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a b s t r a c t

The thermal performance of supercritical pressure ORCs (Organic Rankine Cycles) is related to the critical
temperature of the organic fluids. The heat source in this investigation was flue gas with an inlet tem-
perature of 150 �C and an outlet temperature of 70 �C. The working fluids were R218, R134a and R236fa.
An integrated-average temperature difference was used to quantify the thermal match between the flue
gas and the organic fluid in the evaporator. Three types of operating modes were identified: (1) a flexible
operating mode for low Tc (critical temperature) fluids having operating states in a rectangular region in a
plot of the turbine inlet pressures versus temperatures; (2) a bifurcated operating mode for moderate Tc
fluids with one or two pressures corresponding to the turbine inlet temperature; (3) a restricted oper-
ating mode for high Tc fluids with only one turbine inlet pressure possible for the turbine inlet tem-
perature. The high Tc organic fluid has a small integrated-average temperature difference that yields large
evaporator and system exergy efficiencies. Thus, the useful power is increased. The low Tc organic fluid
has a bad thermal match in the evaporator that leads to lower ORC (Organic Rankine Cycle) thermal
performance.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Low grade thermal energy such as waste heat from industrial
processes, geothermal heat and heat from low to mid temperature
solar collectors, accounts for 50% or more of the total heat gener-
ated worldwide [1]. The Organic Rankine Cycle ORC (Organic
Rankine Cycle) has been extensively investigated as an efficient
means to convert low grade energy into power. Electric power
production at low-enthalpy (w150 �C) geothermal sites is usually
realized using an ORC process [2]. Hot water with temperatures of
100e200 �C is pumped from rock layers deepwithin the earth, with
the heat transferred in a heat exchanger to a working fluid. The
thermal energy is then converted to electricity via a low-
temperature cycle. Heberle and Brüggemann [3] considered the
option of combined heat and power generation for geothermal
resources at temperatures below 450 K. Series and parallel ORC
designs and an additional heat generation source were compared
based on the second law analysis. Their results showed that the
combined heat and power generation significantly increases the
and Mechanical Engineering,
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second law efficiency of the geothermal power plant in comparison
to just power generation alone. The most efficient concept was a
series circuit with a high critical temperature organic fluid such as
isopentane. For parallel circuits with power generation, fluids such
as R227ea with low critical temperatures were preferred. Guo et al.
[4] proposed a cogeneration system driven by a low-temperature
geothermal source. The system consisted of a low-temperature,
geothermally powered ORC subsystem, an intermediate heat
exchanger and a commercial R134a heat pump subsystem. Al-
Sulaiman et al. [5] performed energy and exergy analyses of a
biomass trigeneration system using an ORC. Four cases were
considered with electrical power, cooling and cogeneration, heat-
ing and cogeneration and trigeneration systems. Their results
showed that the best trigeneration system performance was ob-
tained with the lowest ORC evaporator pinch temperature of 20 K
and the lowest ORC minimum temperature of 345 K. Alternatively,
Hung et al. [6] pointed out that an appropriate combination of solar
energy and an ORC systemwith a higher turbine inlet temperature
and a lower condenser temperature (such as deep under sea)
provides an economically feasible and environment friendly
renewable energy conversion system.

The effects of the working fluid properties on subcritical pres-
sure ORCs have beenwidely studied in the past. Saleh et al. [7] gave
a thermodynamic screening of 31 pure component working fluids
for ORCs using the BACKONE equation of state. For the geothermal
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Nomenclature

Cp specific heat (kJ/kg K)
E exergy (kW)
h specific enthalpy (kJ/kg)
k slope or gradient of the TeQ curve (K/kW)
m mass flow rate (kg/s)
P pressure (MPa)
Q heating power (kW)
Qa total heat released by flue gas (kW)
s specific entropy (kJ/kg K)
T temperature (K)
W power (kW)

Greek symbols
d isentropic pressure difference (MPa)
DT temperature difference between flue gas and organic

fluid (�C or K)
h efficiency

Subscripts
0 reference state

1 w 5 points corresponding to Fig. 1
ave integrated-average
c critical state of organic fluid
exe exergy
eva evaporator
gas flue gas
in inlet
M or M0 point at which kORC ¼ kgas
max maximum value
min minimum value
out outlet
ORC Organic Rankine Cycle or organic fluid
p pinch point or pump
pc pseudocritical state of organic fluid
r requirement
s isentropic
sat saturation point
sys ORC system
t turbine
u useful
V the evaporator outlet of organic fluid
water cooling water
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power plants, the ORCs were assumed to operate between 100 and
30 �C and pressures below 2.0 MPa, but in some cases supercritical
pressures were also considered. They noted that superheating is
not recommended for subcritical pressure ORCs. In the case of su-
perheated vapor at the turbine exit, an internal heat exchanger in
the cycle improves the thermal performance.

Lakew and Bolland [8] studied the effects of working fluid
properties for low temperature heat sources using a simple ORC.
They screened the working fluids based on the power production
capability and the component (heat exchanger and turbine) size
requirements. Their working fluids were R134a, R123, R227ea,
R245fa, R290, and n-pentane. The outputs of the energy balance
were used as inputs for the exergy analysis and the component
design. R227ea gave the highest power for heat source tempera-
tures of 80e160 �C while R245fa produced the highest for tem-
peratures of 160e200 �C. There was an optimal pressure that
minimized the heat exchanger surface area. The optimum pressure
was found to be dependent on the heat source temperatures and
the working fluids.

Lai et al. [9] investigated the effect of working fluids for high
temperature ORCs using alkanes, aromates and linear siloxanes.
“Isolated” ORC cycles with maximum temperatures of 250 �C and
300 �C were studied at sub or supercritical pressures. The thermal
efficiencies for the different fluids were about 70% of the Carnot
efficiency and increased with the critical temperature.

There have been many papers about subcritical pressure ORCs
published in the open literature. The key scientific issue is the
thermal match between the heat carrier fluid and the organic fluid
in the evaporator. A subcritical pressure ORC can have isothermal
boiling in the evaporator with a poor thermal match between the
heat carrier fluid and the organic fluid [10]. This situation can be
improved by a supercritical pressure ORC, inwhich the organic fluid
is directly heated from the liquid state to a supercritical state,
bypassing the two-phase region, which gives a better thermal
match with the heat source. Thus, the exergy destruction in the
evaporator is decreased.

Supercritical pressure ORCs are not yet commercialized, but
they have received much attention in recent years. The investiga-
tion by Karellas and Schuster [11] showed that the supercritical
conditions in ORC applications tend to give promising results in
decentralized energy production systems. Cayer et al. [12] analyzed
CO2 transcritical power cycles using an industrial low-grade flue
gas as the heat source. The heat source temperature was 100 �C
while the mass flow rate was 314.5 kg/s. The maximum and min-
imum CO2 temperatures were 95 �C and 15 �C, respectively. The
water heat sink was at 10 �C. The methodology included an energy
analysis, an exergy analysis, finite size thermodynamics and a heat
exchanger surface area analysis. The results gave an optimum high
pressure for each of the four steps. Schuster et al. [13] optimized
supercritical pressure ORCs for various working fluids in terms of
their thermal efficiency and the usable percentage of the heat. The
reduction of exergy losses was analyzed based on the need for
surplus heat exchanger surface.

Chacartegui et al. [14] proposed supercritical and transcritical
CO2 cycles for solar energy applications. They used a stand-alone
closed cycle as well as a topping CO2 gas turbine and a bottoming
ORC. Arslan and Yetik [15] used an ANN (artificial neural network)
to optimize a supercritical ORC-binary geothermal power plant.
Zhang et al. [16] studied subcritical ORC and transcritical power
cycle system for low-temperature geothermal power generation.
They showed that R125 in transcritical power cycle gives excellent
economic and environmental performance that can maximize the
geothermal utilization, which is preferable for a low-temperature
geothermal ORC system. R41 provides excellent performance
except for its flammability. Baik et al. [17] compared the power
production for CO2 and R125 transcritical cycles for a low grade
heat source. Even though the CO2 cycle had better heat transfer and
pressure drop characteristics in the heat exchangers, the high
pumping power reduces the cycle’s power output. The R125 tran-
scritical cycle was recommended for heat sources of about 100 �C.

Thus, supercritical pressure CO2 cycles have been investigated
for various conditions. The critical temperature of CO2 is 31.0 �C,
which is so low that CO2 cycles are able to recover heat from heat
sources of about 100 �C. However, CO2 cycles need high pressure of
perhaps of 16.0 MPa [10]. The low critical temperature of CO2 also
presents a challenge in condensing the CO2 vapor in the condenser.
Thus, alternative organic fluids should be considered in the near
future. Review articles such as Vélez et al. [18], Chen et al. [19] and
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Fig. 1. The basic Organic Rankle Cycle and the Tes diagram for supercritical pressure
ORC (the working fluid is R134a, Tc ¼ 374.21 K, Pc ¼ 4.059 MPa, T1 ¼ 405.15 K, P1 ¼
4.458 MPa).

J. Xu, C. Liu / Energy 63 (2013) 109e122 111
Tchanche et al. [20] commented on the important effects of the
thermodynamic and physical properties, stability, environmental
impact, safety and compatibility, availability and cost when
selecting a working fluid.

For a flue gas driven supercritical pressure ORC, the following
issues are important:

Coupling of the heat source with the ORC: Previous studies of
ORCs considered heat sources with fixed mass flow rates and inlet
temperatures of the flue gas [12]. The useful power output
(Wu ¼ Wt�Wp, where Wt is the turbine power and Wp is
the pump power) is related to the thermal efficiency, h, as
Wu ¼ hQa, where Qa is the heat received from the heat source,
Qa¼mgasCp,gas(Tgas,in�Tgas,out). Since Qa can vary due to the variable
Tgas,out, the useful power and thermal efficiency are two indepen-
dent parameters. A small difference between the inlet and outlet
flue gas temperatures means that the waste heat is not fully
recovered. In such circumstances, the cycle has a smaller useful
power output even though the cycle has a higher thermal effi-
ciency. For practical applications, the waste heat temperature
should be decreased as low as possible to maximize the waste heat
recovery. This paper presents a method to couple the heat source
with the ORC to improve the heat recovery.

Operating parameters: Operating parameters refer to the pa-
rameters which can be adjusted to modify the thermal efficiency
and power output. The pressures and temperatures at various lo-
cations are operating parameters and the mass flow rate of the
organic fluid can be changed by adjusting the pump power. Thus,
the pressures, temperatures, mass flow rate and pump power are
the operating parameters. Little is known about selecting suitable
operating parameters for the design, control and operation of su-
percritical pressure ORCs.

Working fluids for supercritical pressure ORCs: Some organic
fluids not including CO2 are recommended for supercritical pres-
sure ORCs, but little is known on why some fluids provide better
thermal performance. More detailed studies are needed to inves-
tigate the effects of the working fluid properties on supercritical
pressure ORCs.

The objective of this paper is to present a newdesignmethod for
supercritical pressure ORCs so that the heat source is fully coupled
thermodynamically with the ORC. This ensures the largest waste
heat recovery degree and maximum useful power. The heat source
is characterized by the flue gas mass flow rate and the inlet and
outlet flue gas temperatures. This method is then used to investi-
gate the effects of the operating parameters on supercritical pres-
sure ORCs with emphasis on the effect of the critical temperature of
the organic fluid on the ORC performance. The study shows a strong
connection between the fluid critical temperature and the cycle
performance.

2. Problem statement and its solution strategy

2.1. The problem statement

The heat carrier fluid of the heat source can be flue gas, hot
water (geothermal energy) and heated oil (solar heat), etc. There is
a large amount of flue gas waste heat in industry. Since the flue gas
may have water vapor, the waste heat recovery includes sensible
heat recovery and latent heat recovery. For the latent heat recovery,
the flue gas temperature should be decreased to lower than the
dew point temperature so that the latent heat in the vapor in the
flue gas can be extracted. This study deals with the sensible heat
recovery. In Beijing, about two-thirds of the heat supply in the
winter is provided by natural gas boilers [21]. During normal
operation, a single natural gas boiler has a flue gas flow rate of
about 17t/h (4.7 kg/s) and a temperature of about 150 �C. Extracting
the thermal energy from the flue gas will reduce the “thermal-is-
land effect” for the city with a flue gas heat driven ORC as a good
technical solution. The aim of this paper is to

1) develop a model to efficiently couple a supercritical pressure
ORC with a heat source;

2) use the model to decide operating parameters;
3) analyze the effect of the fluid critical temperature on the su-

percritical pressure ORC.

Fig. 1a shows an ORC coupled with a heat source. The heat
source is characterized by the mass flow rate, mgas, inlet tempera-
ture, Tgas,in, and outlet temperature, Tgas,out, of the heat carrier fluid
which can be flue gas, water, or other fluids. Flue gas is used here as
a representative fluid with its physical properties identical to those
of dry air at atmospheric pressure. The flue gas transfers heat to the
ORC via an evaporator. Fig. 1b shows the T�s diagram for the su-
percritical pressure ORC. Processes 1e2s is an ideal isentropic
expansion while 1e2 is a real non-isentropic expansion. The
organic fluid in the condenser passes through a superheated vapor
state at point 2, a saturated vapor state at point 3 and a saturated
liquid state at point 4.

Neglecting the pressure drops in the evaporator and condenser,
there are two pressures in the ORC with a supercritical pressure of
P5 ¼ P1 > Pc and a subcritical pressure of P2 ¼ P3 ¼ P4 < Pc. Usually,
the organic fluid is cooled by air or water at the ambient
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temperature. Thus, the analysis assumes T3 ¼ T4 ¼ 303.15 K (30 �C).
The condensation pressure is P2 ¼ P3 ¼ P4 ¼ Psat(T3).

The design method will identify suitable operating parameters
for the ORCwithin the constraints of the heat source conditions and
the pinch temperature difference in the evaporator. The cycle is
simplified by not including an IHE (internal heat exchanger).

2.2. Solution strategy

Sincemgas, Tgas,in and Tgas,out are given, the total heat transferred
by the evaporator is

Qa ¼ mgasCp;gas
�
Tgas;in � Tgas;out

�
(1)

where Cp,gas is the average specific heat of the flue gas based on the
temperature 0.5(Tgas,in þ Tgas,out). Neglecting the specific heat
variation with temperature, the heat transfer process follows the
linear curve XY for the flue gas in Fig. 2. The XY line is described by

Q ¼ mgasCp;gas
�
T � Tgas;out

�
(2)

The solution strategy consists of twomajor steps. The first step is
to determine a suitable turbine inlet pressure, P1, for a given turbine
inlet temperature, T1, that matches the heat source and pinch
temperature difference constraints. The second step is to determine
the cycle operating parameters by changing the turbine inlet
temperatures. The following assumptions were made:

Maximum pressure: CO2 supercritical pressure cycles have been
studied in the literature, with pressures up to 16.0 MPa [10]. One
objective of this paper is to search for other organic fluids that can
be used for supercritical pressure ORCs. Turbines are difficult to be
manufactured for high pressures. Therefore, the maximum pres-
sure is assumed to be 10.0MPa, which is higher than the CO2 critical
pressure of 7.377 MPa.

Pressure difference: The pressure difference is equal to the
pressure drop in the turbine with the pressure drops in the other
components neglected.

Pinch temperature difference: The required pinch temperature
difference in the evaporator is 10.0 K, i.e., DTp,r ¼ 10.0 K.

Turbine inlet temperature: The maximum turbine inlet tem-
perature is 10.0 K less than the flue gas inlet temperature by, i.e.,
T1,max ¼ Tgas,in�10.0 K.

Isentropic efficiency: The turbine and pump isentropic effi-
ciencies are 0.85, the same as in earlier studies [22,23]. Chacartegui
Fig. 2. TeQ curve for the flue gas and the organic fluid in the evaporator, the state
parameters are X(Qa, Tgas,in), Y(0,Tgas,out), U(0, T5) and V(Qa, T1).
et al. [14] investigated alternative cycles based on carbon dioxide
for central receiver solar power plants using a turbine efficiency of
0.87. Cayer et al. [12] analyzed a carbon dioxide transcritical power
cycle with a turbine efficiency of 0.8 using a low temperature
source.

The algorithm assumes an initial P1 then calculates the organic
fluid enthalpy at the turbine inlet as h1 ¼ h1(P1,T1). The mass flow
rate of the organic fluid is

Qa ¼ mORCðh1 � h5Þ (3)

wheremORC is the mass flow rate of the organic fluid. The pumping
increases the organic fluid enthalpy by h5¼ h4þWp/mORC, inwhich
h4 is the saturated liquid enthalpy at point 4 in Fig. 1.

In Fig. 2, the curve UV is given by

Q ¼ mORCðhORC � h5Þ (4)

where hORC is dependent on P1 and TORC. The pinch temperature
difference between the flue gas and the organic fluid is based on
DTp ¼ min(Tgas�TORC). The pinch location is either between the
evaporator inlet and outlet or at the evaporator exit (Q ¼ Qa). An
integrated-average temperature difference between the flue gas
and the organic fluid in the evaporator is defined as

DTave ¼

ZQa

0

�
Tgas � TORC

�
dQ

Qa
(5)

As shown in Fig. 2, even though the state parameters of X(Qa,
Tgas,in) Y(0, Tgas,out), U(0, T5) and V(Qa, T1) are the same, different
organic fluids yield different TeQ curves that result in different
DTave. A protruded bow-shaped curve gives a smaller DTave with a
better thermal match between the flue gas and the organic fluid. A
concaved curve results in a larger DTave that has a bad thermal
match between the flue gas and the organic fluid. There are three
types of UV curve in Fig. 2.

(a) For a specific T1, there is a supercritical pressure P1 that forms
the curve UV such that the pinch location is between the
evaporator inlet and outlet. The pinch temperature differ-
ence satisfies the required value of DTp ¼ DTp,r (see the blue
(in web version) curve in Fig. 2).

(b) For a specific T1, there is a supercritical pressure P1 that forms
the curve UV such that the pinch location is between the
evaporator inlet and outlet, but the pinch temperature dif-
ference does not satisfy the required value (e.g.,DTp s DTp,r,
see the red (in web version) curve in Fig. 2).

(c) For a specific T1, there is a supercritical pressure P1 that forms
the curve UV such that the pinch location is at the evaporator
exit. The pinch temperature difference is DTp ¼ Tgas,in�T1,
which may be different from the required value of DTp,r (see
the black curve in Fig. 2).

For mode a, P1 is the first type solution corresponding to T1. For
mode c, P1 is the second type solution corresponding to T1. The ORC
cannot operate at mode b because the pinch location does not occur
at the evaporator exit nor satisfy the required value when the pinch
location occurs between the evaporator inlet and outlet.

For a specific turbine inlet temperature (T1 � T1,max), the pres-
sures are scanned to satisfy the pinch temperature difference
requirement. The turbine inlet pressures are scanned from the
critical pressure to the maximum pressure of 10.0 MPa. Fig. 3 il-
lustrates the solution strategy for the search for P1 corresponding to
T1. The operating parameters of the supercritical pressure ORCs are
determined by changing the turbine inlet temperatures.
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2.3. Thermal and exergy efficiencies

After all the state parameters in an ORC are determined,
the pump power, turbine power and thermal efficiency are calcu-
lated as

Wp ¼ mORCðh5 � h4Þ (6)
Wt ¼ mORCðh1 � h2Þ (7)
Fig. 3. Solution strategy for the re
hORC ¼ Wt �Wp

Q
(8)
a

The computations of used exergy and exergy efficiency for each
component are based on Mago et al. [24] and Tchanche et al. [25].
The detailed expressions are listed in Table 1. The exergy efficiency
is defined as the used exergy divided by the available exergy. The
system used exergy and available exergy are then the sum of the
lationship between P1 and T1.



Table 1
Exergy analysis for each ORC component.

Component Evaporator Turbine Condenser Pump

Schematic

Used exergy E1�E5 Wt Ewater,out�Ewater,in E5�E4
Available exergy Egas,in�Egas,out E1�E2 E2�E4 Wp

Table 2
Flue gas and cooling water conditions and turbine and pump isentropic efficiencies.

symbol Tgas,in
(K)

Tgas,out
(K)

Qa

(kW)
Twater,in

(K)
Twater,out

(K)
T4(K) hs,t hs,p

Value 423.15 343.15 1000 293.15 298.15 303.15 0.85 0.85
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values for each component. The physical properties of the working
fluids were computed using the NIST software. A Fortran code was
written to do the computations shown in Fig. 3. The pressure of
P0 ¼ 0.1 MPa and T0 ¼ 293.15 K were set as the reference state. The
inlet and outlet temperatures of cooling water were 293.15 K and
298.15 K, respectively.
3. Results and discussion

3.1. Heat source and working fluids

The thermodynamic analysis calculates the useful power to be
dependent on the flue gas exit temperature. In this study, the flue
gas temperature was set to 423.15 K (150 �C) at the evaporator inlet
and decreased to 343.15 K (70 �C) after heat was transferred to the
organic fluid. The computations show that the maximum power
occurs at a flue gas exit temperature of 70 �C. The power output was
decreased when the flue gas exit temperature deviated from 70 �C.
The flue gas mass flow rate is 12.34 kg/s so that the total heat
released by the flue gas is 1.0 MW. Table 2 shows the parameters for
the flue gas, cooling water and turbine and pump isentropic
efficiencies.

The working fluids should be non-toxic, non-flammable, and
environmentally friendly (low ODP (ozone depression potential)
and GWP (global warming potential)). The effect of the critical
temperature on the ORC was studied by selecting fluids with very
different critical temperatures. The critical pressures could also be
not too high or too low. The assumption in Section 2.2 is that the
maximum operating pressure is 10.0 MPa. The supercritical pres-
sure ORC must have a critical pressure of the organic fluid of less
than 10.0 MPa. A low critical pressure of less than 1.0 MPa also
reduces the power output because the turbine power is strongly
influenced by the inlet pressure.

Three working fluids are used here. The first is R218 (also called
Flutec PP30) which is a halogenated hydrocarbonwith the chemical
Table 3
Major property of the three working fluids.

Working fluid Alternative name MW (g/mol)

Octafluoropropane R218 188.02
1,1,1,2-Tetrafluoroethane R134a 102.03
1,1,1,3,3,3-Hexafluoropropane R236fa 152.04
formula of C3F8. The second working fluid is R134a which is non-
toxic, non-flammable, and non-corrosive with a large latent heat
of evaporation and thermal decomposition at high temperature of
250 �C. Several studies [8,26,27] have recommended R134a as a
good working fluid for ORCs. R134a has a moderate critical tem-
perature between the other two organic fluids, which is the major
reason to use R134a in this study. The third working fluid is R236fa,
which is an HFC (hydrofluorocarbon) refrigerant. It is colorless,
odorless and non-corrosive.

All three working fluids are non-flammable and have been
recommended for ORCs [8,19,26e28]. Table 3 shows the key
properties. The critical temperatures differ by more than 50 K.

3.2. ORC operating parameters

3.2.1. Flexible operating mode for low critical temperature fluids
For the flexible operating mode and any given turbine inlet

temperature, any supercritical pressure at the turbine inlet has the
pinch point at the evaporator exit (Q ¼ Qa). P1 is the second type of
pressure solution coupling the ORC with the heat source. Fig. 4a
shows the pressures, P1, versus temperatures, T1, with R218 as the
working fluid which has a critical temperature of 345.02 K
(71.87 �C), significantly lower than the flue gas inlet temperature of
150 �C. The operating parameters of P1 w T1 form a rectangular
regime with T1 ˛ [399.15 K, T1,max] and P1 ˛ [Pc, P1,max], where
T1,max ¼ 413.15 K and P1,max ¼ 10.0 MPa (the maximum pressure
limit). Fig. 4b shows the pinch temperature difference versus the
turbine inlet pressures for three turbine inlet temperatures of
399.15 K (minimum T1), 406.15 K and 413.15 K (maximum T1).
The pinch temperature difference is constant and equals to
DTp ¼ Tgas,in�T1 for any T1.

Fig. 5a shows the TeQ curve for R218. For the higher turbine
inlet temperature of T1(A) ¼ T1(B) ¼ 413.15 K, the maximum pres-
sure of 10.0 MPa yields a quasi-linear TeQ curve due to the small
change in the specific heats of the organic fluid with temperature.
However, a lower pressure such as P1 ¼ Pc þ d¼ 2.65 MPa results in
a concaved bow-shaped TeQ profile due to the larger variations in
the specific heat at low pressures. The minimum temperature of
399.15 K has a similar situation relative to the pressure effect as for
413.15 K. Fig. 5b shows the Tes diagrams with the four states of A, B,
C and D marked. States A and B have the same turbine inlet tem-
perature of 413.15 K, while states C and D have the same turbine
inlet temperature of 399.15 K. States A and D have the same turbine
Pc (MPa) Tc (K) GWP100yr ODP

2.640 345.02 8830 0
4.059 374.21 1430 0
3.200 398.07 9650 0



(a)

(b)

Fig. 4. The flexible operating mode (a: P1 versus T1; b: pinch temperature difference
versus P1. the work fluid is R218, A (413.15 K, 10.0 MPa), B (413.15 K，2.65 MPa), C
(399.15 K, 2.65 MPa), D (399.15 K，10.0 MPa), E (406.15 K, 3.006 MPa), E0 (406.15 K,
4.50 MPa), E00 (406.15 K, 8.0 MPa)).

(a)

(b)

Fig. 5. TeQ curve and Tes diagram for R218 (pressures and temperatures at points A, B,
C and D are identical to those in Fig. 4).
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inlet pressure of 10.0 MPa (maximum limit) while states B and C
have the same pressure of 2.65 MPa. The computed maximum
thermal efficiency is hth¼ 0.107 at state A and the secondary largest
thermal efficiency is hth ¼ 0.098 at state D. States B and C have the
smaller thermal efficiencies.

As shown in Fig. 5b, the turbine inlet temperature is significantly
larger than the critical temperature. Thus, trapezoid cycles are
formed in which the vapor is significantly superheated at the
condenser inlet. There is a longer superheated vapor flow section in
the condenser that reduces the condenser exergy efficiency.
Therefore, the trapezoid cycle is not a good cycle and triangular
cycle should be searched to improve the thermal performance [29].

3.2.2. Bifurcated operating mode for moderate critical temperature
fluids

The bifurcated operating mode is so named because two turbine
inlet pressures can be used with the same inlet temperature when
an organic fluid has a moderate critical temperature. R134a is a
representative fluid and P1 is given by the first type pressure so-
lution. The pinch location appears between the evaporator inlet
and outlet. Fig. 6a illustrates the turbine inlet pressures versus
temperatures. The pressures are in the range of 4.171e6.773 MPa
for the temperatures in the range of 405.15e410.15 K. Two pres-
sures (bifurcation) can be used with one temperature for T1 in the
narrow range of 405.15e406.15 K.

Fig. 6b shows the pressure (P1) effect on the pinch temperature
differences. The two limits of Pc and P1,max ¼ 10.0 MPa are marked.
For a lower turbine inlet temperature such as T1 ¼ 404.15 K, the
DTp w P1 curve is above the required pinch temperature difference
of DTp,r ¼ 10.0 K, yielding no pressure solution for such T1 (see the
(a)

(b)

Fig. 6. Bifurcated operating mode (a: P1 w T1; b: pinch temperature differences versus
P1. The working fluid is R134a, E (405.15 K, 4.458 MPa), E0 (405.15 K, 5.153 MPa), F
(408.15 K, 6.167 MPa)).
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dashed curve). The DTp w P1 curve has two junctions with the
required line of DTp,r ¼ 10.0 K at T1 ¼ 405.15 K, forming two pres-
sures of P1,E ¼ 4.458 MPa and P1,E0 ¼ 5.153 MPa (see the red (in web
version) curve). At larger T1 such as T1 ¼ 408.15 K, the DTp w P1
curve returns to a single pressure solution (one junction with the
required line of DTp,r ¼ 10.0 K, see the blue (in web version) curve).

Fig. 7a w b shows T w Q and Tes curves for the two states of E
and E0 having the same temperature of 405.15 K. Both pressures of
4.458 MPa and 5.153 MPa satisfy the pinch temperature difference
requirement of 10.0 K, but the pinch locations are slightly shifted.
Fig. 7b shows the slight movement of the Tes curve to the left at the
higher pressure of 5.153 MPa. Fig. 7cwd shows the T w Q and Tes
diagrams for T1 ¼ 408.15 K, at which only a single pressure, P1,
satisfies the pinch temperature difference requirement of 10.0 K.
Comparing Figs. 5 and 7 shows that as the critical temperatures
increase, the TeQ curves change from concaved-bow shape to
protruded-bow shape, while the Tes diagrams change from the
trapezoid cycle to the triangular cycle.

3.2.3. Restricted operating mode for high critical temperature fluids
The restricted operating mode is so called due to having only a

single pressure for a specific temperature at the turbine inlet which
occurs for high critical temperature fluids such as R236fa. The pinch
location occurs between the evaporator inlet and outlet. Fig. 8a il-
lustrates the pressures versus temperatures. Fig. 8b shows how the
pinch temperature differences vary with the pressures. The pres-
sure solution is obtained at the junction of the DTp w P1 curve with
the DTp,r ¼ 10.0 K line. The pinch temperature differences sharply
increase near the junction, beyond which they are less influenced
by the pressures. In Fig. 8a, the operating conditions at points A and
(a)

(c)

Fig. 7. TeQ curve and Tes diagram for R134a (the state param
C are (399.15 K, 3.210 MPa) and (408.15 K, 3.848 MPa), respectively.
Fig. 9 shows the TeQ and Tes diagrams with only a small difference
between the two cycles. Fig. 9b shows that, because the fluid critical
temperature approaches the flue gas inlet temperature, the Tes
diagrams (black and blue (in web version) curves) almost coincide
with the red (in web version) fluid Tes curve envelope, creating a
triangular cycle that has good ORC thermal performance.

The expansion in the turbine depends not only on the fluid
pressures and temperatures at the turbine inlet, but also onwhether
a dry fluid or wet fluid is used. Schuster et al. [13] investigated the
efficiency optimization of supercritical ORCs. They noted that a fluid
was acceptable when the vapor content at the turbine outlet was
larger than 0.90 to avoid droplet erosion. Saleh et al. [7] investigated
working fluids for low-temperature ORCs. They identified the exit
vapor content of 0.96 for one cycle with R152a as the working fluid,
which was acceptable for a practical cycle. However, the other cycles
with R143a and R290 had exit vapor contents of 0.84 and 0.63,
which are not recommended for real applications due to the un-
reasonably low exit vapor qualities [7].

Chen et al. [19] commented on the two-phase expansion issue.
Even though their expansion went into the two-phase region, the
flow leaving the turbine was still a dry fluid with a substantial
superheat. For dry fluids, Goswami et al. [30] and Demuth [31,32]
found that only extremely fine droplets (fog) were formed in the
two-phase region with no liquid actually formed to damage the
turbine before it started drying during the expansion. The flow at
the turbine exit may be two-phase for a wet fluid. For a wet fluid
such as water, Bakhtar et al. [33e37] found that the fluid first
subcools and then nucleates to become a two-phase mixture. The
formation and behavior of the liquid in the turbine create problems
(b)

(d)

eters at points E, E0 and F are identical to those in Fig. 6).



(a)

(b)

Fig. 8. Restricted operating mode (a: P1wT1; b: pinch temperature differences versus
P1. The working fluid is R236fa, A (399.15 K, 3.210 MPa), B (402.15 K, 3.395 MPa), C
(408.15 K, 3.848 MPa)). (a)

(b)

Fig. 9. TeQ curve and Tes diagram for R236fa (the state parameters at points A and C
are identical to those in Fig. 8).

J. Xu, C. Liu / Energy 63 (2013) 109e122 117
that would lower the turbine performance. Alternatively, Demuth
[31] found that the turbine performance is not degraded signifi-
cantly when the expansion process passes into the wet region if no
condensation occurs.

The expansion process shown in Fig. 9 is similar to those shown
in Fig. 5a in Chen et al. [19]. Even though the flow enters the two-
phase region during the expansion process, the fluid at the turbine
outlet is still superheated due to the dry R236fa fluid. Dry fluids
help to overcome or at least partially overcome the two-phase
expansion problem. Thus, the cycles shown in Fig. 9 are acceptable.

3.3. Thermal and exergy efficiencies dependent on critical
temperatures

Fig. 10 shows the mass flow rates of organic fluids, mORC, the
thermal efficiencies, hORC, and the system exergy efficiencies, hex-
e,sys, versus turbine inlet temperatures (T1). R218, which operates
with the flexible ORC operating mode, has a trapezoid distribution
of the mass flow rates which are the largest among the three
working fluids. R134a has the smallest mass flow rates with R236fa
having the intermediate mass flow rates as shown in Fig. 10a.
Fig. 10b shows that R236fa (the restricted operating mode) and
R134a (the bifurcated operating mode) have the thermal effi-
ciencies of about 13%, which are significantly larger than the effi-
ciencies of 7e10% for R218.

R236fa and R134a have larger critical temperatures than R218.
The TeQ curves of organic fluids behave protruded-bow shapes
that approach the flue gas TeQ line. The pinch locations always
occur between the evaporator inlet and outlet, yielding smaller
integrated-average temperature difference in the evaporator, DTave,
that result in higher evaporator exergy efficiencies. Mago et al. [24]
noted that the evaporator accounts for the largest amount of exergy
destroyed in an ORC. Al-Sulaiman et al. [5] performed energy and
exergy analyses of a biomass trigeneration system using an ORC.
Their study also revealed that the ORC evaporator contributed the
majority of the exergy loss in the ORC. Increasing the evaporator
exergy efficiency significantly improves the ORC performance. This
explains why R134a and R236fa with larger evaporator exergy ef-
ficiencies have larger thermal efficiencies as shown in Fig. 10bec
than R218.

Table 4 further verifies the above analysis. T1 is 406.15 K. Pres-
sures in the range of P1 ¼ 2.650e10.0 MPa can match T1 (flexible
operating mode) for R218. The integrated-average temperature
differences, DTave, are in the range of 31.16e23.25 K, which are the
largest among the three working fluids. The evaporator and system
exergy efficiencies are the lowest with the smallest system thermal
efficiencies of 7.0e10.3%.

R134a and R236fa have the integrated-average temperature
differences of 17e20 K, with significantly larger evaporator and
system exergy efficiencies than R218. The thermal efficiencies
range from 12.8% to 13.4%, significantly larger than R218. Generally,
the efficiencies are similar for R134a and R236fa. The difference
between the two fluids is the bifurcated pressure solution for R134a
and the single pressure solution for R236fa.

3.4. Explanation of the observed phenomena

3.4.1. Pinch location dependent on the critical temperature of fluids
This section explains the phenomena reported in Sections 3.2

and 3.3. Now Fig. 2 and Eqs. (2) and (4) are recalled. The slopes of
the TeQ curve for the flue gas and the organic fluid are



Fig. 10. Mass flow rates, system thermal efficiencies and exergy efficiencies with R218,
R134a and R236fa.
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vTgas
vQ

¼ 1
mgasCp;gas

¼ kgas (9)

vTORC
vQ

¼ 1
mORCCp;ORC

¼ kORC (10)

The temperature difference and its slope are defined as
Table 4
ORC performance parameters with R218, R134a and R236fa at T1 ¼ 406.15 K mgas ¼ 12.3

Working fluids Tc (K) P1 (MPa) DTave (K)

R218 345.02 2.650e10.0 31.16e23.2
R134a 374.21 4.171

5.567
20.26
17.71

R236fa 398.07 3.677 19.17
DT ¼ Tgas � TORC;
vðDTÞ ¼ kgas � kORC (11)

vQ

To search for the pinch location, the following equation is
considered:

vðDTÞ
vQ

¼ 0 (12)

Equation (12) requires that kgas¼ kORC. The DT¼ (Tgas�TORC)w Q
curve satisfying the criterion of kgas ¼ kORC has stagnation points
but these might be maximum or minimum points. For the present
application, kgas is equal to 0.08 K/kW. Fig. 11a shows kgas and kORC
versus organic fluid temperatures in the evaporator, in which
T1 ¼ 405.15 K and P1 ¼ 4.458 MPa with R134a as the working fluid.
kORC has two junctions with kgas ¼ 0.08 K/kW line to generate two
stagnation points of M and N. Fig. 11b shows the DT w TORC curve.

The pseudocritical temperature, Tpc, is the temperature at which
the specific heat attainsmaximumat a specific supercritical pressure
[38]. Tpc is varied in terms of pressures. Fig. 11 shows that TM is
slightly smaller than Tpc. M is the minimum DT point since v(DT)/
vQ<0 at T ¼ T�M and v(DT)/vQ>0 at T ¼ Tþ

M. Similarly, N is the
maximum DT point. ThusM is theminimum temperature difference
point along the evaporator flow length (0< Q< Qa) where Eq. (12) is
satisfied. QM is the heat received from the heat source at pointM in
the Tw Q curve. The pinch location can be found by comparing DTM
and DTexit (temperature different at the evaporator exit, point V in
Fig. 11). The pinch is at point M if DTM < DTexit (such as shown in
Fig.11b). Otherwise, the pinch is at the evaporator exit ifDTM>DTexit.

The effect of the critical temperatures on the pinch location was
analyzed. Fig.12 shows the specific heats of R218, R134a and R236fa
at supercritical pressures. Three Cp curves are given for each fluid.
Each curve shows the Cp w T relation at a specific pressure. Cp is
infinite at Pc and Tc, but it has a large finite value at a supercritical
pressure P and its pseudocritical temperature Tpc. For each fluid, the
minimum pressure was 0.01 MPa larger than Pc. The other two
pressures were chosen to have similar Cp,max at Tpc as the other two
fluids. Fig. 12 shows that a lower Tc fluid has a lower Tpc to reach the
same Cp,max than a higher Tc fluid. Fig. 11 shows that TM approaches
Tpc. Thus, TM decreases with decreasing Tc. In other words, point M
can be far from the evaporator entrance with a high Tc fluid.

Fig. 13 shows Cp,ORC, kORC and TeQ curve for R218 and R134a.
Two factors that influence DTp and its location are kORC in the
evaporator entrance region (TORC < TM or Q < QM) and the point M
location at which kgas ¼ kORC.

Fig. 13 shows that R134a (higher Tc) has larger kORC in the
evaporator entrance region. In addition, M0 is far from the evapo-
rator entrance (see the red (in web version) curves for R134a).
These two factors ensure a smaller temperature difference at M0

(DTM0). R218 (lower Tc) has smaller kORC in the evaporator entrance
region and M is close to the evaporator entrance. These make a
larger temperature difference atM (DTM). Comparing DTM0 and DTM
with DTexit suggests that high critical temperature fluids such as
R134a have a large possibility that the pinch is located between the
evaporator inlet and outlet and low critical temperature fluids such
as R218 locate the pinch at the evaporator exit.

The pinch location at the evaporator exit creates a larger
integrated-average temperature difference due to a larger enclosed
4 kg/s, Tgas,in ¼ 423.15 K and Tgas,out ¼ 343.15 K

hexe,eva hexe,sys hORC

5 0.701e0.779 0.357e0.597 0.070e0.103
0.810
0.830

0.607
0.643

0.128
0.134

0.812 0.628 0.132



(a)

(b)

Fig. 11. kORC and DT versus organic fluid temperatures with R134a as the working fluid.

(a)

(b)

J. Xu, C. Liu / Energy 63 (2013) 109e122 119
area formed by the TeQ curves for the flue gas and the organic fluid.
This causes smaller evaporator and system exergy efficiencies as for
R218 with its lower critical temperature (see Figs.4 and 5). Alter-
natively, the pinch location between the evaporator inlet and outlet
results in a smaller integrated-average temperature difference,
increasing the evaporator and system exergy efficiencies as for
R134a and R236fa with their higher critical temperatures (see
Figs.6e9).

3.4.2. Bifurcated pressure solution for R134a and single pressure
solution for R236fa

Integration of Eq. (12) yields the temperature difference at point
M (kgas ¼ kORC):
Fig. 12. Specific heats versus temperatures for the three working fluids.
� � ZQM
DTM ¼ Tgas � TORC M ¼ kgasQM �
0

kORCdQ þ Tgas;out � T5

(13)

Equation (13) is correct because kgas is constant for a given heat
source. Since the last two terms of the right side of Eq. (13) are
given, the integral

RQM
0 kORCdQ should be large so that DTM can be

smaller than DTexit. Three situations satisfy the requirement that
the pinch is located between the evaporator inlet and outlet:

� larger kORC in the evaporator entrance region and later appear-
ance of point M at which kgas ¼ kORC (i.e., larger QM)

� larger kORC in the evaporator entrance region and earlier
appearance of point M at which kgas ¼ kORC (i.e., smaller QM)
(c)

Fig. 13. Cp, kORC and TeQ curves for R134a and R218 at T1 ¼ 405.15 K (Tpc ¼ 350.4 K,
P1 ¼ 2.96 MPa for TeQ curve of R218; Tpc ¼ 386.7 K, P1 ¼ 5.153 MPa for TeQ curve of
R134a).
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� smaller kORC in the evaporator entrance region and later
appearance of point M at which kgas ¼ kORC (i.e., larger QM).

Fig. 14 explains the bifurcated pressure solution for R134a. The
two pressures of 4.458 MPa and 5.153 MPa can both be used with
T1 ¼ 405.15 K. Fig. 14a shows the specific heats versus fluid tem-
peratures. Fig. 14b shows that P1 ¼ 4.458 MPa has larger kORC than
P1¼5.153MPa in the evaporator entrance region. However, pointM
for P1 ¼ 4.458 MPa appears earlier than pointM0 for P1 ¼ 5.153 MPa
as seen in Fig. 14b. Thus, the bifurcated pressure solution is caused
by the following reason:

� The pinch location at pointM for P1 ¼ 4.458 MPa is due to larger
kORC in the evaporator entrance region and earlier appearance of
point M;
(a)

(b)

(c)

Fig. 14. Explanation of the bifurcated pressure solution for R134a (both P1 ¼ 4.458 MPa
(Tpc ¼ 378.19 K) and 5.153 MPa (Tpc ¼ 386.70 K) are the pressures adapting to
T1 ¼ 405.15 K).
� The pinch location at point M0 for P1 ¼ 5.153 MPa is due to
smaller kORC in the evaporator entrance region and later
appearance of point M0.

Finally, the single pressure solution with R236fa was explained.
This canbedonebycomparing kORC forR134aandR236fa (see Fig.15).
Fig. 15a shows that different pressures cause significantly different
kORC in the evaporator entrance region. Meanwhile, different pres-
sures also cause different locations of point M at which kgas ¼ kORC.
This is the reason of the bifurcated pressure solution for R134a.

Fig. 15b shows that different pressures cause obviously different
kORC in the evaporator entrance region. But pressures have little
influence on the intersection points at which kORC ¼ kgas. Thus,
R236fa has only a single pressure solution.

3.5. Heat transfer consideration

Many articles have dealt with the heat transfer issues at su-
percritical pressures [38], beginning as early as the 1930s. In the
1950s, the concept of using supercritical “steam” to increase the
thermal efficiency of fossil-fired power plants became an attractive
option. Currently, the use of supercritical “steam” in fossil-fired
power plants is the largest industrial application of fluids at su-
percritical pressures. Near the end of the 1950s and at the begin-
ning of the 1960s, several studies investigated the potential of using
supercritical water as a coolant in nuclear reactors. The USA and
former USSR (Union of Soviet Socialist Republics) extensively
studied supercritical heat transfer from the 1950s until the 1980s.
Research was focused on circular water-cooled tube flow geometry.
A comparison of selected supercritical water heat transfer corre-
lations has shown that their results may differ from one another by
more than 200%. Thus, there is still a need for a reliable, accurate
and wide range supercritical water heat transfer correlation [38].

The ORC design needs accurate heat transfer coefficients at su-
percritical pressures with organic fluids as the working fluids.
Karellas et al. [39] investigated the influence of supercritical ORC
parameters on plate heat exchanger design. The key scientific issue
is the significant change in the physical properties versus temper-
ature at supercritical pressures. Some well-known heat transfer
coefficients in heat transfer handbooks may not be valid for ORC
heat transfer design. Karellas et al. [39] recommended dividing the
heat exchanger into a set of elementary areas assuming equal
enthalpy difference. Results using 1000 partitions of a heat
exchanger are used as a reference. Their study showed the heat
transfer surface area increased with increasing pressure.

Even though many studies have been performed on supercritical
waterheat transfer fornuclear reactor applications [40], supercritical
CO2 heat transfer for heat pump applications [41], and some super-
critical organic fluid heat transfer for ORC applications [39], these
studies are not sufficient to design a real supercritical pressure ORC
plant at this stage. Future studies should include (1) fundamental
studies of supercritical organic fluid heat transfer; (2) experimental
studies and correlations of heat transfer coefficients of supercritical
organic fluids at various flow geometries, operating parameters and
inclination angles, etc. Finally, an investigation of real-scale super-
critical ORC applications is also vital for the actual exploitation of this
promising technology. Only after those fields are thoroughly inves-
tigated, final and reliable conclusions can be drawn [39].

4. Comparison with other studies

Usually, the thermal efficiency and useful power are two inde-
pendent objective parameters. This study proposed a new method to
couple an ORCwith the heat source. The thermal efficiency and useful
powerare combined intooneobjectiveparameterdue to thefixedheat



(a)

(b)

Fig. 15. Explanation of the bifurcated pressure solution for R134a and single pressure
solution for R236fa (only one pressure of P1 ¼ 3.848 MPa adapts to T1 ¼ 408.15 K for
R236fa).
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received from the heat source. Thus, one expects a desired waste heat
recovery degree. The new method guides engineers in designing a
waste heat driven ORC with a discharged flue gas temperature as low
as possible. Based on the method, three operating modes were
identified.

Flexible operatingmode: If a low critical temperature fluid (such
as R218 with its Tc 78 K lower than Tgas,in ¼ 423.15 K) is used, the
pinch location at the evaporator exit results in a concaved-bow
shaped T w Q curve with a large integrated-average temperature
difference between the flue gas and the organic fluid. A set of tur-
bine inlet pressures can be used with a given turbine inlet tem-
perature, forming the rectangular operating regime for P1 as a
function of T1. The exergy and thermal efficiencies are low. This
mode is not recommended for ORC applications.

Bifurcated operatingmode:Moderate critical temperature fluids
such as R134a cause the pinch to be located between the evaporator
Table 5
Supercritical pressure ORC studies in the literature.

Ref. Heat source Recomme
working fl

[2] Geothermal fluid, inlet temperature
of 150 �C, mass flow of 20 kg/s

R227ea

[22] Geothermal fluid, inlet temperature
of 150 �C, mass flow of 1 kg/s

R134a (on

[42] Isothermal heat source at 140 �C CO2 (only)

[43] Geothermal fluid, inlet temperature of 150 �C,
outlet temperature of 70 �C with a flow rate of 100 kg/s

R134a
inlet and outlet. The protruded T w Q curve yields smaller
integrated-average temperature difference. One or two pressures
can be used with a specific turbine inlet temperature. The exergy
and thermal efficiencies are relatively high.

Restricted operating mode: This mode occurs when the fluid
critical temperature approaches the flue gas inlet temperature. This
is similar to the bifurcated operatingmode, except that only a single
pressure can be used with a given turbine inlet temperature. The
bifurcated and restricted operating modes are preferable for ORC
designs.

This study provides the principle for selection of working fluids
for supercritical pressure ORCs. Different heat source temperatures
need different working fluids. Qualitatively, the fluid critical tem-
perature should approach the inlet temperature of the heat source.
A low critical temperature that is 78 K less than the flue gas tem-
perature is not recommended. This explains why CO2 is not a good
working fluid in supercritical pressure ORCs, because it has a critical
temperature of 31.0 �C, which is significantly lower than the heat
source temperature, even for a 100 �C flue gas heat source.

Quantitatively, the term
RQM
0 kORCdQ in Eq. (13) should be large

so that DTM < DTexit to ensure that the pinch is located between the
evaporator inlet and outlet, which can be a criterion for theworking
fluid selection.

Classical thermodynamic analyses of ORC systems do not fix the
flue gas outlet temperature [7,9], but design a Tes cycle based on the
flue gas inlet temperature. The slope of the TeQ line for the heat
carrier fluid is used to search for a suitable outlet temperature of the
heat source. The present method differs from the classical thermo-
dynamic analysis. Table 5 lists the supercritical pressure ORC studies
for heat source inlet temperature of about 150 �C [2,22,42,43] in
which the heat source, optimal thermal efficiency and working fluid
are listed case by case. Vélez et al. [42] used CO2 as theworking fluid
with a thermal efficiency of only 7.3%, which is significantly lower
than those in this study shown in Table 4 due to the low critical
temperature of CO2. Zhang & Jiang [22] and Astolfi et al. [43] also
used R134a as theworking fluid with optimized thermal efficiencies
of 12.7% and 13.6%. Our results listed in Table 4 have thermal effi-
ciencies in the range of 12.8e13.4%, which are very close to those in
the previous studies [22,43] using R134a. Note that the optimal
thermal efficiency does not mean the largest useful power output in
the literature since the two objective parameters differ.
5. Conclusions

The major findings are summarized as follows.

� A design method was proposed to couple an ORC with the heat
source.
nded
uids

Optimized
hORC

Comments

10.28% The highest specific net power output
with varied turbine inlet temperatures
was found at the fixed pinch temperature
difference and condensing temperature.

ly) 12.70% The operating pressure was optimized
to maximize the thermal efficiency.

7.3% The optimum pressure was assumed to be
the average of the pressures giving the maximum
energy efficiency and net specific work with
a turbine inlet temperature of 120 �C.

13.60% The net power from the geothermal brine
was maximized assuming that the thermal
input was the maximum heat available.
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� An integrated-average temperature difference between the heat
carrier fluid and the organic fluid in the evaporator is used to
evaluate the evaporator and system exergy efficiencies.

� The three types of operating modes for organic fluids with
critical temperatures that vary by more than 50 K are (1) the
flexible operating mode where a range of pressures can be used
with a specific turbine inlet temperature for low critical tem-
perature fluids; (2) the bifurcated operating mode with one or
two pressures can be available with a specific turbine inlet
temperature for moderate critical temperature organic fluids;
(3) and the restricted operating mode with a single pressure can
be used with a given turbine inlet temperature for high critical
temperature fluids.

� The pinch location between the evaporator inlet and outlet or at
the evaporator exit depends on kORC in the evaporator entrance
region and the point M location at which kORC ¼ kgas. The inte-
gral

RQM
0 kORCdQ should be large so that the temperature dif-

ference at point M (see Eq. (13)) can be smaller than that at the
evaporator exit. This ensures that the pinch is not at the evap-
orator exit and can be used a design criterion for supercritical
pressure ORCs.

� The critical temperatures influence the pinch location,
integrated-average temperature difference, exergy and thermal
efficiencies. Organic fluids with critical temperatures approach-
ing the inlet temperature of the heat source yield pinch located
between the evaporator inlet and outlet, causing large exergy
and thermal efficiencies.
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