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ABSTRACT

Energy usually plays a critical role in the development of a country. With the gradual 
decrease of available traditional fuel reserves and air pollutions problems that being followed 
by using them, the need to replace alternative renewable and sustainable options to decrease 
our dependence on fossil fuels has drawn attention. Biomass is a kind of reliable renewable 
energy that is used to derive combined heat and power systems known as the Organic 
Rankin Cycle (ORC). This paper presents of exergy analysis of three cycles which have been 
modeled by EES software for a  l aundry t hat n eeds 3 2 ( kW) p ower and 2 500 ( kg/h) 6 5 ( Co) 
hot water which hot water is our main goal in this study. In RC (gas fuel) and ORC (biomass 
fuel) power which is produced provides part of electricity needed in the laundry but for 
Boiler Proving Hot Water (BPHW) the whole electricity needed is bought from the grid. 
R245fa is a friendly environmentally organic fluid that is used in ORC as a working fl uid. 
The result of this analysis shows for the same conditions the most exergy destruction occurs 
in the boiler and the least in the pump in three cycles. It also shows the most efficiency 
of second law respectively is belongs to RC, ORC, BPHW with 0.21%, 0.16%, 9% total 
efficiency re spectively. Moreover, by  ut ilizing EES software and  gen etic alg orithm all  of the  
configurations have been optimized and compared.
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INTRODUCTION

Todays is accepted that among the greenhouse gases 
CO2 is the most effective greenhouse gas that followed by 
using fossil fuels. And CO2 has caused several damages 
such as global warming over recent years. Energy manage-
ment and renewable energy have now been increased in 

any corner of the world via various motivations and leg-
islations Combined Heat and Power (CHP) systems are a 
viable option which also can mitigate the environment pol-
lutions, and can enhance performance [1,2]. Electricity is 
a necessity for our modern lifestyle, but currently there is 
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no accessibility for around 1.5 billion people worldwide to 
electricity and up to a billion more have access to electric-
ity that comes from unreliable networks [3]. There is still 
a huge demand for electricity generation and old fashion 
steam turbine generators driven by burning fossil fuels. It 
is widely believed that so many major environmental prob-
lems such as air pollution, increasing temperature of our 
planet, ozone layer depletion and acid rains have caused 
by the growing consumption of fossil fuels. Accordingly, 
renewable energy resources, such as solar, geothermal and 
biomass energies are used in distributed power production 
in a small-scale platform [4 and 6]. In recent years, the ten-
dency of scholars and industries was generally attracted to 
saturated ORC cycles. 

Biomass-fired Organic Rankin Cycles (ORCs) can be a 
good choice for sustainable, reliable and friendly environ-
mentally energy sources in micro-scale CHP applications 
[10]. Some of the advantages that are presented by ORC 
systems compared with conventional power generation 
systems are economically efficient, performance enhance-
ment, and high reliability [11, 12]. The ORC represents a 
reliable response to a power production problem. The ORC 
systems ensure high efficiencies for low-temperature heat 
in comparison with other methods [12 and 13]. 

Working fluid in ORCs is the most effective factor inef-
ficiency of these cycles, the use of an organic fluid with 
lower boiling point make ORC system advantageous over 
conventional Rankin cycles. Hence, the selection of the 
working fluid has to consider as a pivotal key for the maxi-
mization of the ORC overall efficiency [14-19]. 

These days unlike convention systems that produce 
power and heating separately, the combined heat and 
power (CHP) systems make heat and power simultaneously 
and effectively especially in small scales while it is capable 
of saving energy [20-23]. Although the Rankine cycle is 
thermodynamically less efficient than the idealized Carnot 
cycle, the Rankin cycle is feasible. As we mentioned an ORC 
system works with organic fluids at low temperatures and 
does not need a superheating process while the water steam 
Rankin cycle requires superheating to avoid erosion of the 
turbine blade, [24]. Because of less capital and maintenance 
costs and with considering to use of non-eroding, non-
corrosive and low temperature working fluid. An ORC tur-
bine is more appropriate and efficient than a steam-driven 
turbine [25, 26]. Therefore, the ORC is much more suitable 
than conventional steam turbines for small plants from a 
limited kW to some hundreds of kW power and heating. In 
fact, a remarkable difference between RC and ORC is the 
temperature of heat available to align the demand, which is 
significantly lower in the case of ORC [27-28].

Today, in developed countries, there is a comprehen-
sive view of energy management and saving, economy 
and Environment [29]. So that optimization and energy 
management is considered as a new energy source. One of 
the methods to optimize energy consumption is applying 

ORC systems for the utilization of low-temperature energy 
resources such as, geothermal, solar, biomass and waste 
heat recovery gas turbines and diesel engines and indus-
trial chimneys. ORC systems are the modified model of 
the Rankine cycle for use of low-temperature heat source. 
This cycle consists of a thermal oil circulation orbit which 
passes heat from heating source to working fluid, the heat 
source can be flue gas of a gas turbine, microturbines, fuel 
cells or internal combustion engine [30, 31]. This cycle is 
closed and without any solid and liquid contaminants, that 
do not produce greenhouse gases. In addition to environ-
mental benefits, the ORC system has small dimensions 
and the cost of the equipment is also justified [32]. Jamali 
et al. [33] performed energy, exergy and exergoeconomic 
analyses on multi-generation energy system. They also con-
ducted multi-criteria optimization to maximize the exergy 
efficiency and minimize the cost. The parametric study they 
carried out revealed the effect of several parameters on per-
formance of the system. In another study, Bademlioglu et al. 
[34] developed a geothermal-based cycle including an ORC 
system. They compared R123, R152a, R245fa and R600a,
which R152a had maximum exergy efficiency. They also
applied pinch point analysis to enhance the performance
of the cycle. Ghasemi et.al [35] evaluated a Solar-fueled
CCHP dealination system based on exergy, and energy
aspects. Their system had potential to produce 802.5 kW
electricity, 10391 kW heating load, 5658kW cooling loa and 
9.328 kg.s-1 drinking water. Moreover, that systems energy
and exergy efficiencies were 61% and 7% respectively.
Shikalgar and Saoali [36] analyzed common refrigeration
systems and tried to introduce innovative design by using
hot wall air cooled and specific shells in it. The results illus-
trated that by employing this method the COP is improved
by 18-20%. Bademliglu et.al [34] assisted an common ORC
cycle that used geothermal energy in it. They utilized dif-
ferent working fluids to compare their results. Final finding
showed that, the exergy performance of the mentioned sys-
tem was improved for geothermal energy resource unit flow 
rate. Moreover, their determined exergy efficiency and the
results showed that R123 has been the best working fluid,
while R152a has been the worst working fluid.

In this paper, the main objective was to compare three 
different configurations to select one for laundry applica-
tions. In these three configurations fossil fuels and renew-
able energy sources were exploited. A comprehensive 
parametric study is performed for each configuration to 
report the effect of different decision variables on the per-
formance of the system. Furthermore, genetic algorithm 
optimization was applied for each configuration in which 
exergy efficiency is selected as objective function.

METODOLOGY

In this study three-cycle have been modeled and ana-
lyze in order to select the best one environmentally and 
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economically. These cycles are supposed to be used in laun-
dry to provide 2500 (kg/h) 65 Co hot water so The main 
outputs of the proposed cycles are hot water. two cycles, 
RC and ORC moreover hot water produce electricity which 
provides part of the electricity demand of the laundry but 
in WTC the needed electricity is bought from the grid com-
pletely. The following assumptions have been considered 
for thermodynamic modeling: 

• Hot output gas is considered ideal
• All processes are steady-state
• Heat loss and leakage in the pipes is neglected
• Turbines, pumps, heat exchangers are adiabatic
Three different configurations are expressed as follows:
1.	The organic Rankine cycle with bagasse (ORC)
2.	The Rankine cycle with gas fuel (RC)
3.	Boiler Providing hot water (BPHW)
Input data for modeling has been presented in Table 1.

The Orc Power System
As it is shown in figure 1, the Organic Rankine Cycle 

(ORC) consists generally of a pump, an evaporator, a tur-
bine, and a condenser. The illustrated energy system is 
developed to meet the requirements of laundry which are 
power and heat. A biomass burner heats the R245fa using 
bagasse as biomass fuel in a closed cycle which produces 
mechanical work by the turbine. An electric generator con-
verts the mechanical energy to electricity that can be used 
in the laundry. Then, the organic fluid releases the heat 
in the condenser to the supply water that is needed in the 
laundry. The R245fa then pumped to the boiler to close the 
cycle. 

Mass, energy, and exergy balance equations which have 
been evaluated in the ORC cycle has been presented below. 
The following equation represents the power produced by 
the turbine:

�
�

W
W
tt
st=

η
(1)

Where Wst is the isentropic work of turbine and ηt is tur-
bine efficiency. And for the heat exchanger the energy bal-
ance yields following equation:

� �m h h m C T Ts s pw( ) ( )5 6 2 2− = − (2)

Where ms the flow rate of steam and ws is the flow rate of 
supply ware. The thermal power transferred to the working 
fluid in the bagasse burner is:

� �Q m LHVf f= (3)

Where the LHV of Bagasse is considered 17.7 Mj/kg. 
And energy and exergy equations for bagasse burner can be 
written as follows [36, 37]:
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� � �E m LHV m hBB BB bag Bag bag comb product= × −η ( ), 	 (5)

Exergy balance for the turbine can be expressed as:

� � � �m x W m x Xs f t s f des t4 5= + + , (6)

And exergy balance for the heat exchanger can be writ-
ten as:

� � � � �m x m x m x m x Xs f w f s f w f des hx5 1 6 2+ = + + , 	 (7)

For the pump, the exergy balance is as follows:

� � � �m x W m x Xs f p s f des p6 3+ = + , (8)

For the bagasse burner:

� � � �m LHV m x m x Xf s f s f des b+ + +3 4 , (9)

Table 1. Input data for modeling 

Component Unit Efficiency
ORC pump - 0.75
OR pump - 0.45
BPWH pump - 0.45
ORC turbine - 0.72
OR turbine - 0.75
Boilers - 0.88
Electric generators - 0.92
Supply water input temperature oC 20
Supply water output temperature oC 65
Supply water mass flow rate Kg/h 2500

Figure 1. The ORC power system.
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Where, xi and Xdes is the exergy and exergy destruction 
for each element, respectively.

The Rankine Cycle (Rc)
As can be seen in figure 2 the process and also equa-

tions in this cycle areas the same as ORC that we explained 
before, one of the differences between these two cycles is 
their working fluids. Steam is the working fluid in RC while 
in ORCs the working fluid is an Organic fluid in which 
R245fa is used in the ORC that presented in this study. 
Moreover, the fuel of the RC system is considered to be 
natural gas.

Boiler Providing Hot Water (BPHW)
BPHW system consists of a pump, a boiler and a heat 

exchanger as illustrated in figure 3. The pump supplies the 
subcooled water to the boiler where the water is heated 
and vaporized (state 3). The high-pressure vapor flows into 
the heat exchanger (state 4) and the temperature of sup-
ply water increased from 20 up to 65oC and left the heat 
exchanger (state 2). The vapor after transferring its heat to 
supply water, changes to saturated water and is pumped 
back to the evaporator (state 5) and the cycle is completed. 

Mass and energy balance equations have been presented 
as follow:

Energy balance for the heat exchanger:

� � �m h Q m hs hx s4 5+ + (10)

For the pump, actual work transfer to pump expressed 
as follows:

�
�

W
W

p
sp

p

=
η (11)

Where, Wsp is the isentropic work of pump, and ηp is the 
efficiency of the pump. Exergy balance for heat exchanger:

� � � � �m x m x m x m x Xs f w f s f w f des hx5 1 6 2+ = + + , 	 (12)

And exergy balance for the pump:

� � � �m x W m x Xs f p s f des p6 3+ = + , (13)

Exergy balance for the boiler can be expressed as:

� � � �m LHV m x m x Xf s f s f des b+ = +3 4 , 	 (14)

SENSITIVITY ANALYSIS FOR PROPOSED 
SYSTEMS

Sensitivity Analysis For Bwhp System
The figure 4 illustrates impact of the temperature varia-

tion of inlet water in heat exchanger at range of 10oC to 
30oC on exergy efficiency and exergy destruction. As it can 
be seen in mentioned figure, by increasing the temperature, 
the exergy efficiency is improved from 7% to 10%, while, 
exergy destruction rate is decreased from 170 kW to 100 
kW. 

Figure 5 shows the effect of the alteration of outlet tem-
perature on exergy efficiency and exergy destruction. In the 

Figure 2. The RC system.

Figure 3. The BPHW system.

Figure 4. impact of the temperature variation of inlet water 
in the heat exchanger.
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range of 50oC to 70oC, both thermal efficiency and exergy 
destruction of the whole system have been increased. On 
the other hand, even though exergy destruction has been 
increased, the reason for increasing exergy efficiency is 
improving in the exergy of products. In fact, improving 
in exergy of the product has overcome the increasing of 
exergy destruction. 

Impacts of the temperature of stream 4 on the exergy 
efficiency and overall exergy destruction have been illus-
trated in figure 6. As it is clear, with the increasing men-
tioned temperature from 350oC to 550oC, both target 
functions consist of overall exergy destruction and exergy 
efficiency did not change significantly. The reason for men-
tioned phenomenon is the independent relation between 
those parameters.

With changes in the pressure of stream 4, the results of 
the effects of this parameter on exergy efficiency and total 
exergy destruction have been shown in figure 7. As it is 
vivid, the pressure varying from 6000 to 10,000 kPa has a 
similar effect on the temperature of stream 4 on the exergy 

efficiency and total exergy destruction, and these two 
parameters are approximately independent of the pressure 
of stream 4. The results of the sensitivity analysis in this sys-
tem show that the effects of the inlet and outlet temperature 
of the heat exchanger on exergy efficiency and total exergy 
destruction are greater.

Sensitivity Analysis Of Rankine System
In this system, firstly, the behavior of exergy efficiency 

and total exergy destruction with changes in the inlet tem-
perature of the heat exchanger has been shown in figure 
8. By increasing inlet temperature at the system required
water, the exergy efficiency is improved. On the other hand,
the amount of overall exergy destruction in the mentioned
system by inlet temperature changes of the heat exchanger
is decreased from 170 kW to 110 kW.

The impact of outlet temperature of the heat exchanger 
on total exergy efficiency and overall exergy destruction 
has been figured in figure 9. with a variation of mentioned 
temperature between 50oC to 70oC, the exergy efficiency 

Figure 5. effect of alteration of outlet temperature on exergy 
efficiency and exergy destruction.

Figure 6. Impacts of the temperature of stream 4 on the 
exergy efficiency and overall exergy destruction.

Figure 7. effects of pressure of stream on exergy efficiency 
and total exergy destruction.

Figure 8. the behavior of exergy efficiency and total exergy 
destruction with changes in the inlet temperature of the 
heat exchanger.
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is increased 2% from 19% to 21%. On the other hand, the 
exergy destruction of the system is changed by increasing 
the mentioned temperature from 93 kW to 153kw. Also, in 
this situation, exergy destruction is increased, increasing 
exergy efficiency can be justified by the point that, when 
mentioned temperature improves, increasing of exergy of 
products is greater than the amount of increase in total 
exergy destruction. So, the final result of the mentioned cir-
cumstance is increasing in the exergy rate of products. 

The input temperature of the turbine has been increased 
from 350oC to 600oC, and behaviors of the total exergy 
destruction and exergy efficiency effected by the mentioned 
changes have been reported in figure 10 . As can been seen, 
increasing in the mentioned parameter, improves exergy 
efficiency from 205 TO 22.3%. Moreover, increasing of that 
temperature, makes neglectable impacts on total exergy 
destruction of the system.

Changes in exergy efficiency and total exergy destruc-
tion are shown by changing the turbine inlet pressure in 
figure 11. As can be seen, exergy efficiency changes from 

20% to 21.4% as the turbine inlet pressure increases from 
6,000 to 10,000 kPa. Such as the previous figure, men-
tioned change has an infinitesimal impact on exergy 
destruction behavior of the system, also mentioned behav-
ior is upward. 

System Sensitivity Analysis
In the figure12, effects of the inlet temperature of the 

heat exchanger or the temperature of stream 1 on exergy 
efficiency and total exergy destruction have been shown. 
As is clear, exergy efficiency increases from 14.8% to 17.2% 
with an increase in temperature of stream 1. On the other 
hand, similar to the diagrams which examined the effects 
of the temperature of stream 1, total exergy destruction has 
been markedly reduced.

In figure 13, it can be seen the effects of heat exchanger 
output temperature changes on exergy efficiency and total 
exergy destruction. The output temperature of the heat 
exchanger increases the exergy efficiency of the system with 
increasing from 50oC to 70oC. In fact, the exergy efficiency 

Figure 9. The impact of outlet temperature of heat exchanger 
on total exergy efficiency and overall exergy destruction.

Figure 10. Behaviors of the total exergy destruction and 
exergy efficiency affected by changes in the inlet temperature 
of the turbine.

Figure 11. Changes in exergy efficiency and total exergy 
destruction effected by changing the turbine inlet pressure.

Figure 12. Effects of the inlet temperature of the heat 
exchanger or the temperature of stream 1 on exergy 
efficiency and total exergy destruction.
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pressure of the turbine in the range between 1500 to 2300 
kPa, the exergy efficiency is increasing and increases from 
14.9% to 16.5%, while, total exergy destruction faces with 
increasing in the mentioned range of pressures. 

As it is shown in Figure 15, the second law of efficiency 
increases with rising the boiler outlet temperature for every 
three cycles, ORC has higher efficiency at low temperature. 
Hence, the ORC system is more efficient in comparison 
with two others for low-temperature heat sources. Heat 
sources such as biomass and other renewable energies, 
waste heat of energy-intensive industries can be a suitable 
source of energy as low-temperature sources, which also 
are environmentally benign. In this case the ORC would be 
more economically due to the fact that the biomass that has 
been used (Bagasse) is nearly free.

In Figure 16 Exergy destruction of all components 
(Turbine, Pump, Boiler, Heat exchanger) in each cycle has 
been presented, the boiler has the most exergy destruction 

is improved from 14.4% to 16.6%. On the other hand, the 
total exergy has been increased significantly, and it has been 
increased from 92 kW to 150 kW. As a nutshell, also the 
exergy destruction has been increased, due to the greater 
amount of increased exergy of products the exergy effi-
ciency of the system has been increased. 

In this figure 14, the effects of turbine inlet tempera-
ture on the exergy efficiency of the whole system and on 
the total exergy destruction have been shown. As can be 
seen, increasing the inlet temperature of the turbine in the 
range of 110 to 150°C increases the total exergy efficiency 
from 13.77% to 16%, although no significant changes in the 
exergy efficiency are observed at temperatures above 135°C. 
On the other hand, the total exergy destruction increases 
slightly with the experience of minor changes as the turbine 
inlet temperature changes.

Figure 14 illustrates the effects of the turbine inlet pres-
sure on total exergy efficiency and overall exergy destruc-
tion. Unlike the previous figure, with improving the inlet 

Figure 13. Effects of heat exchanger output temperature 
changes on exergy efficiency and total exergy destruction.

Figure 13. Effects of turbine inlet temperature on the 
exergy efficiency of the whole system and on the total 
exergy destruction.

Figure 14. Effects of the turbine inlet pressure on total 
exergy efficiency and overall exergy destruction.

Figure 15. Second law Efficiency changes with Boiler 
output temperature.



J Ther Eng, Vol. 8, No. 3, pp. 391–401, May 2022398

As it can be seen in figure 18, RC configuration has 
higher turbine power output and less fuel consumption 
than ORC configuration. This is due to the fact that the fuel 
of RC configuration is natural gas that has more LHV in 
comparison with Bagasse in ORC configuration.

OPTIMIZATION

 In this section, a single-objective optimization has been 
conducted for each proposed system in order to maximize 
the exergy efficiency of the system. In the first step, for max-
imizing target function, independent parameters have been 
selected for each system. In order to mentioned optimiza-
tions in EES software, the genetic algorithm method has 
been utilized. The mentioned method is a technical seek-
ing for finding the best and optimized point based on the 
natural selection process. The mentioned algorithm like the 
evolution process uses some biological techniques such as 
inheritance and mutation. This algorithm which has been 
invented by John Holand in 1967, is one of the random 
optimization methods that have received particular atten-
tion in the field of energy engineering and multiple genera-
tion systems. Tables 2 and 3 indicate the decision variables 

in each case. Also, the average exergy destruction in all 
components is close in ORC and RC configurations.

Figure 17 reports the comparison between thermal, 
second law and Exergy efficiencies in each configuration. 
The results define that the most exergy and second law effi-
ciencies is belonged to RC, and ORC and BPHW follows 
that respectively. The thermal efficiencies for all configura-
tions are close. According to the figure, the performance of 
the ORC and RC configurations are close that suggesting 
depends on the temperature of the heat source one of them 
could be preferable. 

Figure 16. Exergy destruction distribution for RC, ORC 
and BPHW.

Figure 17. Second law, thermal and exergy efficiencies for 
each configurations.

Figure 18. Pump inlet power, turbine power output power 
and fuel mass flow rate for all configurations.

Table 2. decision variables for the optimization for RC and 
BHWP systems

Case studies From To
T1 (°C) 10 30
T2 (°C) 50 70
T4 (°C) 350 600
P4 (kPa) 6000 10000
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h Specific anthalpy(KJ/Kg) 
LHV Low Heating value (kJ/kg)
ṁ	 Mass flow rate (Kg/s)
ORC Organic Rankine Cycle
Q̇	 Thermal power (Kw)
T 	 Temperature (Co)
Ẇ	 Power (Kw)
BPHW	 Boiler providing hot water
SLE Second Law Efficiency
X 	 Exergy (Kw)
RC	 Rankin Cycle
x	 Specific exergy (kj/kg)
Xdes 	 Exergy distruction (Kw)
η	 Efficency
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for the optimization and the specified interval for them. 
Moreover, in tables 4 to 6, the results of the optimization of 
each system and the initial results are compared.

CONCLUSION

With considering to results we find out that both ORC 
and RC are more efficient than BP because more over the 
hot water, which is our main goal in this study for a laun-
dry, power is produced in RC and ORC that can be used 
for providing part of electricity needed in the laundry. With 
a comprehensive view towards energy, economy, environ-
ment we find that in near future, with depleting fossil fuel 
reservoirs and getting more attention into environmental 
issues we have to use renewable energy sources which have 
low temperature, more than before, therefore use of ORC 
will be more efficient and justified.

• Energy efficiency for BWPH, RC, and ORC are
respectively 88%, 86%, and 87%.

• Exergy efficiency for BWPH, RC, and ORC are
respectively 8.9%, 20,9%, and 16%.

• Highest exergy destruction in all three configura-
tions belongs to boiler, and in the second-place heat
exchanger destroys the exergy.

• Genetic algorithm optimization increases the exergy
efficiency for BWPH, RC, and ORC up to 10.73%,
24.33%, 18.41%, respectively.

NOMENCLTURE 

Cpw	 specific heat at constant pressure (J/kgK )
CHP	 Combined Heat and Power
EES	 Engineering Equation Solver

Table 3. decision variables for the optimization for ORC 
systems

Case studies From To
T1 (°C) 10 30
T2 (°C) 50 70
T4 (°C) 110 160
P4 (kPa) 1500 2500

Table 4. Result of optimization for BWPH system

Parameter Best Base
T1 30 20.15
T2 70 65.15
T_4 600 450.2
P_4 6000 8188
Eta_ex 10.73 8.9
Ex_des 117.855 135.247

Table 5. Result of optimization for RC system

Parameter Best Base
T1 30 20.15
T2 70 65.15
T4 600 450.2
P4 10000 8188
Eta_ex 24.33 20.9

Ex_des 121.551 138.727

Table 6. Result of optimization for ORC system

Parameter Best Base
T_1 30 20.15
T_2 70 65.15
T4 160 130.2
P4 2500 2000
Eta_ex 18.41 16.07
Ex_des 119.647 137.086
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