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Organic Rankine Cycle (ORC) could be used to recover low-grade waste heat. When a vehicle is running,
the engine exhaust gas states have a wide range of variance. Deﬁning the operational conditions of the
ORC that achieve the maximum utilization of waste heat is important. In this paper the performance of
different working ﬂuids operating in speciﬁc regions was analyzed using a thermodynamic model built
in Matlab together with REFPROP. Nine different pure organic working ﬂuids were selected according to
their physical and chemical properties. The results were compared in the regions when net power
outputs were ﬁxed at 10 kW. Safety levels and environmental impacts were also evaluated. The outcomes
indicate that R11, R141b, R113 and R123 manifest slightly higher thermodynamic performances than the
others; however, R245fa and R245ca are the most environment-friendly working ﬂuids for engine waste
heat-recovery applications. The optimal control principle of ORC under the transient process is discussed
based on the analytical results.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Only 30% of an engine’s fuel combustion energy is converted
into useful work to drive a vehicle and its accessory loads. The
remainder is engine waste heat dissipated by the engine exhaust
system, coolant system, and convection as well as radiation from
the engine block. Nearly 40% of heat energy is wasted with the
engine exhaust gas [1]. If this portion of waste heat could be harnessed, energy efﬁciency will be enhanced, where vehicles all over
the world could save lots of energy. Furthermore, global warming
will be decreased.
Organic Rankine Cycle (ORC) could be used to recover low-grade
waste heat from engine exhaust gas. The advantages of ORC
compared with other heat engine cycles are outstanding. First, high
waste energy utilization is achieved by ORC when compared with
other waste heat-recovery approaches. Next, it is easy to downsize
system volume and weight, which is rigid for vehicle applications.
Finally, the cost of ORC is cheaper than others such as a thermoelectric generator.
Many investigations about ORC were carried out and can be
classiﬁed into three main categories according to their application
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domains. The ﬁrst is geothermal energy utilization. Hettiarachchi
et al. [2] evaluated optimum cycle performance when evaporation
and condensation temperatures, and geothermal and cooling water
velocities were varied, and then compared the results to working
ﬂuids that included ammonia, HCFC-123, n-Pentane, and PF5050.
Saleh et al. [3] investigated 31 pure component working ﬂuids for
sub-critical and supercritical ORCs for geothermal power plants. The
second category reviewed is solar energy harnessing. Yamamoto
et al. [4] estimated the optimum operating conditions of ORC
comparing HCFC-123 and water as working ﬂuids. Tchanche et al. [5]
comparatively accessed 20 working ﬂuids for use in low-temperature solar organic Rankine cycle systems. The ﬁnal category considered is low-grade waste heat recovery. Hung et al. [6] analyzed ORC
efﬁciency using cryogens such as benzene, ammonia, R11, R12, R134a
and R113 as working ﬂuids. Maizza and Maizza [7] investigated the
thermodynamic and physical properties of 20 unconventional ﬂuids
used in organic Rankine cycles supplied by waste energy sources. Liu
et al. [8] reviewed the effects of 10 various working ﬂuids on the
thermal and total heat-recovery efﬁciencies of the organic Rankine
cycle. Wei et al. [9,10] analyzed system performance and optimized
the working conditions of an ORC using R245fa when a simulation of
a dynamic model was conducted in Dymola [11]. Drescher and
Bruggemann [12] developed software to ﬁnd thermodynamically
suitable ﬂuids for ORC in biomass power and heat plants. Mago et al.
[13] analyzed a regenerative ORC using four dry organic ﬂuids to
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convert waste energy to power from low-grade heat sources. Lemort
et al. [14] studied ORC system performance with a scroll expander
instead of a turbine with R123 as the working ﬂuid. Dai et al. [15]
adopted a genetic algorithm to optimize the working conditions of
ORC and compared 10 working ﬂuids for low-grade waste heat
recovery. Angelino and Colonna di Paliano [16] evaluated organicﬂuid mixtures as working media for Rankine power cycles. Chen et al.
[17] compared a carbon dioxide, trans-critical power cycle with an
organic Rankine cycle with R123 as the working ﬂuid.
The engine of a vehicle does not work in a steady state when it is
driven. Determining how to recover the exhaust gas waste heat of
a vehicle engine using an ORC system is still a tough task for the
automotive industry because there are several obstacles that must
be overcome. First, a proper expander needs to be developed that
can adapt to the various working conditions of a vehicle engine
with a high efﬁciency. Second, a compact evaporator that can
withstand the high temperatures of engine exhaust gas for a long
duration must be created. Third, developing of an appropriate
working ﬂuid that can accommodate well to the hardware and
provide the highest output power is also a hard task to realize. Last,
keeping the entire ORC system safety and offering a durable life
when operating within the vehicle engine environment, is also
a signiﬁcant challenge. Diego et al. [18] studied three conﬁgurations
of Rankine cycles for waste heat recovery in a hybrid vehicle.
A supercritical, reciprocating Rankine engine for waste heat
recovery of diesel engines was proposed by Teng et al. [19,20].
Water and ethanol as working ﬂuids were considered for two kinds
of ORC for waste heat recovery of gasoline engines by Ringler et al.
[21]. Atan [22] studied heat recovery equipment (i.e., a generator)
for an absorption air-conditioning system when the working ﬂuid
was a combination of water and lithium bromide.
If the ORC system structure and the working conditions are
setup properly, the selection of the working ﬂuid has a signiﬁcant
impact on system performance. Because the engine exhaust gas
states vary widely when a vehicle is running, it is important to
deﬁne the operating conditions of ORC that achieve the maximum
utilization of the waste heat. In this paper the operating conditions
of an ORC system using a single screw expander for recovering the
vehicle engine waste heat were analyzed. The thermodynamic
models of nine various organic working ﬂuids under these constrained situations were fabricated and calculated using a Matlab
application with REFPROP. The performances of each ﬂuid were
compared in a feasible pre-deﬁned region based on the evaporating
pressure and condensing temperature. To accommodate the transient, operational characteristics of a vehicle engine, the control
strategy of an ORC system is discussed based on the calculation
results.
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Fig. 1. Schematic of A type of ORC.

isentropic ﬂuids, which translate into superheated gas states after
expansion. Subsequently, the low pressure superheated gas is
cooled down to saturated liquid in the condenser.
The thermal efﬁciency of an ORC system can be augmented by
adding an internal heat exchanger (IHE). The schematic of an ORC
with an IHE is delineated in Fig. 3 and is denoted as B type. The high
temperature working ﬂuid exhausted from the screw expander is
transported to the inlet of low pressure side of IHE. The lowtemperature working ﬂuid exported from the pump is conveyed to
the inlet of high pressure side of IHE. The heat is transferred from
the low pressure side to high pressure side in IHE.
The Tes diagrams of these two ORCs are shown in Fig. 4. The
pressure and heat loss of the working ﬂuid in the pipes were
neglected. At state point 1, the working ﬂuid condition is at
a saturated liquid state. At state point 3 it locates at the saturated
vapor line. The pump process is from 1 to 2, where 1e2s is the
corresponding isentropic compression process. The state point at
the high pressure side outlet of the IHE is 2a. The evaporation
process is represented as 2e3 for the A type of ORC, and 2ae3 for
the B type, respectively. The expansion process in the single screw
expander is 3e4. If the IHE is added, process 4e4a describes what
occurs in the low pressure side. Process 3e4s is the relevant isentropic expansion process.
The mathematical model of the A type of ORC is expressed by
_ p is listed
equations (1)e(13). The work consumed by the pump W
in equation (1):

_ 2s  h1 Þ
mðh
_ p ¼ mðh
_ 2  h1 Þ ¼
W

hp

2. Thermodynamic modeling of ORC
The schematic of a simple organic Rankine cycle is depicted in
Fig. 1. In this paper, this ORC structure is named A type, where the
working ﬂuid is pumped from the reservoir to the high pressure
pipe line. The waste heat is absorbed in the evaporator under
constant pressure and then shifts into a saturated gas state. The
high enthalpy saturated gas is then expanded in the single screw
expander. At the same time, power is generated and output to the
generator. A prototype of the expander assembly examined is
shown in Fig. 2. (The single screw expander was invented by Beijing
University of Technology, China. Its rated power is 10 kW [23].)
Various working ﬂuids usually can be classiﬁed into three
categories according to the slope of the saturation vapor line in
a Tes diagram. A dry ﬂuid has a positive slope; a wet ﬂuid has
a negative slope, whereas an isentropic ﬂuid has inﬁnitely large
slopes. All the working ﬂuids investigated in this study are dry or

Fig. 2. Prototype of the single screw expander.

(1)
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Fig. 3. Schematic of B type of ORC.

Fig. 5. Schematic of Tes plots of the selected work ﬂuids.

The heat addition from the waste gas to the working ﬂuid Q_ e is
denoted as

evaporation process I_e , the expansion process I_ s and the condensation
process I_c are delineated by equations (5)e(8), respectively:

_ 3  h2 Þ
Q_ e ¼ mðh

_ 2  s1 Þ
I_p ¼ T0 mðs

(5)



h  h2
_ ðs3  s2 Þ  3
I_e ¼ T0 m
TH

(6)

_ 4  s3 Þ
I_s ¼ T0 mðs

(7)



h  h4
_ ðs1  s4 Þ  1
I_c ¼ T0 m
TL

(8)

(2)

_ s is calculated
The work generated by the single screw expander W
by equation (3):

_ s ¼ mðh
_ 3  h4 Þ ¼ mðh
_ 3  h4s Þhs
W

(3)

The heat rejection from the condenser Q_ c is characterized by

_ 4  h1 Þ
Q_ c ¼ mðh

(4)

Exergy is the maximum amount of work that can be done by
a subsystem as it approaches thermodynamic equilibrium with its
surroundings by a sequence of reversible processes [24]. The exergy of
a subsystem is a measure of its “distance” from equilibrium. Thus it can
signify the quality of the energy of the subsystem. Exergy destruction
rate labels the loss of exergy during the process. It can be obtained
from the exergy balance equations using an exergy analysis method
[25e27]. The exergy destruction rates of the pump process I_ p , the

_ n is denoted by
The net power output W

_ sW
_ p
_ n ¼ W
W

(9)

The ORC system thermal efﬁciency hth is computed as:

hth ¼

_ sW
_ p
W
Q_

(10)

e

Equation (11) calculates the total exergy destruction rate I_ tot :



h  h2 h1  h4
_  3
I_tot ¼ I_p þ I_e þ I_s þ I_c ¼ T0 m

TH
TL

(11)

The expanding pressure ratio p is computed by

p ¼

P3
P4

(12)

The volumetric ﬂow rate at the inlet of the screw expander V_ 3 is
calculated according to

_
m
V_ 3 ¼

r3

(13)

If the IHE is taken into account for the B type of ORC model, the
model of the A type needs to be revised according to equations
(14)e(20). The pressure loss and heat rejection to the environment
of the IHE were not considered. The effectiveness of IHE can be
expressed as [28]:

Fig. 4. Tes diagram of ORCs.

3¼

T4  T4a
T4  T2

(14)
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Table 1
The properties of the selected pure work ﬂuids.
Substance

Molecular mass [kg/kmol]

Tba [K]

Pcrb [MPa]

Tcrc [K]

ASHRAE 34 safety group

Atmospheric life time [yr]

ODPd

GWPe [100 yr]

1
2
3
4
5
6
7
8
9

134.05
134.05
152.04
116.95
152.93
170.92
187.38
137.37
58.122

288.05
298.28
279.34
305.2
300.97
276.74
320.74
296.86
272.6

3.64
3.925
3.502
4.46
3.662
3.257
3.392
4.408
3.796

427.2
447.57
412.44
479.96
456.83
418.83
487.21
471.11
425.12

B1
n.a.
n.a.
n.a.
B1
A1
A1
A1
n.a.

7.2
6.6
8
9.3
1.3
300
85
45
9.3

0
0
0
0.086
0.012
0.85
0.9
1
0.12

950
610
1200
700
120
9800
6130
4600
725

R245fa
R245ca
R236ea
R141b
R123
R114
R113
R11
Butane

n.a.: non-available.
a
Tb: normal boiling point.
b
Pcr: critical pressure.
c
Tcr: critical temperature.
d
ODP: ozone depletion potential, relative to R11.
e
GWP: global warming potential, relative to CO2.



h  h2a
_ ðs3  s2a Þ  3
I_e ¼ T0 m
TH

The exergy destruction of the IHE is modeled as

_ 4a  s4 Þ þ ðs2a  s2 Þ
I_IHE ¼ T0 m½ðs

(15)

The corresponding evaporation process equations (2) and (6) are
replaced by equations (16) and (17):

_ 3  h2a Þ
Q_ e ¼ mðh

(16)

(17)

The condensation process is modeled as equations (18) and (19)
instead of (4) and (8):

_ 4a  h1 Þ
Q_ c ¼ mðh

(18)



h  h4a
_ ðs1  s4a Þ  1
I_c ¼ T0 m
TL

(19)

The total exergy loss is calculated as



h  h2a h1  h4a
_  3
I_tot ¼ T0 m

TH
TL

(20)

3. Simulation and performance analysis
Fluid selection is one of the most important contributors to overall
cycle performance. Fluid thermodynamics, material compatibility,
ﬂammability, toxicity and other properties must be considered with
respect to the vehicle’s needs. Desirable characteristics of the working
ﬂuids include appropriate boiling point temperature, low latent heat,
high critical temperature and pressure, suitable speciﬁc volume, low
density and surface tension, high thermal conductivity, high thermal
stability, non-corrosive, non-toxic, and compatibility with engine

Fig. 6. Work ﬂow diagram for the ORC performance calculation.

Fig. 7. System thermal efﬁciency comparison of different working ﬂuids for A type.
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Fig. 8. Contour maps of the thermal efﬁciency for A type.

materials. Nine pure organic working ﬂuids were selected; the Tes
diagrams are plotted together in Fig. 5. Wet working ﬂuids such as
water were not included because of their large latent heat vaporization properties, which are not appropriate for waste heat-recovery
applications. The physical and chemical properties of the selected
working ﬂuids and their impacts on the environment are listed in
Table 1.
Considering the operational status of an ORC system assembled on
the vehicle and the design parameters of the single screw expander,
the constraining conditions of the model are listed as follows:
(1) The working ﬂuids were selected as pure ﬂuids whose boiling
points are greater than 270 K.
(2) The heat quantity provided by the exhaust gas was sufﬁcient
to meet the ORC operation.
(3) The condensing temperature ranged from 300 K to 360 K.
(4) The evaporating pressure ranged from 0.2 MPa to 2 MPa.
(5) The reference temperature was set to 273 K.
(6) The high temperature heat source of ORC was set to 600 K and
the low-temperature heat source was set to 300 K.
(7) The net power out from the ORC was set to 10 kW. (The value
of 10 kW is speciﬁed for experimental study. In fact, the rated
power of ORC should be decided according to the practical
conﬁgurations of vehicle engine. A relevant analysis can be
referenced in [29].)

(8) The pressure ration of the screw expander was limited to 8.
(9) The maximum volumetric ﬂow of the working ﬂuid at the
outlet of the expander was 20 L/s.
(10) The efﬁciency of the pump was set to 0.8.

Fig. 9. System exergy destruction rate comparison for A type.
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Fig. 10. Contour maps of the exergy destruction rate for A type.

(11) The efﬁciency of the screw expander was set to 0.55.
In addition, to calculate the B type ORC performance, the
following constraint condition was added:

through a COM interface function. REFPROP was developed by the
National Institute of Standards and Technology of the United States
[33]. The uncertainties in REFPROP vary depending on the ﬂuid,
property, and thermodynamic state. The maximal uncertainties of

(12) The effectiveness of IHE was assumed to be 0.90.
The working ﬂuid, with its boiling point lower than 270 K, reaches a superheated gas state in the ambient environment. This is not
beneﬁcial for the storage on the vehicle. Normally, the exhaust gas
temperature of a vehicle engine varies from 400 K to 1100 K [29,30].
The pertinent evaporating temperature of the working ﬂuid could be
set from 370 K or lower to 1000 K or higher. Generally, the maximum
working pressure an evaporator could tolerate ranges from 0.2 MPa
to 2 MPa. This scope is smaller than the evaporating temperature
domain noted above, so it is appropriate to choose evaporating
pressure as the comparison parameter. The working pressure of the
condenser is not very high and could be considered for a large region,
but condensing temperature is constrained by the working conditions of the internal combustion engines on the vehicles. Thus
condensing temperature is used as the independent variable instead
of condensing pressure. Conditions (5) and (6) are used for the
exergy analysis. Conditions (7)e(11) are deﬁned by the design
parameters of the single screw expander [31].
The model was developed in Matlab [32]. The thermodynamic
parameters of the working ﬂuids were calculated by REFPROP

Fig. 11. Expansion pressure ratio comparison.
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Fig. 12. Contour maps of the expansion pressure ratio.

the equation of state are no more than 0.2% in density for the liquid,
and 0.4% for the vapor, and 0.4% in vapor pressure among all the
selected organic working ﬂuids. A detailed description of accuracy
can be found from the NIST website for different working ﬂuids.
The work ﬂow diagram of the calculation algorithm in Matlab is
shown in Fig. 6. Initially, the working points deﬁned by the
condensing temperature and the evaporating pressure were
computed. The condensing temperatures selected were equidistant
from 300 K to 360 K; the evaporating pressures were also equally
distributed from 0.2 MPa to 2 MPa. Next, the thermodynamic
values, such as entropy and enthalpy, for each A type state points
were calculated for each working ﬂuid. (Here, REFPROP was treated
as a COM function in Matlab.) Then the ORC performances based on
these state points were calculated according to equations (1)e(13).
Subsequently, the constrained conditions of (4) and (5) were taken
into account, when the ORC working region deﬁned by the evaporating pressure and the condensing temperature was trimmed
from a rectangle into an irregular shape. This irregular shape
represents the feasible working region. The working points were
redesignated within the feasible region, and the ORC performances
were computed again based on the new working point deﬁnitions.
Comparing the ORC performances of A type for different working
ﬂuids, the results were plotted as various surfaces and contour maps
and are shown in Figs. 7e17. ORC thermal efﬁciency is the most
important index used to estimate performance. System thermal

efﬁciency of ORC varies with the condensing temperature and the
evaporating pressure in the feasible region, and formed a surface as
shown in Fig. 7. The results indicate that thermal efﬁciency increases as condensing temperature diminishes, and decreases as

Fig. 13. Volumetric ﬂow rate comparison.
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evaporating pressure recedes. The impact of condensing temperature is larger than that of evaporating pressure. When the operating
conditions of different working ﬂuids are identical, the sequence of
system thermal efﬁciency from maximum to minimum is R113,
R141b, R11, R123, R245ca, R245fa, R114, Butane, R236ea. The reasons
can be explained based on a simplied ORC model [8,20]. Theoretically, the thermal efﬁciency of A type of ORC can be expressed as

 

1  Te =Tcr n
1  Tm =Tcr n
þ
1  Tc =Tcr
1  Tc =Tcr

1

nTm =Tcr
Te =Tcr  Tc =Tcr
þ1
1  Tm =Tcr
Tm =Tcr

hth ¼ 1 



ð21Þ

where Tm and n can be denoted as follows:

Tm ¼

Te þ Tc
2


n ¼

0:00264 

(22)
10
Lb
þ 0:8794
RTb

(23)

For most working ﬂuids, the exponent n in equation (21) varies in
a narrow range between 0.375 and 0.380 [34,35]. Using R245fa as an
example, its value equals to 0.381. Considering the working point
of Te ¼ 390 K and Tc ¼ 340 K, the thermal efﬁciency of R245fa

3413

calculated according to equation (21) is 10.12%. When the evaporating
temperature is reduced by 1 K, the thermal efﬁciency decreases by
0.1%; but when the condensing temperature is decreased by 1 K, the
thermal efﬁciency rises by 0.27%. The deviation of the thermal efﬁciency values with regard to the condensing temperature is two times
greater than that with respect to the evaporating temperature.
Therefore, the inﬂuence of condensing temperature on system
thermal efﬁciency is greater than of evaporating pressure.
Considering the selected working ﬂuids, when Te and Tc are ﬁxed
to a pair of identical values, their thermal efﬁciencies are merely
dependent on their critical temperatures Tcr and n values. These
two properties are determined by the working ﬂuids’ molecular
compositions and structures. Essentially, it is the discrepancy of the
molecular forces generated by different working ﬂuids that causes
the variation of these thermodynamic properties.
In searching for the working condition in which the greatest
thermal efﬁciency is achieved, the contour maps for each organic
working ﬂuid are plotted in Fig. 8 for comparison. The feasible
region is limited by two boundary lines. The upper one is constrained by the maximum volumetric ﬂow rate; the lower one is
limited by the maximum pressure ratio. Four contour lines are
added in each map, and the gradient for these lines is explained
below, where the maximum and minimum thermal efﬁciencies in
the feasible region can be found, respectively. The difference of
these two values Dh is deﬁned as

Fig. 14. Contour maps of the volumetric ﬂow rate.
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Dh ¼ hmax  hmin

(24)

The thermal efﬁciencies of the contour lines are conﬁgured
according to the following vector:

½ hmax 0:02Dh hmax 0:2Dh hmax 0:5Dh hmax 0:8Dh 

(25)

This approach is also applied in all the following contour maps.
The operating region, where the degradation of the thermal efﬁciency is within 20% of the maximum value hmax, is deﬁned as the
optimal working region. The relative optimal working regions of
various working ﬂuids are shown as the “belt” shape in Fig. 8.
When the ORC system is assembled on the vehicle, the operational conditions during the transient process should be controlled
within the optimal working region to maintain a high thermal
efﬁciency. Because the ambient temperature varies with the
seasons during the year, the condensing temperature of the ORC
can be controlled by a fan to regulate it as close as possible to the
current ambient temperature. Accordingly, the evaporating pressure should be adjusted to operate inside the optimal working
region. When the vehicle is running in a transient process, the
waste heat generated by the engine also varies. This causes evaporating pressure variation in the evaporator. When this occurs, the
mass ﬂow rate of the working ﬂuid needs to be controlled to keep
the evaporating pressure in the optimal region with regard to the
relevant condensing temperature. An optimal working region that
can cover a wide range of condensing temperatures as well as
evaporating pressures is advantageous. From the results in Fig. 8,
the optimal working regions of R245fa, R245ca, R141b, R11, R123,
and R113 are shown to satisfy this requirement.
The ORC system exergy destruction rate comparison is delineated in Fig. 9. The corresponding contour maps are shown in
Fig. 10. On the same surface, the exergy destruction rate is relatively
small when the ORC is working in the high thermal efﬁciency
region. But it increases drastically as the ORC moves to its low
thermal efﬁciency region. The working ﬂuid with a higher thermal
efﬁciency manifests lower exergy loss. The reason is, for a speciﬁc
10 kW net power output, the heat addition will increase rapidly if
thermal efﬁciency becomes smaller.
Comparisons of expanding pressure ratios are shown in Figs. 11
and 12. Those working points with a higher pressure ratio result in
larger thermal efﬁciency in the feasible working region. The
maximum pressure ratio is limited to eight based on the constraints
of the design of the single screw expander, such as leakage. Thus
the maximum thermal efﬁciency could not be improved further.

Fig. 15. Mass ﬂow rate comparison.

Fig. 16. Heat absorption rate comparison for A type.

When the pressure ratio rises in the feasible region, the deviation
between the evaporating temperature and condensing temperature increases. This causes an incremental change to the thermal
efﬁciency, which can be evaluated using equation (21).
When the condensing temperatures of the selected working
ﬂuids are given a speciﬁc constant value, the corresponding vapor
pressures can be calculated based on the Riedel method [34]:

ln Pvpr ¼ A  B=Tr þ C ln Tr þ DTr6

(26)

where the reduced vapor pressure Pvpr and the reduce temperature
Tr are deﬁned as

Pvpr ¼ Pvp =Pcr

(27)

Tr ¼ T=Tcr

(28)

Because various working ﬂuids have distinct coefﬁcient values, the
corresponding condensing pressures are also different. When the
pressure ratios are set to the maximum value, the pertinent
maximal evaporating pressures are also distinct. This is why the
lower boundary lines of the feasible working regions deviate
among the selected working ﬂuids.

Fig. 17. Pump power comparison.
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Fig. 18. System thermal efﬁciency comparison for B type.

The consequences of the volumetric ﬂow rates are plotted in
Figs. 13 and 14. It shows that the practical values reach their
maximum values in the low thermal efﬁciency region. As
mentioned previously, the mass ﬂow rate increases when thermal
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efﬁciency decreases. When the evaporating pressure is conﬁgured
to a constant value, the value of the speciﬁc volume of the working
ﬂuid remains stable, and which can be calculated according to the
pertinent equation of states [36]. As a result, the volumetric ﬂow
rate will be enhanced synchronously with the mass ﬂow rate. In
fact, the volumetric ﬂow rate in the inlet of the developed single
screw expander cannot exceed 20 L/s, therefore, the discrepancies
of the upper boundary lines are generated.
The mass ﬂow rates are displayed in Fig. 15. The heat absorption
rate from the exhausted gases is exhibited in Fig. 16. The pump
power is depicted in Fig. 17. As formerly mentioned, when the
thermal efﬁciency decreases in the feasible region, the mass ﬂow
rate as well as the heat addition increases. The pump power will
also improve incrementally with the mass ﬂow rate.
The performances of B type for the selected working ﬂuids were
calculated according to equations (14)e(20). The thermal efﬁciencies dependent on the condensing temperature and the evaporating pressure are shown in Fig. 18. The contour maps of the
thermal efﬁciency surfaces are plotted in Fig. 19. The results show
that at a ﬁxed working point the order of the thermal efﬁciency
value from maximum to minimum is R113, R141b, R123, R11,
R245ca, R245fa, R114, Butane, R236ea. The sequence of R11 and
R123 is reversed comparing with the A type. Apparently, the
boundaries of the feasible working regions are the same as A type,
but the performances of B type are better than the corresponding

Fig. 19. Contour maps of the thermal efﬁciency for B type.
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Fig. 20. System exergy destruction rate comparison for B type.

ones of A type. The working ﬂuid in the IHE, before entering the
expander, absorbs the heat from the working ﬂuid exhausted from
the single screw expander e the enthalpy of the working ﬂuid is
enhanced before entering the evaporator. Comparing the condition

of the same net power output, the heat addition of B type is less
than of A type. Therefore, its thermal efﬁciency is improved. The
addition of IHE cannot modify constrained conditions (4) and (5),
which are limited by the single screw expander, thus, the boundary
lines are not revised.
The outcomes of the exergy destruction rates for B type are
displayed in Figs. 20 and 21. All exergy destruction rates of B type
are reduced compared with the relative results of A type. The range
extends from the maximum value of 19.31% for R113 to the
minimum value of 8.38% for R11. The evaporation process from
state point 2 or 2a to state point 3 needs a large amount of heat and
will generate plenty of exergy destruction. To diminish this exergy
destruction rate, a working ﬂuid with low latent heat and high
thermal conductivity is preferred. Working ﬂuids with lower latent
heat value will be easier to gasify, thus, more saturated vapors will
be generated under an identical heat addition quantity condition
during the evaporation process. Because this will enlarge the
output power of the expander, thermal efﬁciency is enhanced. The
working ﬂuid with a high thermal conductivity coefﬁcient will
facilitate the design of the evaporator and reduce the size, allowing
it to be deployable on a vehicle. Therefore, the working ﬂuid with
low latent heat and high thermal conductivity is more suitable for
a vehicle engine waste heat-recovery application.
Maximum thermal efﬁciency is achieved at the edge of the
optimal working region. The best working points for each working

Fig. 21. Contour maps of the exergy destruction rate for B type.
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380.90
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(a) Selected working condition
1
R245fa
8.40
2
R245ca
8.63
3
R236ea
8.22
4
R141b
9.28
5
R123
8.88
6
R114
8.75
7
R113
8.68
8
R11
9.57
9
Butane
9.17

Table 2
Comparison of the optimal working conditions of different working ﬂuids for 10 kW net power output.
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ﬂuid were selected and are listed in Table 2, where (a) displays the
calculation results of A type, and (b) shows the consequences of
B type. The working ﬂuid that shows the highest thermal efﬁciency
and the lowest exergy loss is R11 for A type and butane for B type. For
instance, when R245fa is employed, the thermal efﬁciency of ORC is
enhanced about 13.2% if the IHE is added. The evaporating pressure
of R245fa is 1.4923 MPa, which is helpful for the evaporator design.
When a vehicle engine is running under a series of transient working
processes, the evaporating pressure and the condensing temperature of ORC should be regulated to approach the optimal stable
values listed in Table 2 to maximize thermal efﬁciency.
The discrepancies of the largest thermal efﬁciencies among the
working ﬂuids are not so remarkable. The maximum values in
Table 2 range from 8.22% to 9.57% for A type and from 9.51% to
10.46% for B type. Not only the thermodynamic performances of
different working ﬂuids should be evaluated but also their safety
levels and environmental impacts must be taken into account.
Butane is ﬂammable. R11, R113 and R114 have high ODP and GWP.
R141b will be forbidden in 2010 and R123 will be prohibited in
2020. Thereafter, R245fa and R245ca are the most suitable pure
organic working ﬂuids for an engine waste heat-recovery application when the environmental effects are evaluated.
4. Conclusion
In this study, several candidates of organic working ﬂuids for an
engine waste heat-recovery application were evaluated. The
thermal efﬁciencies and exergy destruction rates of these working
ﬂuids have been investigated in an appropriate region deﬁned by
the evaporating pressure and the condensing temperature. The
following consequences are concluded:
1. For the designed single screw expander, when the evaporating
pressure and the condensing temperature vary in a certain
region, the operation of the ORC system is constrained by the
parameters of the expander. The optimal working regions of
R11, R141b, R123, R245fa and R245ca are advantageous for the
operation of ORC system.
2. In the feasible working region, the performances of R11, R141b,
R113 and R123 are slightly higher than others. The thermal
efﬁciency increases as the condensing temperature diminishes,
and decreases as the evaporating pressure recedes. The impact
of the condensing temperature is larger than that of evaporating pressure. Because waste heat generated by the engine
varies when a vehicle is running, to maximize the utilization of
the engine waste heat, the condensing temperature should be
regulated as close as possible to the ambient temperature. At
the same time, the mass ﬂow rate of the working ﬂuid needs to
be controlled to keep the evaporating pressure in the optimal
region.
3. If safety levels and environmental impacts are considered,
R245fa and R245ca are the most suitable working ﬂuids for an
engine waste heat-recovery application.
The research work in this paper is focused on comparing ORC
performance in terms of working ﬂuids. A cost analysis with respect
to the air-conditioning and relevant engine components of a class-B
car was referenced. According to the analysis, a coarse evaluation of
system cost of B type of ORC is less than 100$/kW for large amount of
mass production. The experiments will be performed on the engine
test bench. A comparative analysis between the experimental
results (both from other researchers and ourselves) and theoretical
outcomes will be accomplished in the future. Meanwhile, Component weight evaluation as well as effects on engine fuel consumption
for an automotive application will be investigated.
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Nomenclature

h
s
_
m
I_
_
W
T
P
t
Q_
V_

enthalpy (kJ/kg)
entropy (kJ/kg K)
mass ﬂow rate (kg/s)
exergy destruction rate (kW)
power (kW)
temperature (K)
pressure (MPa)
time (s)
heat absorption rate (kW)
volumetric ﬂow rate (L/s)
L
latent heat (kJ/kg)
n
exponent of working ﬂuid
R
universal gas constant (kJ/(mol K))
A, B, C, D constant coefﬁcients of the vapor pressure correlating
equation
ln
natural logarithm
Greek letters
pressure ratio
efﬁciency (%)
density (kg/m3)
heat exchanger effectiveness (%)

p
h
r
3

Subscript
0
reference state
1,2,2s,2a,3,4,4s,4a state points in cycle
p
pump
e
evaporator
s
single screw expander
c
condenser
n
net
th
thermal
tot
total
H
heat source
L
cold source
b
boiling point
cr
critical
m
moderate
r
reduced
vp
vapor pressure
max
maximum
min
minimum
Acronyms
ORC
organic Rankine cycle
ODP
ozone depletion potential
GWP
global warming potential
COM
component object model
IHE
internal heat exchanger

