flux (W/m?); P,: reduced pres-
sure; x: vapor quality; D: diameter (m); G: mass flux (kg/m?s); /:
thermal conductivity (W/(mK)); #: viscosity (Pas); p: density
(kg/m3); C;: liquid heat capacity (J/(kg K)); subscript »: vapor; sub-
script I: liquid.

For mixtures:

hid

1+ hgyF/Q A4

hmix =

Q

F=0175(Tq~Ty){1—exp-— =
(Ta=T) P\ T 13510 %0 H,,

where T4: dew point temperature (K); T4: bubble point temperature
(K); Q: heat flux (W/m?); H,,: heat of vaporization (J/kg); p,: liquid
density (kg/m?).

For pure compounds, following empirical correlation for the
condensation process is applied:

h/h = (1-x)°° +3.8x75(1 — x)*%(P/P;)** (A5)

h = O.OZB%ReO'erOA, Re = GD/n, Pr = Csn/ A, heon = HF,
F=0.78738 + 6187.89G *

where x: vapor quality; P: critical pressure; P: saturation pressure;

D: diameter (m); G: mass flux (kg/(m? s)); A: liquid thermal conduc-

tivity (kg/(m K)); u: liquid viscosity (Pa s); Cs: liquid heat capacity

(J/(kg K)); heon: condensation heat transfer coefficient (W/(m? K)).
For mixtures:

n -1/c

M = 1 > i/ hi)* (A.6)

i=1
¢ =0.85—0.014545(T, — Ty),for G > 160
c=(0.10676+0.12483In(G))(1.25 — 0.04545(T, — T,)),for G > 160

where y;: mole fraction of component; h;: heat transfer coefficient
(W/(m? K)); n: total number of components; T,: dew point temper-
ature (K); T,: bubble point temperature (K).
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