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Abstract— several studies have been carried out on how to
recover waste heat using Organic Rankine cycle. Each study
applied different working conditions, power scale and cycle
configuration, hence an assessment of working fluids is
given for specific case. As a result, no single working fluid
have been identified that would meet an entire heat source
temperature levels. This motivated us to examine various
substances for use as working fluids for subcritical ORC
systems operating in the temperature range (543 - 633K). In
this study, with a given finite thermal source, performance
of working fluid candidates are evaluated and assessed
using four criteria: thermal efficiency, exergy efficiency,
total exergy destruction and net power output. Results of
the study indicate that from a performance point of view,
the linear alkanes such as nonane seem to be a suitable fluid
in  the temperature range (543-573K). Beyond
aforementioned temperature range it appears that aromatic
hydrocarbons such as toluene, ethylbenzene, P-xylene, O-
xylene, propylbenzene preformed better. Under this
condition, they represent comparably similar proposed
screening criteria parameters and comparably high
evaporating pressure, with only occasional slight differences
between them.

Index Terms: Waste Heat Recovery, Organic Rankine Cycle,
Subcritical Cycle, Modeling and Optimization.

.  INTRODUCTION

In the industrial and daily processes, an abundant
source of emission-free power is rejected as a waste
heat during normal operation, much of which is finally
discharged into the environment, either to water or to the
atmosphere. This amount of unused wasted heat, which is
available at different temperature levels, contributes to
serious environmental pollution such as global warming,
ozone layer destruction, acid rain, water pollution and
land pollution[1]. In this context, the desire to recover
and re-use of waste heat sources more efficiently has led
recently to an increased interest in developing an efficient
technology that transforms waste heat into electricity.
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Hence, ORC has emerged as a promising technology in
future conservation energy and energy demands, by
exploiting unused wasted heat into electricity[2]. One of
the challenges of ORC is the selection of organic working
fluid, it represents the main difference between ORCs
and steam rankine cycle and is considered to be
significantly important in maximizing the ORC overall
efficiency[3]. The working fluids could be employed as
pure or mixed fluids. To this purpose, the heat source at
different temperature levels and the application influence
significantly the proper selection of fluids and
appropriate operating conditions [4]. Particularly, ORC is
a key technology adopted to recover heat from various
sources, both at low and at medium or high temperature.
Although the majority of the existing articles have
focused on the application of ORC and suitability of
different working fluids, there are fewer studies
examining heat recovery applications for high grade
temperature sources. Ref.[5] conducted a detailed
performance study to compare performances of
hydrocarbons (C5 to C12 ) water, benzene and toluene
for the waste heat sources with different temperature
ranges. Their results showed that toluene and n-dodecane
are more appropriate fluids for ORC systems when the
heat is available at temperature of 773.15 K. In a case
where heat is available at 623.15 K, toluene, n-octane,
and water are more suitable choice.

Ref. [6] conducted a detailed performance study by
employing ten aromatic hydrocarbons and siloxanes as
potential working fluids in order to improve temperature
matching and to generate power using intermediate and
high temperature finite heat sources. Results from this
study could be summarized as aromatic hydrocarbon are
more suitable fluids for the ORC due to higher power
output and less complex turbine design. The advantages
of using mixed working fluids for ORCs were
highlighted by [7]. They conducted a study starting with
mixtures of siloxanes and hydrocarbons in comparison to
pure working fluid for the waste heat sources with
different temperature ranges. Their analysis was
classified based on the cycle configurations into
saturated, superheated and supercritical cycle, and the
type of molecules as simple molecules and complex
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molecules. They concluded that mixed composition fluids
provide better temperature matching with the heat and
cooling source. However, this leads to reduce the mean
temperature difference between the heat source and
working fluid in heat exchangers. This reduction implies
that a higher heat exchanger area is required for a given
heat flow, suggesting a trade-off between operating and
capital costs[8].

Ref .[9] proposed a single objective function to
maximize the thermal efficiency of the cycle, based on
1 MW of heat source.Their investigation was carried out
with  Simulated Annealing technique within the
temperature range from 100 °C to 250 °C for the heat
source and 30 °C for the heat sink.. The conclusion could
be summarized as pure component organic fluids provide
more energy-efficient than mixed organic fluids do. The
conclusion could be summarized as pure component
organic fluids provide more energy-efficient than mixed
organic fluids do.

Although several studies have been carried out with
different boundary conditions in order to identify the
most suitable working fluid candidates to either low
temperature waste heat sources up to 500 K or high
temperature waste heat sources above 600 K, the results
of these studies would not provide a reasonable
assessment since each study applied different working
condition power scale and cycle configuration [10, 11].
Therefore, no single potential working fluid could be
identified that would meet the entire heat source
temperature levels[3, 4]. Thus, a detailed working fluid
selection study has to be taken into consideration for
particular source temperature[12, 13]. In addition, the
selected objective function of optimization has to be
chosen depending on whether the selection of working
fluid and process design considerations are based on
maximizing the net power output , economical
profitability, or on environmental considerations[14, 15].
This motivated us to examine various substances for use
as working fluids for ORC systems operating at varied
inlet temperatures which ranged from 543 K to 633K. In
this study, finite thermal source is given and heat sink
condition, performance of working fluid candidates are
assessed using four criteria such as thermal efficiency,
exergy efficiency, total exergy destruction and net power
output.

Table. 1 Properties of working fluids.

_ _ Types of Critical point
Working fluid fluid T P, V.
(K) (kPa) | (m3/Kmol)

Ethylbenzene dry 617.2 | 3609 0.37
N-nonane dry 594.6 | 2290 0.55
O-Xylene dry 630.3 | 3732 0.37
N-propylbenzene dry 638.4 | 3200 0.44
p-Xylene dry 616.2 | 3511 0.38
Toluene Isentropic 591.8 | 4108 0.32

Il. THERMODYNAMIC ANALYSIS

The ORC cycle consists of heat exchangers, a turbine,
a condenser and a pump. It can be either subcritical or
supercritical according to the state of working fluid at
turbine inlet. An ORC cycle considered in this study is
subcritical cycle. This type of an ORC can be categorized
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according to the shape of the saturated vapor curve [9].
This property is the most important characteristics of the
working fluid in an ORC cycle, because it affects
applicability of working fluid in given temperature range
and cycle efficiency. According to the T-S diagram in
Figure. 1, the working fluid can be classified into three
different groups. Those are dry, wet, or isentropic for
positive, negative or nearly infinitively large slope
respectively[3]. With reference to high temperature
applications, the wet fluids are not recommended for
subcritical cycle since they become saturated once they
pass through a large enthalpy drop after generating power
in the turbine, resulting in a shorter life of a turbine in
ORC system [1]. On the other hand, dry and isentropic
fluids have been proposed by researchers as a promising
working fluid in an ORC for a high temperature finite
heat source. Moreover, they do not pass through a distinct
two-phase region, resulting in a better life of a turbine.
However, beside essential thermo-physical properties that

match the application, proper fluid must possess
sufficient chemical stability over the
desired operational temperature range. Assessing by
thermodynamic characteristics, the most practical

working fluids in the scopes of the temperature for
studied case are siloxanes and hydrocarbons [16-18]. The
working fluid candidates and their thermo-physical
properties are listed in the Table. 1.

wet fluid dry fluid

isentropic fluid

S

Figure. 1 T-S diagram of different types of working fluid.
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Figure. 2, a heat carrier fluid is characterized with a mass
flow rate, inlet temperature, and outlet temperature. The
heat carrier fluid, which is considered in this study as a
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representative fluid, is flue gas. The stream of flue gas
carrying heat source enters the system through three-zone
heat exchangers, in which heat is transferred to the
working fluid. Starting from state 2, the working fluid is
heated in a pre-heater, where the temperature of the
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Figure. 2 Schematic diagram of the subcritical organic rankine cycle
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working fluid is raised to its bubble point. Then, it is
heated in the evaporator until it is vaporized and becomes
saturated vapor (state point 3). In cases when the fluid
reaches a superheated state, a third zone super-heater is
required. During the above heat exchange, the
temperature of the flue gas decreases from®;, t0®,; .

The specific heat capacity cp of the flue gas at constant
pressure is assumed to be constant. After that, the
working fluid flows into the turbine and is expanded to
the condensing pressure (state point 4). Then, the outlet
from the turbine passes through the condenser, where
heat is rejected until it becomes a saturated liquid (state
point 1). After leaving the condenser, it enters the pump,
where its pressure is increased to the sub-critical pressure
(state point2).

1. ENERGY ANALYSIS

Energy analysis is based on the first law of
thermodynamics, which describes energy rate balance
enclosing each component of the system. The control
volume energy balance undergoing steady state process,
without potential and Kinetic energy, is expressed for
each state as follows:

A. Liquid pressurization process (6-1):
This is a non-isentropic process. The power
consumption of the pump can be expressed as follows:

; Myt (N5 —hg)
W pump = —————— @
TTpump

B. Heat extraction process (1-4):

In this process, the heat is transferred to the working
fluid across three zone heat exchanger. It can be
imaginarily split into preheating section, evaporating
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section, superheating section. The energy balance for the
three segments is given by (2):

: )
Q preheater — M Cp (®3 _®4) =My, (hZ - hl)
' ®)
Qevaporator =My Cp (®2 _®3) =My, (h3 - h2)
(4)

Q superheater — My Cp (®1 _®2) =My (h4 - hs)

In cases when heat losses to surrounding are
negligible, an overall heat transfer from a heat source of
ORC system toa working fluid is defined as follows:

Qin = Qheat_source = Qpreheater + Qevaporator + quperheater (5)

The flue gas realizes a heat at the rate of
my ¢, (®, —0,) while the working fluid absorbs heat at a
rate of m,, (h, —h,) . The heat transfer rate across a heat
exchanger can be expressed as

mthp(®1_®4)=mwf (h4 _hl) (6)

C. Power generation process state (4-5):
The power generated by the turbine during isentropic
expansion is given as
Vvturbine =My, (h5 - h4) (7)
The expansion in the turbine deviates from ideal
isentropic behavior by isentropic efficiency

W turbine =Myt (hs s —ha)n ®)

turbine

D. Condensation process (5-6):

In this process, the heat is rejected to cooling medium
in  condenser in order to condensate the working fluid
and directs it in a pump intake. The amount of heat
rejected is given by (10):

Qrejected = Myt (hg —Ns) (10)

E. Net produced power:

The maximal net power output delivered by the ORC
is the difference between the turbine power and the
magnitude of the pump power
Wnet :Wturbine _Wpump (11)

The thermal efficiency describes how efficiently the
working fluid utilize the given thermal source can be
calculated either via cycle efficiency (12).

Wnet
o (12)

Qheatfsource

U
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I1l. EXERGY ANALYSIS

The exergy method of analysis is based on the second
law of thermodynamics, which relies heavily on the use
of the thermodynamic property entropy generated due to
process irreversibility

Figure. 3 depicts enthalpy profiles of heat carrier and
the working fluid. According to the Second Law of
Thermodynamics, it is impossible to convert the whole
available thermal energy into useful work. From both a
thermodynamic and technical point of view, the
temperature profiles depend on the properties of the
working fluids such as the properties at vapor —liquid
critical point, the saturation line and specific heat since
they affect how well the temperature profile of the
working fluid can be matched by the corresponding
thermal energy source. Hence; better thermal matching
between the heat source and the working fluid leads to
better cycle efficiency. On the other hand, the
temperature mismatching indicates that the irreversibility
and exergy destruction will be inherently large across a
heat exchanger (see Figure. 4). As for the finite heat
source, temperature mismatching is unavoidable since it
is a single phase and possesses linear temperature profile
during heat transfer process [6, 19]. Thus, the exergy
analysis allows pinpointing the causes of inefficiencies,
locations and magnitudes of losses [20, 21]. The
destroyed exergy rate is determined by the destruction of
exergy during the heat transfer process in the heat
extraction process. This gap can be defined as the
difference between hot and working fluid and is given by
(13):

AE.Xdestruclim = AEth - AEXWf (13)

Where the AEX .cion IS the rate of exergy destruction,
AEX ot 1S the rate of exergy transfer to the system by heat

and mass flow, and AE‘XWf is the rate of exergy transfer
from the system.

Here the exergy destruction AEX jqneion Can be
classified as follows:

AE.Xdestruction =T,S >=0 (14)

0 generation

A. Liquid pressurization process (6-1):
The exergy destruction rate in the pump is given by
equation (15)

(AEX destruction ) pump = Mt To(S1.—S6) = Mg (6X1 —€X) (15)

The rate of exergy transfer by mass flow can be
expressed as follows:

AEXpt =Mys (hy —hy ~To(S4~S1) (16)

The rate of exergy transfer accompanying heat transfer
to the system is determined by
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. T .
AEx, = [(@1- )20, 17)
The destroyed exergy rate for the system is given by:
. . T, )
AExd&struction = Qin (1_ Ti) — My (8X4 - eXl) (18)

avg

Where the thermodynamic average temperatureT,,q can
be defined as follows:

2T
" Totin + Tht out

For each individual component, it can be expressed as
follows:

(AEXdestruction ) preheater Qin (l_ T_O) — My (exz - exl) (20)

avg

(AEXdestruction )evaporator = Qin (1_ T_O) — My (ex3 - exz) (21)

avg

(AEXdestruction )superheater = Qin (1_ T_O) — My (ex4 - eXs) (22)

avg

B. Power generation process state (4-5):

The exergy destruction rate in the turbine can be
defined by eq. (23)

(ABX jogireion urbine = Mt To(S5—S4) =Mys (X5 —€xs)  (23)

Hot fluid o(2)

o)

Working fluid

Temperature

Evaporator |Superheater

-
Teond
Preheater

Figure. 3 T- AH diagram of the hot and cold composite curve.

Enthalpy

C. Condensation process (5-6):

The exergy destruction rate in the condenser is given
by:
TO

(AEX =Q, (1~ ) — My (BX; —€Xs) (24)

destruction )condenser
L,avg
In order to reflect the ability to utilize high grade
waste heat into usable work, the exergy efficiency of
ORC system evaluates the performance for waste heat
recovery and is a measure of how close the system is to a
reversibly operating system.
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IV. MODEL ESTABLISHMENT

The thermodynamic properties of the working fluid
candidates are obtained from DIADEM PRO. A number
of assumptions are made to simplify ORC analysis in this
study. The model is assumed to be in a steady state
condition with no pressure drops in connecting pipes and
heat exchanger. The process of heat addition and
rejection are therefore assumed to be isobaric. Changes in
kinetic and potential energy of the working fluid have
also been considered negligible. The expansion in the
turbine and the compression by the pump were assumed
to deviate from ideal isentropic behavior by isentropic
efficiencies of (Thurpine = 72%) and

(17pump = 65%) respectively. The heat carrier fluid is

modeled as flue gas at varied inlet temperatures which
ranged from 543 K to 633 K with a 10 K step. It flows at
steady molar flow rate 0.412 kmole/s, the specific heat
capacity ¢, at constant pressure was 32201 J/Kmole'K,

the minimum temperature difference AT in the
evaporator was 10 K, the condensation temperature of
working fluid and the ambient temperature(T,=298.15
K). The model takes into account a number of constraints
which are set in agreement with those presented by [19].

A. Object function:
The net power output generated in expansion process is
part of the objective function employed in the
optimization process and the purpose of the optimization
is to minimize the value of that objective function. The
latter concerns the specific net power output of the cycle
only and can be formulated in general terms as follows:
min(obj — fun) = AE -W

net

(26)

destruction

B. Optimization constraints:

To ensure that cycle parameters remain within limits
that are practical and physically realizable, it is important
to specify limits in the form of constraint equations.

1) Minimum approach temperature difference

The cycle calculations were carried out by
constraining the minimum approach temperature
difference between the heat source and the working fluid
occurs at the cold end of the evaporator in order to
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Hot fluid

Working fluid o(3)

Evaporator |Superheater

4
Tecond
Preheater

Enthalpy [kW]

Figure. 4 Exergy composite curve of heat extraction.

prevent the violation of the second law of

thermodynamics [22].

4 wf L wf
of Fantt |7 (Famt Joarmzo g

O T AHNM [T S AHM |= AT oo 20
: 1 j:]_ 1 PP = (28)

2) Temperature feasibility

Another constraint adopted in the calculations with a
small difference between the saturated temperature and
flue gas temperature in order to secure the subcritical
conditions.

Tja-T;20 (29)

3) Turbine outlet temperature

Additional constraint is implemented to the cycle
calculations to secure that the working fluid will leaves
the turbine in the state of saturated vapor or superheated

c Plig i (T3i 1 -To)+ AHvaporation (T3i-1)

- Pvap i (Twrbout,i —To) <0 (30)

C. Optimization algorithms:

In order to find a globally optimal solution for
organic rankine cycle with the minimum value of that
objective function, two global solvers are used in the
optimization process, performed by Global Search and
Multi-Start. Both Global Search and Multi-Start solvers
use a general class of optimization algorithms such as
trust-region-reflective, active-set, interior-point and SQP
in order to search within a domain to arrive at the global
optimum solution. Aforementioned global solvers
generate multiple start points and then unlike those
classical algorithms are employed on these generated
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points in order to find global optimal solution and avoid
local minima. Hence, the objective function value
improves its value as an approximation to the global
optimum without violating any constraints.

V. RESULTS AND DISCUSSION

The Equations (1)-(25), together with boundary
conditions (27) — (30) define nonlinear problem. To
provide global optimality of solutions deterministic the
multi start local solver method is used to solve problem
for objective functions.

Figure. 5 shows the net power output curves of
selected dry fluids at various inlet temperatures of the hot
fluid from 543 to 633 K with a 10 K step. Among these
working fluids, the results indicate that nonane exhibit
the largest amount of work between186 -266 kW in the
temperature range (543-573 K) while toluene assures the
largest amount of work between 265-560kW beyond this
range (>573) followed by ethylbenzene (260-502kW), P-
xylene (250-497kW), O-xylene  (243-483kW) and
propylbenzene (255-466kW).

Figure. 6 and Figure. 7 show the variations of the
thermal and exergy efficiency with the heat source inlet
temperature respectively. Since the characteristics and
process parameters (inlet temperatures, outlet temperature
and the flow rate) of the flue gas are imposed; the exergy
and thermal efficiencies curves have similar variation

600

' Ethylbenzene
Nonane
O-Xylene
500 - Propylbenzene
E P-Xylene
< ' Toluene
=
5 400
(=)
X~
<
S
2
% 300
b
200
100 L L L L L L
540 560 580 600 620 640

Temperature of hot fluid [K]

Figure. 5 The variation of net power output for different working
fluids with hot fluid temperature.
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@
=
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=
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Figure. 6 The variation of thermal efficiency for different working
fluids.

trends with Wy for fixed heat input. As a consequence,
when each working fluid has higher maximal net power
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output, it means that working fluid has a higher total
exergy and thermal efficiency of ORC.

Ethylbenzene
Nonane
O-Xylene
Propylbenzene
P-Xylene
Toluene

IS
S
T

©
ol
T

Exergy efficiency (%)
8
T

L L L L L L
540 560 580 600 620 640
Temperature of hot fluid [K]

Figure. 7 The variation of exergy efficiency for different working

fluids.
Among these working fluids, the results indicate that
nonane exhibit the highest thermal and exergy

efficiency(12%)(30%) respectively in the temperature
range (543-573 K) while toluene assures the hieghest
thermal and exergy efficiency (18%)(42.5%) beyond this
range (>573) followed by ethylbenzene (16%)(3.75%), P-
xylene (15.5%)(37%), O-xylene (15.5%)(36.5%) and
propylbenzene (15%)(35.5%).

Generally speaking, the choice of the working fluid is
of key importance in ORC applications and can greatly
affect the optimal evaporating pressure in the cycle since
cycle efficiency is very sensitive to evaporating pressure.
In other words, the lower evaporation pressure will have
a lower temperature which means that the working fluid
does not extract as much heat as it would at a higher
evaporating pressure (with the associated higher
evaporating temperature) and would eventually have a
lower thermal efficiency (Figure. 8).

Ethylbenzene
Nonane
O-Xylene
Propylbenzene
P-Xylene
Toluene

2500

N
o
s}
o
T

1500

1000

Evaporation pressure |kPa]

a

=}

[}
T

540 560 580 600 620 640
Temperature of hot fluid [K]

Figure. 8 The variation of evaporation pressure for different working
fluid

Since the condensation temperature was constant, the
condensing pressure did not change for any specific fluid
regardless of the variation of the evaporation temperature.
Consequently, it is obvious that an increase in the
pressure difference between evaporator and condenser
cause the temperature difference between working fluid
and finite thermal source to decrease and the result is a
reduction in the rate of entropy generation (exergy loss)
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which leads to an improvement in the exergy efficiency.
However, the difference value must not exceed beyond
its optimal value since it will lead to a rapid increase of
heat exchanger area.

180

e = B
N} N o
= S =}
T T T

Exergy destruction [kW]
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T

Ethylbenzene
80 | Nonane
O-Xylene
Propylbenzene
P-Xylene
Toluene

60 1 1 1 1 1
540 560 580 600 620 640

Temperature of hot fluid [K]

Figure. 9 The variation of exergy destruction for different working fluid

Figure. 8 and Figure. 9 show the variations of the
evaporation pressure and exergy destruction with the heat
source inlet temperature respectively. As it can be readily
seen from these figure that propylbenzene (543K)
represents significantly low evaporating pressures below
the atmospheric pressure. On the other hand, toluene
(2490 kPa) shows the highest evaporating pressure,
followed by nonane (1977kPa), Ethylbenzene (1380kPa),
P-xylene (1059 kPa) and O-xylene (843kPa). The use of
fluids representing the lowest evaporating pressures
might limit their usage since these fluids can be
considered to be more potential for ORC systems.

VI. CONCLUSION

The aim of this study was to investigate the
performance of subcritical ORC operating at various inlet
temperatures of the flue gas from 543 to 633 K with
hydrocarbons as a potential working fluid. This analysis
was carried out basing on the basic thermodynamic
theory, and parameters such as net power output, exergy
efficiency, thermal efficiency, which were evaluated and
compared among working fluid candidates. Based on this
analysis, the most suitable fluid candidates were
nominated and ranked according to the proposed
screening criteria parameters. Model calculations were
performed at fixed condenser temperature, isentropic
turbine efficiency (72%), isentropic pump efficiency
(65%) and different evaporation pressures and
temperatures. The results were obtained by adopting
evaporation pressure slightly lower than the critical
pressure of the fluid. Its lowest value is set equal to the
condenser pressure which is determined from condensing
temperature. Its highest value is set equal to the saturation
pressure corresponding to the saturation temperature in
order to limit the ORC being a supercritical cycle and to
represent cycle efficiencies in the vicinity of maximum
efficiency that can be achieved with a subcritical process.
For ORC processes operating at various inlet
temperatures of hot fluid from 543 to 573K, the overall
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ranking of the working fluids for power output
optimization including heat transfer to the ORC depicts
that linear alkanes such as nonane can be better matched
to the finite thermal energy source. Beyond this range
(573-633K), aromatic hydrocarbons such as toluene,
ethylbenzene, P-xylene, O-xylene, Propylbenzene exhibt
a superior performance and they represent comparably
similar efficiencies with high cycle efficiency, exergy
efficiency, net power output, and comparably high
evaporating pressure, with only occasional slight
differences between them. Under saturated expansion, the
thermal efficiency is increased with respect to greater
evaporation pressure. Greater evaporation pressure leads
to less irreversibility rate.

Nomenclature

m mass flow rate (kg/s)
h specific enthalpy (kJ/kg)
c heat capacity in heat exchanger (kW)
p
W power (KW)
Q’ heat rate during the heat addition process (kW
® temperature of hot fluid (K)
T temperature of working fluid (K)
ex exergy flow rate (kW)
S Specific entropy (kJ/Kg.K)
=] pressure (kPa)
C average specific heat capacity for enthalpy change
plig  for liquid in kd/kmol.K
C average specific heat capacity for enthalpy change
pvap  for vapor in kJ/kmol.K
latent heat in kW/kmol
AH
Greek letters
n efficiency (%)
A gradient
Subscripts
0 reference condition
hf hot fluid
wif working fluid
sat saturation
evap evaporator
pp pinch point temperature difference
Turb,out outlet from turbine
p pump
turbine
th thermal efficiency
net net power output
c critical
ex exergy efficiency
Acronyms
ORC Organic Rankine Cycle
Indices

i index for pressrure level
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| index for enthalpy intervals for working fluid

j index for enthalpy intervals for hot fluid
n Polytropic index
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