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In the framework of modern thermodynamics, ‘‘thermodynamics flow” and ‘‘thermodynamics force” are
introduced to develop a real thermal efficiency expression for heat engine, which receives heat from a
heat source and dissipates heat to environment to yield a work output, for the first time. Enclosed area
of T-Q curves of a counter-current heat exchanger is the dissipation for heat to power conversion, repre-
senting loss of thermal energy quality. The relationship between heat load and dissipation for heat to
power conversion is quantified. Such connection is written for both heating and cooling processes.
Linking the thermal couplings between heating and cooling processes yields the thermal efficiency
expressed as greal ¼ CgCarnot , where C ¼ 1

gCarnot
� R

1�gCarnot , gCarnot is the Carnot efficiency, R = Rh/Rc is the ratio
of resistance in heating process Rh divided by that in cooling process Rc. The thermal efficiency theory
tells us that no matter how complex a heat engine is, the engine should reach a lower resistance ratio
of heating process with respect to cooling process to raise its thermal efficiency. The guidelines for design
and operation of general heat engines are provided. A link between heat transfer and thermodynamics is
presented in this work. As an application example, the effect of critical temperatures of organic fluids on
the performance of Organic Rankine Cycles is successfully explained by the newly developed theory.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Carnot theorem is the foundation stone of thermodynamics and
the starting point of the second law of thermodynamics. Carnot
theorem states that the efficiency of a reversible heat engine is
the highest. Carnot theorem emphasized ‘‘reversibility” of Carnot
cycle, and resulted in the establishment of thermodynamics for
reversible and irreversible processes in classical thermodynamics.
Now it has been found that the general necessary and sufficient
condition for the highest conversion efficiency of energy is ‘‘non-
dissipation” but not ‘‘reversibility” of process or system [1]. This
is the extended Carnot theorem. A non-dissipative cyclical process
(such as a non-dissipative Carnot cycle) must be reversible, so the
extended Carnot theorem has already included the Carnot theo-
rem, but not vice versa. The extended Carnot theorem is an
extended foundation stone of thermodynamics (especially of mod-
ern thermodynamics) and a new starting point of the second law in
the current 21st century. The extended Carnot theorem results in
the establishment of a new field of non-dissipative and dissipative
thermodynamics in modern thermodynamics [1].
Classical thermodynamics deals with simple systems with only
spontaneous irreversible process, equilibrium systems and sys-
tems with reversible process [1]. The spontaneous process refers
to the process occurring along such a direction that the process
may automatically go on without other influences left. In the
framework of classical thermodynamics, the second law is
expressed as dSp ¼ dS P 0, where dSp is the entropy change of
the process, and dS is the entropy change of the system. The clas-
sical thermodynamics cannot deal with the multi-process complex
system. This is because the complex system may contain both
spontaneous process and non-spontaneous process. The non-
spontaneous process is a process that takes place along a direction
opposite to that of spontaneous process. The non-spontaneous pro-
cess should be driven by the spontaneous process to occur [1,2]. A
chemical reaction system including positive reaction and reverse
reaction is an example of the multi-processes complex system [1].
The second law gave the criterion of diS1 < 0; diS2 > 0 and diS P 0
for such a system, where diS1 is the entropy change for
non-spontaneous process such as the reverse reaction, diS2 is the
entropy change for spontaneous process, and diS is the global
entropy change of the system. Such second law criterion is
beyond the scope of classical thermodynamics. The concept of
non-dissipation and dissipation is the core concept of modern
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Nomenclature

C efficiency coefficient
c proportionality coefficient, K
cp specific heat at constant pressure, J/(kg�K)
dS entropy change of the system, J/K
dSp entropy change of the process, J/K
En dissipation for heat to power conversion, K�W
Enh dissipation for heat to power conversion in heating pro-

cess, K�W
Enc dissipation for heat to power conversion in cooling pro-

cess, K�W
I exergy destruction, W
J general thermodynamic flow
L phenomenological coefficient
LMTD logarithmic-mean-temperature-difference, K
m mass flow rate, kg/s
P pressure, Pa
Q heat transfer rate or heat load, W
R resistance ratio of heating process with respect to cool-

ing process
Rh resistance for heat to power conversion in heating pro-

cess, 1/(K�W)
Rc resistance for heat to power conversion in cooling pro-

cess, 1/(K�W)
r r = Enh,l/Enh,s
S entropy, J/K
T temperature, K
Th,1 temperature of heat source fluid entering the heat en-

gine, K
Th,2 temperature of heat source fluid leaving the heat en-

gine, K
Th,3 temperature of working fluid entering the evaporator, K
Th,4 temperature of working fluid leaving the evaporator, K
Tc,1 temperature of environment fluid entering the heat en-

gine, K
Tc,2 temperature of environment fluid leaving the heat en-

gine, K
Tc,3 temperature of working fluid entering the condenser, K
Tc,4 temperature of working fluid leaving the condenser, K
Tc,p temperature of environment fluid at pinch point, K
DT integration temperature difference, K
DTh integration temperature difference in heating process, K
DTc integration temperature difference in cooling process, K

DT⁄ non-dimensional integration temperature difference
DTh

⁄ non-dimensional integration temperature difference in
heating process

DTc
⁄ non-dimensional integration temperature difference in

cooling process
W or Wexp output work, W
X general thermodynamic force

Greek symbols
greal actual thermal efficiency
gcarnot carnot efficiency
n dryness, J/kg�K2

Subscripts
c cooling fluid or cooling process
cr critical point
exp expander
h heating fluid or heating process
k, l, m serial numbers
l latent heat evaporation
pc pseudo-critical point
r organic fluid
s sensible heat
A–H state points along ORC cycle
A heat carrier fluid entering the heat engine
B heat carrier fluid leaving the heat engine
C working fluid entering the evaporator
D working fluid leaving the evaporator
E working fluid entering the condenser
F working fluid leaving the condenser
G environment fluid (or say cooling fluid) entering the

heat engine
H environment fluid (or say cooling fluid) leaving the heat

engine
A0, G0, I, I0 Points to form the enclosed area
M pseudo-critical point or bubble point of working fluid in

the evaporator
M0 heat source fluid point corresponding to point M for

working fluid
0 reference state
1–4, 30 state points along ORC
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thermodynamics. For simple non-coupling system, ‘‘reversible” is
identical to ‘‘non-dissipation”, and ‘‘irreversible” is identical to
‘‘dissipation”. However, for a multi-processes complex system,
the terms of ‘‘non-dissipation” and ‘‘dissipation” should be used
instead of ‘‘reversible” and ‘‘irreversible” [1,2]. For example, for
the thermal coupling in a heat exchanger, a hot fluid enters the
heat exchanger at Th,1 and leaves the heat exchanger at Th,2 (Th,2 < -
Th,1), and a cold fluid enters the heat exchanger at Tc,1 and leaves
the heat exchanger at Tc,2 (Tc,2 > Tc,1). If the temperature difference
between the hot and cold fluids is infinitely small, the heat transfer
process approaches non-dissipation to reach maximum heat trans-
fer efficiency, but this is an irreversible process because the hot
fluid can heat the cold fluid but the cold fluid cannot heat the
hot fluid.

When a system involving several dissipation processes, a flow
of one process not only depends on the corresponding dissipation
process, but also depends on other dissipation processes. The influ-
ence among different dissipation processes is called thermody-
namic coupling. Therefore, a thermodynamic flow Jk is a function
of all the thermodynamic forces Xi in the system:
Jk ¼ Jk ðXlÞf g ð1Þ
Taking several thermodynamic force fXlg ¼ 0 and thermody-

namic flow JkfðXlÞg ¼ 0 as the reference point, Eq. (1) becomes

Jk ðXlÞf g ¼ Jk ðXl;0Þ
� �þX

l

@Jk
@Xl

� �
0
Xl þ 1

2

X
l;m

@2Jk
@XlXm

 !
0

XlXm þ . . .

ð2Þ
If a system approaches the reference point, in which the ther-

modynamics forces are so small that the high power terms are neg-
ligible, then a linear phenomenological relation exists

Jk ¼
X
l

LklXl ð3Þ

where Lkl ¼ @Jk
@Xl

� �
0
. The phenomenological coefficients Lkk represent

the relation between thermodynamic force Xk and corresponding
thermodynamic flow Jk. Alternatively, Lkl represents coupling
between different dissipation processes. Coefficients Lkk can be
resistance for electric current flow, or thermal resistance for heat
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transfer process [3]. Detailed description about the dissipative ther-
modynamics can be found in Refs. [1–5].

The dissipative thermodynamics has successfully dealt with
problems such as the single-way cyclical reactions in linear regime
and chemical oscillations in nonlinear regime [1]. Very few studies
were reported on the heat engine analysis using the dissipative
thermodynamics. Fig. 1 shows a general heat engine, which is an
open system. Heat received from the heat source is Qh. The heat
source fluid enters the heat engine at the temperature Th,1 and
leaves the heat engine at the temperature Th,2. Heat dissipated to
the environment is Qc. The cooling fluid enters the heat engine at
the temperature Tc,1 and leaves the heat engine at the temperature
Tc,2. The first law efficiency is

greal ¼ 1� Qc

Qh
ð4Þ

The second law efficiency (also called the exergy efficiency) is
defined as

gII ¼ 1� destroyed exergy
supplied exergy

ð5Þ

It is noted that the Carnot efficiency is gCarnot = 1 � T0/T, where
T0 is the environment temperature and T is the heat source temper-
ature. The Carnot efficiency specifies the maximum thermal effi-
ciency limit. The Carnot efficiency is for general heat engines and
there are other similar efficiency expressions such as endore-
versible efficiency. By comparing greal and gCarnot, one understands
the approaching degree of the real thermal efficiency to the Carnot
efficiency. For a heat engine, once the state parameters at various
state points are known, one yields the thermal efficiency and the
exergy efficiency. The higher greal and gII, the better performance
of a heat engine is. However, the efficiencies defined in Eqs. (4)
and (5) cannot tell us how to increase efficiencies. This is because
a heat engine performance not only depends on the state parame-
ters at various state points, but also depends on the roadmaps of
the process. From modern thermodynamics point of view, for a
heat engine shown in Fig. 1, thermal couplings exist between heat
source and heat engine, as well as between heat engine and cooling
fluid. Beside, coupling among different processes (heating and
cooling process) should be treated. Such dissipation process (road-
maps of the process) should be dealt with by introducing the con-
cept of thermodynamics flow and thermodynamics force.

The objective of this paper is to develop an actual thermal effi-
ciency expression for general heat engines. The developed thermal
Th,1Th,2

Tc,1 Tc,2

W=Qh-Qc

heating side
 coupling

Qh

Qc

cooling side
 coupling

Thermal
engine

Fig. 1. The heat engine model used in this study.
efficiency can also be called the hybrid thermal efficiency. This is
because the efficiency deduction uses both the energy conserva-
tion principle and the dissipation caused exergy destructions. The
major contribution of this paper is to establish the relationship
between the thermodynamic flow (Qh and Qc) and the dissipations
of heating and cooling processes. The dissipation strongly relies on
the heat transfer roadmaps, which can be considered as the inte-
gration effect. The resistance of heat to power conversion is defined
as Rh for heating process and Rc for cooling process. Finally, the real
thermal efficiency is expressed as a function of R, which is the ratio
of Rh divided by Rc. Holding the real thermal efficiency, one knows
how to improve the heat engine performance. The actual thermal
efficiency is suitable for general heat engines such as coal-fired
power plant and renewable energy driving thermal plant. As an
application example, the real thermal efficiency theory guides us
the selection of working fluids for Organic Rankine Cycles (ORCs).
The influence of critical temperatures of working fluids on ORCs
was paid great attention. Critical temperature of the working fluid
affects the heat transfer roadmaps to determine dissipations in
heating and cooling processes. The system performance is strongly
dependent on the fluid critical temperatures.

2. The heat engine model

Fig. 1 shows a general heat engine model. A heat exchanger
receives heat from heat source with heating load as Qh. This heat
exchanger is called as the heating heat exchanger. Any heat engine
should dissipate a part of heat load to environment. The heat
rejected to environment is recorded as Qc. The heat exchanger dis-
sipating heat to environment is called the cooling heat exchanger.
In such a model, the heat engine is a system, which interacts with
the heat source recorded as the heating side coupling. The heat
engine also interacts with the cooling medium as the cooling side
coupling. Any heat engine may contain other components such as
pump or turbine. The actual thermal efficiency development starts
from using the first law efficiency based on the energy conserva-
tion principle (W = Qh � Qc, where W is the work output). It is nec-
essary to deal with the heating side and cooling side couplings and
link the two couplings together. This does not mean the exergy
destruction contributions by pump or turbine are not important.
The contributions of these components influence the state param-
eters at various state points to alter the effect of heat transfer road-
maps on the system thermal performance. In one word, the pump
or turbine contributions are reflected in the model, implicitly.

3. Theoretical model for actual thermal efficiencies

According to the heat engine model shown in Fig. 1, the heating
side coupling and cooling side coupling are dealt with first. Then,
linking the two thermal couplings yields the actual thermal effi-
ciency expression.

For heating process: The thermal coupling between heat source
and working fluid of the heat engine is considered here. Fig. 2a
plots T-Q curves of the two-fluids in a counter-flow heating heat
exchanger, in which four state points are marked by parameters
of heat flow and temperature. Curves AB and CD represent heat
transfer roadmaps for heat carrier fluid of heat source and working
fluid of the heat engine, respectively. The enclosed red area (ABCD)
is

Enh ¼
Z Qh

0
DTdQ ¼

Z Qh

0
Theat source � Tworking fluid
� 	

dQ ð6Þ

where Theat source is the heat carrier fluid temperature of the heat
source. The exergy destruction during the heat transfer process is
[6]
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I ¼ T0

Z Qh

0

Theat source � Tworking fluid
� 	

Theat sourceTworking fluid
dQ ð7Þ

where T0 is the referenced environment temperature, which can
be Tc,1 for environmental fluid entering the cooling heat exchan-
ger. Our previous paper proved that the enclosed area given in
Eq. (6) is directly proportional to the exergy destruction expressed
in Eq. (7) [6]. Our recent experiment also verified that this
conclusion is correct [7]. The units of Enh and I are K�W and W,
respectively. If one writes Enh = c � I, the proportionality coefficient
c has the temperature unit of K. This means that c depends on the
heat source temperature level Th,1. Our studies in Ref. [6] did
show this trend. Physically, the exergy destruction represents loss
of energy quality, or say loss of available energy. Thus, Enh in
Eq. (6) is called the dissipation for heat to power conversion in
the heating process.

Fig. 2b shows T-Q/Qh, in which the horizontal axis ranges from 0
to 1 for the non-dimensional heat flow. The enclosed red area
(ABCD) represents the integration temperature difference DTh:

DTh ¼ Enh

Qh
ð8Þ

DTh quantifies how better the thermal coupling between heat
source and working fluid is for heat to power conversion, refer-
enced by the total heat flow Qh. Further, the non-dimensional inte-
gration temperature difference DT�

h is introduced as

DT�
h ¼ DTh

Th;1 � Tc;1
¼ Enh

Th;1 � Tc;1
� 	

Qh
ð9Þ

DT�
h is the enclosed red area (ABCD) divided by the rectangular

area (AA0GG0) in Fig. 2b, quantifying how better the heat transfer
process is for heat to power conversion in heating process,
referenced by driving temperature difference between heat source
and environment (Th,1 � Tc,1), and heat flow Qh. It can be under-
stood as the dissipation from heat source to heat engine (Enh), at
the cost of (Th,1 � Tc,1) and Qh.
Eq. (9) is rewritten as

Qh ¼ Enh

Th;1 � Tc;1
� 	

DT�
h

ð10Þ

According to dissipative thermodynamics, Qh is the ‘‘thermody-
namics flow”, Enh is the ‘‘thermodynamic force”, 1

Th;1�Tc;1ð ÞDT�h is the

‘‘phenomenological coefficient”. Eq. (10) establishes the connec-
tion between Qh, Enh, Th,1 � Tc,1 and DT�

h.
For cooling process: Thermal coupling between working fluid of

heat engine and cooling medium (such as water or air) also influ-
ences system performance. Fig. 2c shows T-Q curves of the two
streams of counter-flow cooling heat exchanger. The curve EF rep-
resents heat transfer roadmap of working fluid of heat engine, and
GH represents the heat transfer roadmap of the cooling medium.
Depending on the fluid state in the cooling heat exchanger, the
curve EF can be linearly changed, or includes two sub-sections of
a superheated vapor flow section and an isothermal condensation
section. But this does not influence the general treatment of the
cooling process. Fig. 2d shows T-Q/Qc curves, in which dimension-
less heat flow is used.

Similar to the deduction in heating process, Enc (EFGH in Fig. 2c)
and DTc (EFGH in Fig. 2d) for cooling process are

Enc ¼
Z Qc

0
DTdQ ¼

Z Qc

0
Tworking fluid � Tenvironment fluid
� 	

dQ ð11Þ

DTc ¼ Enc

Qc
ð12Þ

DT�
c ¼

DTc

Tc;1 � 0
¼ Enc

Tc;1Qc
ð13Þ

In Eq. (13), Tc,1 � 0 means the maximum cooling capability at an
environment fluid temperature of Tc,1 entering the heat engine
related to the absolute 0 K. Tc,1 � 0 is the driving temperature dif-
ference between Tc,1 of an environment fluid entering a heat engine
and the thermodynamic absolute 0 K, in which 0 K is defined as the
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minimum temperature in the nature world that can be
approached. The kinetic energy is zero at 0 K. The deduction of
absolute 0 K was performed by Kelvin and it can be found in Wang
et al. [1]. DT�

c is indicated by the blue area (EFGH) divided by the
black rectangular area (GG0I0I) in Fig. 2d. Eq. (13) is written as

Qc ¼
Enc

Tc;1DT
�
c

ð14Þ

According to the dissipative thermodynamics, Qc is the ‘‘ther-
modynamic flow”, Enc is the ‘‘thermodynamic force”, 1

Tc;1DT
�
c
is the

‘‘phenomenological coefficient”.
Coupling between heating and cooling processes: Thermal effi-

ciency of a heat engine is defined as

greal ¼ 1� Qc

Qh
ð15Þ

Substituting Eqs. (10) and (14) into Eq. (15), greal is

greal ¼ 1� gCarnot

1� gCarnot
R ð16Þ

where gCarnot is the Carnot efficiency with Th,1 as the heat source
temperature and Tc,1 as the environment temperature:

gCarnot ¼ 1� Tc;1

Th;1
ð17Þ

R is the ratio of resistance of heating process Rh divided by that of
cooling process Rc, for heat to power conversion:

R ¼ Rh

Rc
ð18Þ

where Rh and Rc are

Rh ¼ DT�
h

Enh
¼ 1

Th;1 � Tc;1
� 	

Qh
; Rc ¼ DT�

c

Enc
¼ 1

Tc;1Qc
ð19Þ

Eqs. (16)(19) give the actual thermal efficiency of a heat engine,
greal, relating to the Carnot efficiency by a new efficiency coefficient
C as

greal ¼ CgCarnot ð20Þ
C characterizes the degree at which real thermal efficiency deviates
from Carnot efficiency. It is a function of Carnot efficiency and resis-
tance ratio:

C ¼ f ðgcarnot ;RÞ ¼
1

gcarnot
� R
1� gcarnot

ð21Þ

It is convenient to calculate actual thermal efficiency by Eqs.
(20) and (21), in which R is computed by Eqs. (18) and (19). The
theoretical development tells us how to raise the actual thermal
efficiency. Physically, the decrease of resistance ratio of heating
process related to cooling process, R, is a general solution to
increase the efficiency coefficient C, yielding the actual thermal
efficiency improvement. This requires the decrease of the resis-
tance of heating process, Rh, and/or increase of the resistance of
cooling process, Rc. It is noted that both Rh and Rc are the resis-
tances for heat to power conversion, not for heat transfer analysis.
Enh and Enc have the unit of K �W , identical to entransy unit. The
entransy concept was described in Prof. Guo’s series papers and
it is useful for heat exchanger optimization [8–12]. Han et al.
[13] used entransy concept to develop a Carnot engine model.

The actual thermal efficiency expressed by Eqs. (17)(21) does
not contain the loss of work potentials of other components such
as pump and turbine of heat engines. This is because the deduction
of greal used the first law efficiency (see Eq. (15) for the energy con-
servation principle). Based on the modern thermodynamics frame-
work, this paper treated Qh as the thermodynamic flow, and
established the relationship between the thermodynamic flow
and the thermodynamic force for the heating process (see Eq.
(10)). Similar procedure was performed for the cooling process
(see Eq. (14)). Thus, the loss of work potentials of pump and tur-
bine does not appear in the real thermal efficiency expression
explicitly, but it influences the real thermal efficiency implicitly.
The loss of work potentials of these components may affect the
state parameters of the cycle to change the coupling between heat
source and heat engine, as well as between heat engine and cooling
medium.
4. Application of the actual thermal efficiency theory to the
analysis of Organic Rankine Cycles (ORCs)

ORC converts low grade energy (such as flue gas discharged
from boiler) and renewable energy (such as solar thermal energy
and geothermal energy) into useful power or electricity. Various
low grade energy sources exist in the industry. In north part of
China, natural gas fired boilers, instead of coal fired boilers, are
strongly recommended to supply heat for residents in winter sea-
son, for the environment protection purpose. Usually, flue gas with
its temperature of 140–150 �C is directly discharged to the envi-
ronment. ORC can recover the waste heat of flue gas into electric-
ity. For such application, the outlet flue gas temperature after the
waste heat recovery can be 80–90 �C. The temperature limit of
80–90 �C approaches the dew point temperature of the flue gas,
below which the corrosion of heat exchanger occurs due to the
condensed water from vapor in the flue gas. Considering flow rate
and temperature difference (for example, from inlet temperature
of 150 �C to outlet temperature of 85 �C) of the flue gas, the waste
heat in �MW scale can be recovered by ORC, for a single natural
gas boiler. The �100 kW scale electricity can be generated, which
is of benefit to the heat supply industry.

Eqs. (17)(21) are general expressions for the actual thermal effi-
ciency. In this section, how the theoretical work guides the analysis
of Organic Rankine Cycles (ORCs) is demonstrated. A key issue is to
select suitable working fluids. There are many articles on the selec-
tion of working fluids [6,14–19]. General conclusion about this has
not been reached at this stage. The following reasons cause the
scattered data on the selection of working fluids: (1) Heat sources:
There are various heat sources such as flue gas, water-vapor steam,
solar thermal energy and geothermal energy. Different heat
sources may require different working fluids. Some authors
selected fluids assuming the maximum organic fluid temperature
in ORC equal to the heat source temperature [20], deviating from
the practical condition. The fluid selection shall couple ORC with
heat source. Not only the heat carrier fluid temperature entering
ORC, but also the heat carrier fluid temperature leaving ORC and
mass flow rate should be involved in the fluid selection. (2) Phys-
ical properties: Physical properties such as latent heat of evapora-
tion, density, specific heat, viscous and thermal conductivity of
organic fluids influence ORC performance [21]. (3) Operation
parameters: The operation parameters of organic fluids at various
state points of ORC influence the cycle performance. Some authors
assumed the saturation vapor at the expander inlet to determine
the ‘‘best” fluid [20]. Recent experimental study showed that the
superheating vapor can prevent the expander from cavitation [7].
(4) Objective parameters: Most of studies determined the ‘‘best”
fluid based on the maximum thermal efficiency criterion. Alterna-
tively, some investigators selected the fluid based on multi objec-
tive parameters such as thermal efficiency and system cost or
size [22,23]. Different criteria yield different results of working
fluids.

We use the newly developed actual thermal efficiency to
explain the effect of critical temperatures of organic fluids on the
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ORC performance. Fig. 3a shows an ORC, including a heating heat
exchanger (HHE), an expander, a cooling heat exchanger (CHE)
and a pump. For a general ORC, the heat source can be flue gas,
solar thermal energy, geothermal energy or vapor, etc. [24–27].
Any environment fluid can dissipate heat to environment. In this
study, the flue gas, as a kind of waste heat, was used as the heat
source, water was the cooling medium. Wexp represents the output
work of expander, mh and mc represent the mass flow rate of flue
gas and water, respectively. Fig. 3b shows the T-S diagram. Serial
numbers 1–4 represent the sate points along the ORC, and Tc,p is
the pinch temperature of water in condenser.

In this study, the flue gas enters and leaves ORC at
Th,1 = 423.15 K (150 �C) for supercritical condition, Th,1 = 448.15 K
(175 �C) for subcritical condition and Th,2 = 358.15 K (85 �C) for
both cases, respectively. The heating load is fixed as Qh = 1000 kW
(1 MW). Specific heat of the flue gas is constant. The temperature
difference at the narrowed location in T-Q curve is called the pinch
temperature, which should be larger than 5 K. For the cooling side
coupling, the cooling water enters ORC at Tc,1 = 293.15 K (20 �C).
The mass flow rate of cooling water is selected based on the crite-
rion that pinch temperature difference in the cooling heat exchan-
ger equals to 5 K. Isentropic efficiencies of expander and circulating
pump are 0.75.

4.1. Effect of critical temperatures of organic fluids on super-critical
pressure ORCs

In this section, the effect of critical temperatures of organic flu-
ids on super-critical pressure ORCs is explored. The organic fluids
of R218, R32, propylene, R134a, R1234ze and isobutane are used.
The critical temperatures are gradually increased from R218 to
isobutane (see Table 1 for the major properties of these fluids).
For each fluid, the state parameters at various points of the cycle
are determined according to the method described in Yu et al.
[6]. A major step is to determine an optimal operation pressure
at the expander inlet (P1). A set of pressures are tried. Each pres-
sure corresponds to a specific actual thermal efficiency greal. Thus,
a specific pressure P1 is obtained to have the maximum greal, also
corresponding to the maximum work due to the fixed Qh. The
optimal pressure P1 is about 0.3 MPa higher than the fluid critical
pressure Tcr. Thus, P1 = Pcr + 0.3 MPa for all the fluids. For each fluid,
the actual thermal efficiency and related parameters are deter-
mined based on the section of theoretical model for actual thermal
efficiencies. Enh and Enc are the integration terms:
Fig. 3. The ORC configuration (a
Enh ¼
Z Qh

0
DTdQ �

XN
i¼1

Theat source � Tworking fluid
� 	

iDQ ð22Þ

Enc ¼
Z Qc

0
DTdQ �

XN
i¼1

Tworking fluid � Tenvironment fluid
� 	

iDQ ð23Þ

where DQ ¼ Qh=N in Eq. (22) and DQ ¼ Qc=N in Eq. (23), N is the
section number that sub-divides Qh or Qc. When N is sufficiently
large, for example, when it is larger than 1000, the computation
has enough accuracy. Eqs. (22) and (23) are the numerical integra-
tion forms for Enh and Enc to simplify the calculation. They are cor-
rect if one assumes quasi-constant temperature difference DT
within a narrow range of DQ :

After obtaining Enh, Enc, DTh;DTc;DT
�
h;DT

�
c , Rh, Rc, R, C and greal for

each fluid, these parameters are plotted versus Tcr in Fig. 4, noting
that each data point corresponds to a specific organic fluid with a
given Tcr. With increases of Tcr, dissipation for heat to power con-
version En, integration temperature difference DT , and non-
dimensional integration temperature difference DT� are decreased,
for heating and cooling processes. It should be noted that Rh for
heating process is inverse to (Th,1 � Tc,1)Qh, in which both
(Th,1 � Tc,1) and Qh are not changed. Thus, Rh is constant for differ-
ent organic fluids. However, Rc for the cooling process, is increased
by increasing Tcr (see Fig. 4d), yielding decreased resistance ratio R
of heating process with respect to cooling process to increase effi-
ciency coefficient C and real thermal efficiency greal (see
Fig. 4e and f).

Fig. 5 explains parameter variations shown in Fig. 4, noting that
Th,1 = 423.15 K. The distance from Th,1 to Tpc (pseudo-critical tem-
perature of organic fluid) influences roadmaps in T-Q curve to
affect thermal couplings between heat source and ORC, as well as
ORC and cooling fluid. Fig. 5a and b compares specific heat varia-
tions for R218 with lower Tcr = 345.02 K and for R1234ze with
higher Tcr = 382.51 K. The distance from Tpc to Th,1 is shorter for
R1234ze than that for R218 (see Fig. 5a and b). Specific heat (cp)
variations are divided into two parts: the increased CM part before
Tpc and decreased MD part beyond Tpc. Such cp distributions yield
T-Q curves shown in Fig. 5c and d. Because specific heat for flue
gas is constant, AB shows linear curve. But strong cp variations
for super-critical pressure fluid yields curved CD. Dissipation for
heat to power conversion in heating process, Enh, represented by
enclosed ABCD area, is sub-divided into two areas: black M’BCM
area and red AM’MD area. The CD curve has slope of
) and The T-S diagram (b).



Table 1
Organic fluid database in this study.

No. Working fluid Formula Tc (K) Pc (MPa) n (J/kg�K2) Toxicity Flammability

1 R218 C3F8 345.02 2.64 0.708 Non Extremely
2 R32 CH2F2 351.26 5.78 -0.560 Non Extremely
3 Propylene C3H6 364.21 4.56 -4.183 Non Extremely
4 R134a C2H2F4 374.21 4.06 -0.961 Low Non
5 R227ea C3HF7 374.9 2.93 0.575 / /
6 R1234ze C3H2F4 382.52 3.64 -0.338 Non Highly
7 R12 CCl2F2 385.12 4.14 -0.969 Low Non
8 Perfluorobutane C4F10 386.33 2.32 1.314 / /
9 RC318 C4F8 388.38 2.78 0.907 Low Non
10 R124 C2HClF4 395.43 3.62 -0.138 Low Non
11 Trifluoroiodomethane CF3I 396.44 3.95 -0.727 High Non
12 R236fa C3H2F6 398.07 3.20 0.511 Low Non
13 Isobutane C4H10 407.81 3.63 -0.419 Low Extremely
14 R142b C2H3ClF2 410.26 4.06 -0.703 Non Extremely
15 R236ea C3H2F6 412.44 3.50 0.584 / /
16 Isobutene C4H8 418.09 4.01 -0.805 Non Extremely
17 R114 C2Cl2F4 418.83 3.26 0.405 Low Non
18 Butene C4H8 419.29 4.01 -1.005 Non Extremely
19 R245fa C3H3F5 427.16 3.65 0.32 Low Non
20 Transbutene C4H8 428.61 4.03 -0.873 / Extremely
21 Neopentane C5H12 433.74 3.20 1.127 Low Extremely
22 cis-Butene C4H8 435.75 4.23 -1.137 Non Extremely
23 R245ca C3H3F5 447.57 3.93 0.516 / /
24 R21 CHCl2F 451.48 5.18 -1.244 Non Non
25 R123 C2HCl2F3 456.83 3.66 0.16 High Non
26 R365mfc C4H5F5 460 3.27 1.040 / /
27 Isopentane C5H12 460.35 3.38 1.131 Low Extremely
28 R11 CCl3F 471.11 4.41 -0.410 Low Non
29 R113 C2Cl3F3 487.21 3.39 0.515 Low Non
30 Acetone C3H6O 508.1 4.70 -1.048 Low Highly
31 Cyclopentane C5H10 511.69 4.52 -0.156 Low Highly
32 Cyclohexane C6H12 553.64 4.08 1.341 High Highly
33 Dimethyl carbonate C3H6O3 557.38 4.84 0.6017 Non Highly
34 Benzene C6H6 562.02 4.91 0.237 High Highly
35 Toluene C7H8 591.75 4.13 1.076 High Highly

Note: n represents the dryness of each fluid.
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@T
@Q

¼ 1
mrcp;r

ð24Þ

wheremr is mass flow rate of organic fluid and cp,r is specific heat of
organic fluid. The CM part is protruding to approach AB due to
decreased slope of @T

@Q with increased cp,r. Alternatively, the MD part
is concaved to recede AB due to increased slope with decreased cp,r.

The two regimes are interfaced at M having @2T
@Q2





M
¼ 0.

Decrease of dissipation for heat to power conversion in heating
process means to decrease the enclosed ABCD area. Indeed, fluid
such as R1234ze having higher critical temperature, elongates pro-
truding CM part but shortens concaved MD part to improve the
thermal coupling between heat source and organic fluid, compared
with lower critical temperature fluid such as R218 (see
Fig. 5c and d). The blue EFGH area represents Enc for heat to power
conversion in cooling process, in which EF and GH represent T-Q
curves for organic fluid and cooling water, respectively. Higher
critical temperature fluid also improves the thermal coupling
between ORC and cooling fluid, by significantly shortening super-
heating vapor flow section in condenser (the cooling heat exchan-
ger operates at sub-critical pressure). Fig. 5e and f shows the T-S
curves. The enclosed pink area represents useful work, which is
larger with R1234ze than that with R218. Point D is closer to the
critical point for R1234ze than that for R218. The four state points
A, B, C and D are identical in Fig. 5c and d, but the roadmaps from C
to D are different to show the effect of heat transfer roadmaps on
heat to power conversion.

In summary, critical temperature of organic fluid is critical to
determine cycle performance. Higher critical temperature fluid
not only elongates specific heat increase part to improve thermal
coupling between heat source and organic fluid, but also shortens
superheating vapor flow section in condenser to improve thermal
coupling between ORC and cooling fluid, which are the mechanism
to increase real thermal efficiencies.
4.2. Effect of critical temperatures of organic fluids on sub-critical
pressure ORCs

Here, the effect of critical temperatures of organic fluids on
ORCs is investigated. Running parameters such as Th,2, Qh, Tc,1,
pinch temperature requirement, and isentropic efficiencies of
expander and pump are identical to those for the supercritical
pressure ORC cases. Heat engine operates at sub-critical pressures
with evaporation (phase change heat transfer) in evaporator and
condensation in condenser. The optimal operation pressure P1 at
the expander inlet was iteratively searched to maximize the ther-
mal efficiency according to Xu et al. [14]. Thirty one organic fluids
are involved. With critical temperatures from low to high, fluids
are listed as follows: R227ea, R1234ze, R12, perfluorobutane,
RC318, R124, trifluoroiodomethane, R236fa, isobutane, R142b,
R236ea, isobutene, R114, butene, R245fa, transbutene, neopentane,
cis-butene, R245ca, R21, R123, R365mfc, isopentane, R11, R113,
acetone, cyclopentane, cyclohexane, Dimethyl carbonate, benzene
and toluene. R227ea and toluene have critical temperatures of
374.9 K and 591.75 K, respectively (see Table 1 for properties).

Fig. 6 demonstrates Enh, Enc, DTh;DTc;DT
�
h;DT

�
c ; Rh, Rc, R, C and

greal versus Tcr. Again, each data point corresponds to a specific
fluid having a known critical temperature. Th,1 is marked in
Fig. 6a. For heating process, dissipation for heat to power
conversion, Enh, integration temperature difference, DTh, and
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Fig. 4. Parameters of trans-critical pressure ORC versus Tcr with six organic fluids.
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non-dimensional integration temperature difference, DT�
h, are shar-

ply decreased to minimum point, followed by a gentle increase
trend (see red curves in Fig. 6a–c). For cooling process, Enc, DTc

and DT�
c behave slight oscillating but do not change too much.

Because heating load Qh and temperature difference between heat
source and heat sink (Th,1 � Tc,1) are given values, resistances for
heat to power conversion in heating process, Rh, are not changed
for different organic fluids. Resistances for heat to power conver-
sion in cooling process, Rc, show inverse trend of Enh, DTh and
DT�

h in heating process (see Fig. 6d). The resistance ratio R is shar-
ply decreased to a minimum point, followed by slight variance.
Thus, efficiency coefficient C and real thermal efficiencies greal
are increased and then almost keep constant, by increasing critical
temperatures Tcr.

Figs. 7 and 8 explain data trends in Fig. 6. T-Q curves are shown
for heating and cooling processes with R227ea, R236fa, trans-
butene and cyclopentane. In evaporator, organic fluid undergoes
a single-phase liquid heating section, represented by black area
Enh,s, and an isothermal evaporation flow section, represented by
red area Enh,l. For fluids with low critical temperatures such as
R227ea and R236fa, the strict pinch temperature difference of 5 K
is not reached. The enclosed ABCD area, representing dissipation
for heat to power conversion in heating process, is approximated
as a parallelogram with its area scaled as jBCj � Qh ¼
Th;2 � Th;3
� 	

Qh (see Fig. 7a and b). Fig. 7c shows that when fluid
critical temperature approaches heat source temperature Th,1,
pinch temperature occurs at the junction between liquid flow part
and isothermal evaporation part, under which ABCD area
recedes to a triangle with its area scaled as 0:5jBCj � Qh ¼
0:5ðTh;2 � Th;3ÞQh, because pinch temperature is significantly lower
than jBCj. The latent heat evaporation contributes less dissipation
for heat to power conversion (see red area in Fig. 7c).

When fluid critical temperature is beyond heat source temper-
ature (see Fig. 7d), the pinch temperature shifts to evaporator
entrance. The ABCD area, including black Enh,s and red Enh,l parts,
is also equivalent to a triangle area scaled as 0:5 Th;2 � Th;3

� 	
Qh, pro-

viding jADj not deviating from jBCj too much and small pinch tem-
perature. This explains why thermal efficiencies are not sensitive
to critical temperatures when critical temperatures are higher than
heat source temperature.

Fig. 8 illustrates T-S curves for the four fluids. For fluids having
critical temperatures lower than heat source temperature, the pink
area, representing useful work, is below the heat source line AB.
The pink area is lifting to approach AB line by increasing Tcr, until
a quasi-triangle cycle is reached with Tcr ! Th;1, under which the
fluid critical point is close to point A (see Fig. 8a–c). Fig. 8d shows
the case when fluid critical temperature is higher than heat source
temperature at point A. The fluid T-S envelope is intercrossed with
the heat source line AB, but the pink area shows smaller difference
with that shown in Fig. 8c.

For subcritical pressure ORCs, Figs. 6–8 show that when the
heat source line AB is fixed, fluid critical temperatures strongly
influence heat transfer roadmaps to yield different dissipation for
heat to power conversion for heating process. Low critical temper-
ature fluids fatten the enclosed area of T-Q curves to suppress ther-
mal efficiencies. If fluid critical temperatures approach or are
beyond heat source temperature, the enclosed area of T-Q curves
for heating process become slim to enhance thermal efficiencies.
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The above analysis is based on the pinch temperature difference
of 5 K in both evaporator and condenser. The pinch temperature
limit influences the system thermal efficiency. Generally, a smaller
pinch temperature limit results in a higher thermal efficiency
because sufficient heat transfer area is provided. The pinch tem-
perature limit is set to be in the range of 5–20 K, in which the lower
limit of 5 K was used by Chen et al. [20], Heberle and Brüggemann
[28], Wang et al. [29] and He et al. [30]. Effect of pinch temperature
on actual thermal efficiencies is shown in Fig. 9. The three pinch
temperatures of 5 K, 10 K and 15 K were used. The efficiency curves
display two regions: a sharp increase region before the maximum
efficiency point and a slight decrease region beyond the maximum
efficiency point. The pinch temperature does not affect the change
trend of efficiency curves. The increased pinch temperatures
slightly shift the maximum efficiency points to lower critical tem-
peratures of organic fluids. The pinch temperature does not appar-
ently affect the selection of organic fluids. The objective of this
paper is to demonstrate how the newly developed theory is used
for the fluid selection. The optimization among various parameters
such as thermal efficiency and component size or cost will be
shown in the future.

Fig. 9 shows actual thermal efficiencies dependent on critical
temperatures of organic fluids. Saleh et al. [31] noted that fluids
with lower critical temperatures such as R143a or R152a were
preferable. Liu et al. [32] showed that the thermal efficiency is a
weak function of critical temperatures. Kuo et al. [33] and Mikiele-
wicz and Mikielewicz [34] proposed the Jakob number as the
criterion number for fluid selections. Aljundi [35] found the strong
functionality between thermal efficiencies and fluid critical tem-
peratures. This study found the strong connection between ther-
mal efficiencies and fluid critical temperatures. Different from
the findings of Aljundi [35], this study identified a sharp efficiency
increase region before maximum efficiency point (sensitive region)
and a slight decrease region beyond maximum efficiency point
(not sensitive region). For ORC operation, the not sensitive region
is recommended because it includes the maximum efficiency point
followed by the very gentle variation of thermal efficiencies. The
heat carrier fluid temperature entering ORC is marked as Th,1 in
Fig. 9 (also called the heat source temperature). The maximum effi-
ciency point is weakly dependent on the pinch temperatures. For
the pinch temperature of 5–15 K, organic fluids having critical
temperatures in the range of (Th,1 � 40 K, Th,1 + 100 K) are recom-
mended. The not sensitive efficiency region expands the fluid can-
didates, which is not reported previously. This criterion for organic
fluid selection is proposed from the thermal efficiency point of
view. For practical utilization, a specific fluid also should be high
thermal stability, low environment impact and safety.

4.3. Comment on the actual thermal efficiency

There are two efficiencies in the literature: the first law thermal
efficiency written as g = W/Qh, and the exergy efficiency defined as
used exergy divided by available exergy. The former is written
based on the energy conservation principle and has nothing to



Fig. 6. Parameters of sub-critical pressure ORCs versus Tcr. (from left to right, the fluids are: R227ea, R1234ze, R12, perfluorobutane, RC318, R124, trifluoroiodomethane,
R236fa, isobutane, R142b, R236ea, isobutene, R114, butene, R245fa, transbutene, neopentane, cis-butene, R245ca, R21, R123, R365mfc, isopentane, R11, R113, acetone,
cyclopentane, cyclohexane, Dimethyl carbonate, benzene and toluene).

Fig. 7. Effect of heat transfer roadmaps on sub-critical pressure ORCs with R227ea, R236fa, transbutene and cyclopentane.
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do with the loss of energy quality. The later is also called the sec-
ond law efficiency [36]. Here, a purely theoretical expression of
actual thermal efficiency is developed. Because it synthetizes
energy conservation and loss of energy quality, it is also called a
hybrid efficiency. The actual thermal efficiency tells us that, no
matter how complex a heat engine is, the engine should reach a
lower resistance ratio of heating process related to cooling process
to have a higher thermal efficiency. A lower resistance for heat to
power conversion in heating process, and/or a larger resistance
for heat to power conversion in cooling process, is necessary.



Fig. 8. T-S curves for four working fluids of R227ea, R236fa, transbutene and cyclopentane.
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Checking dissipations for heat to power conversion in heating and
cooling processes, one can see how better the thermal couplings
between heat source, heat engine and environment fluid are.

In our theoretical development, integration temperature differ-
ence and non-dimensional integration temperature difference are
involved. In heat transfer textbooks, the logarithmic-mean-tem
perature-difference (LMTD) has been widely used [37]. Referring
a heat exchanger shown in Fig. 2a, LMTD is

DT log�m ¼ DTmax � DTmin

ln DTmax
DTmin

� � ð25Þ

where

DTmax ¼ max ðTh;1 � Th;4Þ; Th;2 � Th;3
� 	� �

DTmin ¼ min Th;1 � Th;4
� 	

; Th;2 � Th;3
� 	� � ð26Þ

Eqs. (25) and (26) only consider temperatures at state points of
A, B, C and D. LMTD is suitable for heat transfer analysis. It does not
contain roadmap integration effect thus it has nothing to do with
loss of energy quality. Alternatively, integration temperature dif-
ference reflects integration effect. The enclosed area of T-Q curves
is directly proportional to exergy destruction. Thus, it is not only
suitable for heat transfer analysis, but also suitable for heat to
power conversion analysis. Non-dimensional integration tempera-
ture difference links the roadmap integration effect referenced as
the system driving temperature difference between heat source
and environment fluid for heating process, or referenced as the
maximum cooling capability for cooling process. Thus, integration
temperature difference, or non-dimensional integration tempera-
ture difference, helps us to see how better the thermal couplings
between heat source, heat engine and cooling fluid are.

The actual thermal efficiency theory provides guidance for
design and operation of thermal plant, which can be coal-fired
power plant [38–40], renewable energy driving thermal plant
[41–43], biomass plant [44–46], etc. Improving the performance
of these plants is helpful to raise energy utilization efficiency and
reduce carbon dioxide (CO2) emission. The following aspects are
discussed.

Coupling between heat source and heat engine: The present
work treats the coupling between heat source and heat engine,
from both energy balance and loss of energy quality point of view.
The heat carrier fluid of heat source, temperatures entering and
leaving heat engine, specific heat variations even latent heat influ-
ence the T-Q curve in heating heat exchanger, which can be evalu-
ated by the present model.

Design and operation parameters of heat engine: The present
work guides the selection of working fluid to well match the heat
source. It also helps to pick out suitable operation parameters such
as pressures and temperatures of working fluid in the cycle. The
physical properties and running parameters determine T-Q curves
in both heating and cooling heat exchangers to affect the engine
efficiency and work output.

Cooling effect on the heat engine: Most heat engines use water
or air to dissipate heat to environment. Cooling effect influences
the resistance for heat to power conversion. For example, when a
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heat engine uses air as the cooling medium, the so-called energy
penalty exists [47,48]. The problem such as how to decrease the
energy penalty can be evaluated by the present theory.
5. Conclusions

An actual thermal efficiency for heat engines is developed. Con-
cepts of ‘‘thermodynamics flow” and ‘‘thermodynamics force”, in
modern thermodynamics, are used for theoretical analysis. The
enclosed area of T-Q curves in heat exchangers are quantified to
represent exergy loss during heat transfer process, as the dissipa-
tion for heat to power conversion in heating and cooling heat
exchangers. Integration temperature difference reflects roadmap
integration effect to consider the loss of energy quality. Non-
dimensional integration temperature difference is the integration
temperature difference scaled by the temperature difference
between heat source and working fluid for heating process, or
scaled by the cooling capability represented by environment fluid
temperature for cooling process. The efficiency coefficient C quan-
tifies the degree at which actual thermal efficiency deviates from
Carnot efficiency. C is a linear function of the resistance ratio of
heating process related to cooling process for heat to power
conversion.

The theory successfully explains effect of critical temperatures
of organic fluids on supercritical pressure ORCs. Higher critical
temperature fluids elongate the specific heat increase part but
shorten the specific heat decrease part to create a slim enclosed
area of T-Q curves in heating heat exchanger. Thus, the heat trans-
fer induced dissipation is decreased to improve thermal
efficiencies.

For sub-critical pressure ORCs, when the critical temperature of
working fluid approaches or is beyond the heat source tempera-
ture, a small pinch temperature is formed to generate a triangle
area, which can be half of that with ultra-low critical temperature
fluid. Critical temperatures are critical to influence the working
fluid roadmap to affect the cycle performance.
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