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Graphical abstract Abstract

A simulation model of Organic Rankine Cycle (ORC) was developed with HYSYS software
driven by R245fa, with NOVEC7000 and R141b as working fluids and Fluegas of boilers as a
heat source of shell and tube Heat Exchanger to generate large scale electricity. The initial
working condition was in subcooled liquid and steady state condition. R141b was found to
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1.0 INTRODUCTION

Nowadays, various governments have fried to utilize
the greenhouse gases such as Fluegas produced from
boilers to increase the efficiency of fuels and decrease
the negative aspects of these kinds of gases such as
global warming and also air pollution. As the grade of
temperature of this type of gas is slightly higher,
therefore it can be used in some thermodynamic
effective cycles [1-3]. Toward this end, it is proposed
that various thermodynamic cycles be considered.
These include the Organic Rankine Cycle, Supercritical
Rankine Cycle, Kalina Cycle, Goswami Cycle, Trilateral
Flash Cycle, and Transcritical Rankine Cycle, which are
driven by a number of refrigerant working fluids and
they simulate and carry out the conversion of low-
grade heat sources into electricity [4].

ORC thermodynamic cycle has a number of
advantages such asL its simple structure, the
availability of its components, the ease of application
for local small-scale power generation systems, and
driven by low-grade heat sources with temperature
lower than 370°C and below this temperature called
low-grade temperature in industry. The structure of
ORC thermodynamic cycles is similar to a typical
Rankine Cycle (RC) which uses water as a working
fluid, but in ORC systems the organic fluids especially
refrigerant fluids are used as working fluids with high
crifical coordinate values, because of lower specific
vaporization [5-8,2].

Pei et al. [9] designed and investigated an ORC
thermodynamic cycle using R123 as a working fluid
and turbine shaft power for generating the electricity.
The electric power and cycle efficiency showed 1KW
and three percent respectively. Hun investigated an
ORC system by using R245fa as a working fluid and
also used a radial turbine coupled with a high-speed
generator designed for thermodynamic properties of
working fluid used in this study. It was found that the
maximum average cycle, turbine efficiencies, and
electric power were 5.22%, 78.7%, and 32.7KW,
respectively [10]. Baomin et al. using the Transcritical
Rankine Cycle (TRC) compared a number of working
fluids such as pure CO2 and zeotropic mixtures

composed of CO2; mixed with R32, R1270, R161,
R1234yf, R134a, R152a, and R1234ze according to
Ireversibility and exergy of component of TRC
thermodynamic cycle to produce higher electric
energy [11].

This study first aftempts fo investigate R245fa from
HFC refrigerant fluids group; secondly, it investigates
NOVEC 7000 from HFE refrigerant fluids group, and
thirdly, R141b is considered from HCFCs group as
refrigerant working fluids, because of high heat of
vaporization (Ahvep.) and high density in vapor state
(Pvap.), compared with other refrigerant fluids. An ORC
thermodynamic cycle is then designed and simulated
by using these refrigerant working fluids and driven by
Fluegas [12]. The Fluegas, which is used in this ORC
thermodynamic cycle is produced from codl,
especially Bituminous coal that is used as a source of
combustion fuel in boilers to produce Fluegas [13].

The majority of current researches have used the
particular initial working condition such as: crifical,
super critical, and so on, to start the thermodynamic
cycles for generating electricity at a high cost to carry
out these non-simple working conditions. However, this
study attempts to generate large-scale electricity that
is suitable for industrial use (>3MW) by using the steady
state and subcooled liquid working conditions.

This current study was carried out to evaluate the
large scale electricity generated by Expander from the
ORC thermodynamic cycle between R245fa, NOVEC
7000, and R141b as working fluids and driven by
Fluegas and using HYSYS simulation also focused on
total heat transfer capacity and the efficiency of ORC
between each working fluid by theoretical formulas.

2.0 MODELING AND EXPERIMENTAL SECTION

2.1 Simulation of ORC Thermodynamic Cycle

To start the simulation of ORC thermodynamic cycle
by HYSYS using the initial data shown in Table 1 is
necessary. As shown in this table the working fluids
should be in the subcooled liquid and normal working
condition to start the ORC simulation.

Table 1 Initial data needed to simulate ORC in HYSYS

Initial Parameter Valve
Mass Flow Rate, mggc [Kg/h] 15%10¢-30%x106
Phase Fraction of Working Fluid (Inlet of Separator, Outlet of Pump, Outlet of Cooler) 0
Phase Fraction of Working Fluid (Outlet of Heat Exchanger, Inlet and Outlet of 1
Fluegas, Outlet of Expander)
Inifial Mole Fraction of Working Fluid 0.9
Initial Mole Fraction of H20 0.1
Mole Fraction of Fluegas (H20, COz2, N2, O2) 0.19,0.09, 0.7, 0.02
Initial Temperature (Inlet of Separator),Ti [°C] 5
Temperature (Inlet of Fluegas), Truegasin [°C] 200
Temperature (Outlet of Fluegas), Tavegas out [°C] 80
Inifial Pressure (Inlet of Separator), Pi [KPa] 101.3
Pressure (Outlet of Pump), Poutiet of pump [KPQ] 250
Pressure (Outlet of Heat Exchanger), Poutiet of v [KPQ] 200
Pressure (Outlet of Expander), Piniet of ex [KPQ] 180
Pressure (Outlet of Cooler), Poutiet of cooler [KPQ] 101.3
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As can be seen from Figure 1, first of all, in the present
ORC thermodynamic cycle, which is simulated by
HYSYS software, working fluids streams are not
completely pure and have small amounts of mole
fraction of H20 (90% working fluid and 10% H20). For
purification to increase the mole fraction of working
fluids, in subcooled liquid, normal, and steady state
working condition, in 15x10¢ - 30x10¢Kg/h as range of
mass flow rate at liquid phase (phase fraction = 0),
working fluids transfer to a separator (S-100). Then
working fluids enter the Heat Stream Pump (P-100) to
adjust the fluid flow from laminar flow fo turbulent
flow and increase the pressure of working fluids o
250KPa. Then, working fluids enter the shell and tube
Heat Exchanger (H.E-100), to exchange the phase of
these working fluids from liquid to gas, which needs a
heat source named Fluegas of Boilers. Fluegas has
160 - 240°C range of temperature but as a confrol
temperature of inlet stream of Fluegas, set to 200°C
and as a control temperature of outlet stream of
Fluegas, set to 80°C. In the present shell and tube
Heat Exchanger the temperature of each working
fluid is increased but the pressure of each working
fluid is reduced to 200KPa. After the exit of these
working fluids from this heat exchanger (H.E-100),
working fluids in gas phase enter the Expander (E-
100) where they cause the rotation of the seal shaft
to produce the Electricity energy. The pressure of
working fluids at the Expander decreases to 180KPa.
Following the exit of these working fluids from the
Expander, and then in order to recover these working
fluids, and return them to the present ORC
thermodynamic cycle, involves changing the phase
of these working fluids from gas to liquid. This is to be
used again in the ORC thermodynamic cycle to
enter the Cooler (C-100) which is working by
refrigerant fluid or cooling water in tferms of kinds of
working fluid. In this equipment the temperature and
pressure of each working fluid revert to the pressure
and temperature at the first section of ORC system.

2.2 Advantages of Applying Recycle (RCY-1) to
Close Current ORC

The last equipment in the present ORC
thermodynamic cycle is Recycle (RCY-1). This
exclusive equipment is applied for a number of
important reasons, such as closing the ORC
thermodynamic cycle without any error in each
equipment and with the present ORC becoming
reversible for recycling the working fluids. It also
involves setting the initial temperature of each
working fluid stream at the first section of ORC at the
inlet of the separator to near their boiling point
temperature to increase the efficiency of the ORC,
and enhance the performance of shell and tube
Heat Exchanger (H.E-100), and to decrease the
period of standing of each working fluid at H.E-100 to
prevent deposition and pressure drop at H.E-100.
Another reason to use this RCY-1 is the function of the
Separator, in dewatering from working fluid stream at

the first section of ORC system that is increasing the
mole fraction of each working fluid from 0.9 to 0.9998
and decreasing the mole fraction of water of each
working fluid from 0.1 fo 0.0002.

Working
Fluid+H20

Working Working
Fluid (1) Fluid (2)

Heat St
RCY-1 ¢ Bl Fluegas (1)

A0
Li 30M
»

N Air Cooler 4 H.E-100

N

i 5 Working

G ) Fluegas (2)
Fluid (4) !"

Electricity E-100

Figure 1 Schematic of ORC Process Driven By R245fq,
NOVEC7000 and R141b as Working Fluids

2.3 T-S Diagram of ORC

Figures 2, 3, and 4 illustrate the effects of differences
of temperature on Enfropy at each component of
the present ORC system for R245fa, NOVEC7000, and
R141b as working fluids, respectively. According to
the slope of the saturafion vapor curve on the T-S
diagram (dT/dS), the working fluids can be classed as
wet, isentropic or dry fluids. For wet fluids, the vapor
saturation curve has a negative slope, resulting in a
two-phase mixture upon isentropic expansion. Dry
fluids have a positive slope, while saturated vapor
curve of an isentropic fluid is a nearly vertical line
(Expander line). Also, after defining €= dS/dT, the
types of working fluids can be predicted. That is, € <
0: a wet fluid, € ~ 0: an isentropic fluid, and € > 0: a
dry fluid. € can be calculated by using the Eqg. (1)
presented in [14].

CpinletofH.E _ (Tl. TTH)/(l - TTH) +1

Toutlet of HE

€=

Tz AI-IHE (])
outlet of H.E

where € is the inverse of the slope of the safturated
vapor curve on the T-S diagram, T, (=—uletolHE

Toutlet of Cooler
denotes the reduced Heat Exchanger temperature,
AHu e represents the enthalpy of vaporization, and n is
suggested to be 0.375 or 0.38 [15]. Equation € and
slope of saturation line can be classified as R245fa,
NOVEC7000, and R141b as working fluids of current
ORC as mentioned in Table 2.
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Table 2 Classification of R245fa, NOVEC7000, and R141b as working fluids in terms of equation

Working Fluids Toutlet of H.E Toutlet of cooler TeH Cp inlet of H.E AHu e £ Type
(°C) (°C) (°C) (Kj/Kg)
R245fa 33.40 14.69 2.274 0.696 200 0.586 Isentropic
NOVEC7000 54.40 33.67 1.616 0.6244 139 -0.0636 Isentropic
R141b 53.03 31.62 1.677 0.8288 231 -0.146 Isentropic

Figure 2 shows R245fa as working fluid, process 1-2
is the isothermal and isobaric dewatering process in
the Separator. Following that, Process 2-3 is the
compression process that is near to isentropic at
Pump, but the state point 2' shows the isentropic
process of the working fluid at Pump.

However, Figures 3 and 4 reveal the T-S diagrams
for the current ORC, which is driven by NOVEC7000
and R141b as working fluids. Process 1-2 is the
isothermal, isobaric, and isentropic dewatering
process in the Separator. After that Process 2-3 is the
isenfropic compression process atf Pump. Then, in
terms of Figures 2, 3 and 4, process 3-4 is the working

fluids stream at shell and tube Heat Exchanger, and
process 4-5 illustrates the working fluid stream at
Expander, and the stream of each working fluid at
this instrument is the same as the pump which is near
to Isentropic.

However, the state point 5 shows the isentropic
process of the working fluid at the Expander. And the
state point 5 shows the superheated vapor condition
of the working fluid. Also, the state point 6 is located
at the saturated vapor line. Process 5-1 indicates the
working fluid at Cooler and Recycle. These state
points are calculated by HYSYS simulation software.

T (°C)

Fluegas

T ATpinch Cooler (R245fa)

S (Kj/Kg °C)

\ Refrigerant 1

Figure 2 T-S Diagram of ORC for R245fa

The following pinch temperature differences are from
these T-S diagrams:

ATpinch H.E (R245fa) = 46.620C

ATpinch Cooler (R245fa) = 38.69°C

ATpinch H.E (NOVEC7000) = 25.60C
ATpinch Cooler (NOVEC7000) = 8.67°C
ATpinch HE (R141b) = 26.97°C
ATpinch Cooler (R1410) = 6.620C
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T(°C)

Fluegas

T @ ATpinch Cooler (NOVEC7000)
R Cooling
Water

S (Kj/Kg °C)

Figure 3 T-S Diagram of ORC for NOVEC7000

Fluegas

Cooling
Water

S (Kj/Kg °C)

Figure 4 T-S Diagram of ORC for R141b
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3.0 THE THEORETICAL FORMULAS OF ORC

3.1 Total Heat Transfer Capacity (UA)iotal

The total heat transfer capacity (UA)iota, Which has
been used to evaluate the cost of heat exchangers,
can approximately reflect the total heat transfer
area of heat exchangers in the ORC system [16,17].
The (UA)tota could be evaluated by the following
equations:

QH E Qco.oler
UA =— 4t — 2
( )total ATH.E + ATcoole‘r ( )
. _dhyg )
Que = ar My r(Routter — Rintet) (3)
. dhcoor .
Qcooler = doto =L = My r (Rinter — Routiet) (4)
ATH.E = Touttet — Tiniet (5)
ATcooter = Tintet — Toutiet (6)

where (UA)iotal is the total heat transfer capacity, Qu g
and Qeeoler are the heat rates injected and rejected,
respectively, ATy g and AT.qeer Are the maximal and
minimal temperature differences at the heat
exchanger and cooler, respectively.

3.2 Total Efficiency of ORC (norc)

The second law of thermodynamics limits the
maximum efficiency that can be achieved with low
temperature of waste heat streams (Fluegas). When
heat is added at a constant temperature, e.g. when
a latent heat source is available, the total maximum
efficiency of ORC, is determined by the Carnot cycle
efficiency:

Toutlet of HE — Toutlet of Cooler

Norc = T
outlet of HE (7)
-1 Toutlet of Cooler
Toutlet of HE

where norc is the total maximum efficiency of ORC.
Toutlet of HE IS the absolute temperature at which heat is
absorbed (it means at the outlet of Heat Exchanger),
and Toutlet of Cooler IS the absolute temperature at which
heat is rejected (it means at the outlet of Cooler).
Lars and William [18] also used this equation.

4.0 RESULT AND DISCUSSION

The net power output of the Expander is different for
each working fluid, which drives ORC at the same
condition and same thermodynamic characteristics
as shown in Figure 5 for R245fa, NOVEC7000, and
R141b as working fluids of ORC. These working fluids
are dry and contain 0.9 mole fraction pure working

fluids and 0.1 mole fraction water at section 1; it
means at the inlet of the separator. The highest
range of net power output of the Expander is about
6766KW to 13530KW when R141b is adopted. The
middle net power output of the Expander is about
4409KW to 8817KW corresponding to NOVEC7000,
and the lowest net power output, which belongs to
R245fa, has a range between 3204KW and 6408KW.
One of the foremost reasons for explaining different
net power outpufs of the Expander atf different
specific mass flow rates of different working fluids is
that it can be deduced that the larger net power
oufput will be produced when the critical
temperature of the working fluid approaches the
temperature of the waste heat source. For adopting
this reason with current results which are shown in
Figure 5, reference should be made to the critical
temperature of R141b, NOVEC7000, and R245fa
which are assigned at 204.10C, 165°C, and 154°C,
respectively. Furthermore, the temperature of
Fluegas at inlet of Heat Exchanger is 200°C, and it
means the highest, middle, and lowest amounts of
net power output of the Expander should belong to
R141b, NOVEC7000, and R245fa. These results, in
terms of the above reason are in agreement with the
results of Hysys simulation of the present ORC, as
shown in Figure 5. Another but less important reason is
the Polytropic efficiency of the Expander.

—— R245fa —=— NOVEC7000 R141b
16000
14000 - T
a? - T-1
3 12000 - T+ *
22 I
5 ¥ 10000 - T+ +
dc_,s_ T T L
O3 8000 - T+ +
23 |
S g2 60004+
s
3 4000 -
L
2000 -
A A A L Q@
QY QY QY QY QY QY QS QYR
SEFIIEE L FFF

NTNTNT AT T 0T a0 Ty
Mass Flow Rate Of Working Fluid (Kg/h)

Figure 5 The net power output of Expander of ORC
thermodynamic cycle at different specific mass flow rates
of different working fluids. Error bars represent standard
errors of the mean

This thermodynamic parameter has a linear
relafionship with the net power output of the
Expander of the ORC thermodynamic cycle at
different specific mass flow rates of different working
fluids. In terms of investigating the Polytropic
efficiency of working fluids at the Expander, R245fa
has the lowest Polytropic efficiency at the Expander,
and has the lowest amount of power generated at
the Expander. All in all, in the present study, the best
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choice of working fluids in terms of net power
generated by the Expander is R141b. This result is
similar to Chao et al. [19].

Figure 6 compares the opfimum pressure of working
fluids at the inlet of the Expander and the
temperature of the working fluids at the inlet of the
Expander; whereas, the optimum pressure of working
fluids at the inlet of the Expander has a linear
relationship with the temperature of the working fluids
at the inlet of the Expander. As shown in Figure 7, the
optimum pressure of working fluids at the inlet of the
Expander has a positive strong correlation on the
amount of electricity generated by the Expander
and also the power generated by the cooler and as
aresult the net power output of the ORC. As shown in
Figure 6 the highest, middle, and lowest
temperatures of working fluids at the inlet of
Expander are NOVEC7000, R141b, and R245fa,
respectively. And also for Electricity generated by the
Expander, the highest, middle, and lowest are R141b,
NOVEC7000, and R245fq, respectively.

" —+— R245fa —=— NOVEC7000 R141b
ZT 204
5 203 -
595
L8g 202 -
§§§ 201 -
X
SWE 200 -
2 199 -
L
300 198 -
O =
£s 197 -
© 19

0 10 20 30 40 50 60
Temprature Of Working Fluids At Outlet Of Heat
Exchanger Or Inlet Of Expander (°C)

Figure é The impact of optimum pressure of working fluids
at inlet of Expander with temperature of working fluids at
inlet of Expander. Error bars represent standard errors of the
mean

Due to the fact that in the present ORC
thermodynamic cycle, after closing the cycle with
the Recycle instrument, the temperature of each
working fluid is set to near the boiling point of each
working fluid to increase the efficiency and economy
of the heat exchanger and also the present ORC
thermodynamic cycle; hence ,sometimes for a
number of refrigerant working fluids which have
greater differences of thermal energy among each
other, the thermal energy converts to electrical
energy in the Expander and this is one of the
important reasons for the different levels of electricity
generated in the Expander by R245fa, NOVEC7000,
and R141b as working fluids. To sum up, the suitable
choices and selection of working fluids are R141b
and NOVEC7000. These results are similar to reported
results by [11] who worked on Trans-critical Rankine

Cycle (TRC systems) driven by some zeotropic mixture
of working fluids.

—+— R245fa —s— NOVEC7000 R141b
18000
16000 - e
14000 - L=
=
12000 - —a=

10000 -
8000 - M
6000 |y g
4000 -

2000 -
0

Electricity Generated By Expander
(KW)

196 198 200 202 204

Pressure Of Working Fluids At Outlet Of Heat
Exchanger Or Inlet Of Expander (KPa)

Figure 7 The impact of optimum pressure of working fluids at
inlet of Expander with electricity generated by Expander.
Error bars represent standard errors of the mean

Figure 8 illustrates the fotal heat tfransfer capacity
(UA)totar  for R245fa, NOVEC7000, and R141b as
working fluids at minimum mass flow rates and
maximum mass flow rates of working fluids,
respectively. Usually, the higher fotal heat fransfer
capacity (UA)wota means a higher cost of the heat
exchanger. As shown in Figure 8 the tofal heat
fransfer capacities for R245fa, NOVEC7000, and
R141b are 9.78x104 KW/OC, 6.15x104 KW/°C, and
9.86x104 KW/OC, respectively, at minimum mass flow
rates of working fluids and 1.96x105> KW/°C, 1.23x105
KW/OC, and 1.97x105 KW/°C, respectively, at
maximum mass flow rates of working fluids. Current
results indicate that R141b is highest and NOVEC7000
is the lowest, but in terms of these results the total
heat transfer capacity for R245fa is middle and near
to R141b. The first and foremost reason for the
increase and decrease of the total heat transfer
capacity (UA)tta ot these different working fluids is
the temperature differences of the heat exchanger
and cooler (AThe and ATcooler). Because this
thermodynamic  parameter has an  inverse
correlation with temperature differences of the heat
exchanger and cooler; in the present ORC
thermodynamic cycle, after closing the cycle by
Recycle instrument, the temperature of each working
fluid is set to near the boiling point of each working
fluid. This is to increase the efficiency and economy
of the heat exchanger and also present the ORC
thermodynamic cycle. The second important reason
is that it can be more influential in changing the
(UA)totar  for R245fa, NOVEC7000, and R141b as
working fluids in mass enthalpy of working fluids at
heat exchanger and cooler (Ahne and Ahcooler) With
linear relationship. The last effective reason for going
up and going down of each column of Figure 8 is the
mass flow rate of working fluids before the heat
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exchangers. Because the mass flow rate of working
fluids (my ) has a linear correlation with total heat
fransfer capacity (UA)total ., it means with increase in
the (mwp) . (UA)wota also increases. All in all, the best
choice and selection for the present ORC
thermodynamic cycle in terms of economic
considerations and cost of heat exchangers, is
NOVEC7000. However, the net power output of ORC
and total efficiency of ORC are not ideal for this
working fluid. Similar responses have been reported in
another ORC system which was simulated and
analyzed with EES (Engineering Equation Solver) by
Chao et al. [19].

250000 1.96x10° 1.97x10°
Max Max
200000 -
Q 1.23x108
< 150000 - Max
< 9.78x104 9.86x10°
E Min Min
< 100000 - I 6.15x10° I
2 Min
50000 - I
0
R245fa NOVEC7000 R141b
Working Fluids

Figure 8 The total heat transfer capacity (UA)ita Of the
ORC with different working fluids at minimum and maximum
mass flow rates of working fluids.. Error bars represent
standard errors of the mean

The total efficiency of ORC for R245fa, NOVEC7000,
and R141b at different specific inlet pressures of
Expander (E-100) can be found in Figure 9, where the
results indicate that the highest, middle, and lowest
efficiencies of ORC belong to R245fa, R141b, and
NOVEC7000, with mean value of 56.01%, 40.37%, and
38.10%, respectively. According to Figure 9, by
increasing the inlet pressure of Expander (E-100) from
197.6KPa, to 202.4KPa, the inlet temperature of
Expander (E-100) is increased dramatically. Hence,
increasing the inlet pressure of Expander leads to
increase of the inlet temperature of Expander and as
a result can increase the total efficiency of ORC for
R245fa, NOVEC7000, and R141b as working fluids. The
total efficiency of ORC is based on two thermal
parameters, the outlet temperature of Cooler (C-100)
and outlet temperature of shell and ftube Heat
Exchanger (H.E-100). Furthermore, the most important
parameter that plays a pivotal role in the differences
among working fluids is bubble point temperature of
each working fluid. This thermal parameter (bubble
point temperature of each working fluid) has an
inverse linear relation with the efficiency of ORC.
Therefore, the results suggest that, the best and more

suitable choice of working fluids in terms of ORC
efficiency is R245fa. These results concur with Naijun
et al. [20] who worked on the experimental system for
heat recovery from low-temperature Fluegas based
on the constructed Organic Rankine Cycle (ORC). In
the system, R123 was selected as the working fluid,
and a scroll expander was used to produce work,
and fine tubes heat exchanger was designed as the
evaporator. Low-temperature Fluegas produced by
a liquefied petroleum gas (LPG) stove was used as
the heat source to simulate industrial Fluegas, and ifs
temperature can be controlled within the range of
900C - 2200C. Also, this result is in agreement with that
of another result by Seok et al. [21] who used the
ORC system with a radial furbine that was directly
connected to a high-speed synchronous generator.

—o— R245fa —=— NOVEC7000 R141b
60

50 A

40 -

30 A

20 -

10 -

Total Efficiency Of ORC, nggc (%)

196 198 200 202 204

Inlet Pressure of Expander, KPa

Figure 9 The influence of different specific inlet pressures of
Expander (E-100) on the total efficiency of ORC driven by
R245fa, NOVEC7000, and R141b, respectively. Error bars
represent standard errors of the mean

5.0 CONCLUSION

The present study was carried out fo investigate and
simulate the ORC thermodynamic cycle by using
R245fa, NOVEC7000, and R141b as refrigerant
working fluids and driven by Fluegas by using HYSYS
to generate large scale electricity. In this study, inlet
pressure of Expander (197.6KPa - 202.4Kpa) and mass
flow rates of working fluids before Separator (15x106 -
30x10¢ Kg/h) play pivotal roles in generating large
scale Electricity at Expander. On the other hand, the
maximum net electricity power output from Expander
was generated when critfical temperature of each
working fluid approach to the inlet Fluegas
temperature; therefore, the highest range of net
power output of the Expander is about 6766KW to
13530KW when R141b is adopted. The middle net
power output of the Expander is about 4409KW to
8817KW corresponding to NOVEC7000, and the
lowest net power oufput which belongs to R245fa,
has a range between 3204KW and 6408KW.
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Furthermore, the total heat fransfer capacity (UA)total,
affected by different mass flow rates of working fluids,
and in ferms of economic consideration and cost of
heat exchangers, NOVEC7000 was the optimum
selection in current research. But in ferms of total
efficiency of ORC, NOVEC7000 was not an ideal
choice because of lowest efficiency (38.10%)
compared with other working fluids. Therefore,
R245fa with 56.01% total efficiency, is the best and
more suitable choice of working fluids for the present
ORC in the current study.
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Symbols
ORC
Ahvap

Pyap

Pc
Ve
ATpinch H.E (R245fa)

ATp[nch Cooler
(R245fa)
ATpinch HE
(NOVEC7000)

ATp[nch Cooler
(NOVEC7000)
ATpinch HE (R141b)

( UA Jtotal
QH.[:'
Qcouler
My f
hnutlet

hinlet

Organic Rankine Cycle
Heat of vaporization (Kj/Kg)

Density in vapor state (Kg/m3)

Critical pressure (KPa)

Critical volume (m3)

The pinch temperature difference in
Shell and Tube Heat Exchanger for
R245fa (°C)

The pinch temperature difference in
Cooler for R245fa (°C)

The pinch temperature difference in
Shell and Tube Heat Exchanger for
NOVEC7000 (°C)

The pinch temperature difference in
Cooler for NOVEC7000 (°C)

The pinch temperature difference in
Shell and Tube Heat Exchanger for
R141b (°C)

Total heat transfer capacity (KW/°C)
heat rate injected (Kj/h)

heat rate rejected (Kj/h)

Mass flow rate of working fluids (Kg/h)
Outlet Enthalpy (Kj/Kg)

Inlet Enthalpy (Kj/Kg)

Tinlet
Toutlet
Toutlet of HEE

Toutlet of Cooler
Greek Symbol
norc

Subscript

H.E

Ex

Net

W.F

vap

b.p
MW

Inlet temperature (°C)

Outlet temperature (°C)

Absolute temperature at which heat is
absorbed (it means at the outlet of Heat
Exchanger) (°C)

Absolute temperature at which heat is
rejected (it means at the outlet of Cooler)
(°C)

Total maximum efficiency of ORC

Shell and tube Heat Exchanger

Expander

Net
Working Fluid
Vaporization

Boiling Point temperature
Molecular Weight




