BITLIS EREN UNIVERSITY JOURNAL OF SCIENCE
ISSN: 2147-3129/e-ISSN: 2147-3188

VOLUME: 11 NO: 4 PAGE: 960-970 YEAR: 2022
DOI:10.17798/bitlisfen.1120885

Thermodynamic Analysis of a Combined Gas Turbine ORC Using Some
Organic Fluids

Ahmet ELBIRY", Feyza AKARSLAN KODALOGLU?, Mehmet Erhan SAHIN?
Ibrahim UCGUL!

LSiileyman Demirel Universitesi YEKARUM 32260, Isparta/TURKEY

2Isparta Aplied Science University, Technical Vocational High School, Isparta/TURKEY
(ORCID: 0000-0001-8934-7665) (ORCID: 0000-0002-7855-8616)

(ORCID: 0000-0003-1613-7493) (ORCID: 0000-0001-9794-0653)

Keywords: ORC, Cascade Abstract

Expansion Gas Turbine, Energy The increase in energy and environmental problems has led us to use sustainable

Analysis, Exergy Analysis. methods for the optimization of energy systems. In this study, an integrated Organic
Rankine Cycle (ORC) has been added to the waste heat of a cascade expansion gas
turbine in the name of innovative concepts in industrial competition. In this ORC
system, mass flow rates, pressure ratios, net powers and thermodynamic calculations
of five different fluids (R123, R245fa, R600, R365mfc and R113) were made by
operating them with a certain heat load. Accordingly, the ORC net powers of the
refrigerants were found to be 15.54kW for R123, 14.78kW for R245fa, 14.71kW for
R600, 14.78kW for R365mfc and 15.45kW for R113. With the net power of 51.4kW
from the gas turbine, the net power obtained with the R123 refrigerant used in the
ORC system is added to 15.54 kW and it has been calculated that it provides a total
net power of 66.94kW. The energy efficiency of the designed integrated system was
calculated as 66% and the exergy efficiency as 20%. It is seen that the importance of
sustainable energy in the optimization of power systems combined with ORC is

inevitable.

1. Introduction

The growing and developing world population has
brought industrial competition with it. The maximum
use of energy in the concept of industrial competition
has given rise to innovative concepts. In particular,
the sustainable use of waste heat in industry has not
only reduced fossil energy consumption but also
reduced the risk of global warming. In this context,
the use of combined power systems developed by
taking advantage of the waste heat of gas turbines has
increased considerably. The principle of operation of
these systems gets its name from the combination of
combined cycle production technologies of both gas
and steam power. A combined-cycle power plant is
based on the use of both power and hot waste heat
from a gas turbine. In some studies in the literature;
Lecompte et. al. [1], the integration of an ORC system
into a 100 MW Electric Arc Furnace (EAF) was
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performed. The effects of evaluations based on
average heat profiles, a vapor buffer, and optimized
state and ORC architectures have been studied. The
results have shown that it is very important to take
into account the heat. It has been found that an
optimized sub-critical ORC system can produce a net
electrical output of 752 kW with a steam buffer
operating at 25 bar. If combined heating is considered,
the ORC system can be optimized to produce 521 kW
of electricity, they also found that it provides 4.52
MW of heat. Javanshir et. al. [2], have studied the
analysis and optimization of an ORC used as a dip
cycle in Brayton/ORC and steam Rankine/ORC
combined cycle configurations. Utility scale steam
Rankine cycle orc power output may be obtained by
adding a dip in and determine the increase in ambient
conditions (heat sink temperature) to determine the
effect on the growth of a unified power steam
Rankine/ORC cycle analysis pinched. The results
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showed that CO; and air are the best working fluids
for the top coating of the Brayton Cycle. Depending
on the exhaust temperature of the topping cycle
(Brayton), Iso-butane, R11 and ethanol, which are the
preferred working fluids for the ORC cycle, have
achieved the highest efficiency in the combined cycle.
Ahmadi et. al. [3], investigated the efficiency of solar-
powered gas turbines in various parameters such as
pressure ratio, turbine inlet temperature, heat sink
geometry and component performance. The results
showed that a 10% increase in turbine efficiency
could lead to a 6-12% improvement in the efficiency
of the closed Brayton cycle. Nassar et. al. [4],
designed a gas turbine cycle with a thermal efficiency
of 34.5% with a target power output of 9 MW. In
order to increase the efficiency of the system, an ORC
based system was used as a bottom cycle that draws
heat from compressed air (intercooler) and exhaust.
The pressure ratios, operating pressures and
temperatures of the compressors in the ORC system
have been optimized using parametric studies. With
the addition of decooperation and recovery to this
basic system and the inclusion of the dip cycle, they
have increased the efficiency to about 47.94%. Kagka
et. al. [5], aimed to investigate the effects of using an
ORC as a decoiler on the overall system efficiency in
the Brayton cycle. In addition, they investigated the
effects of turbine inlet temperature and pressure ratio
on system performance. The exergy destruction and
exergy efficiency of all components of the combined
cycle at different pressure ratios have been calculated.
The net power generated by the ORC has been studied
depending on the second law efficiency and exergy
destruction of the ORC, the second law of the
preheater and the exergy destruction. They noted that
there is a correlation between the pressure of the Dec
Brayton cycle and the net power output. They
observed that as the pressure increased, the
temperature of the ORC heat source also increased. In
addition, they emphasized that increased pressure
increases energy and exergy efficiency. Ren et. al. [6],
proposed a combined cycle of a gas turbine and an
ORC to further improve the energy efficiency of gas
turbines. Simulation results have shown that mixtures
allow the combined cycle to achieve higher efficiency
than pure fluids. They noted that for gas turbines of
different power levels, the toluene benzene mixture is
more suitable for the recovery of waste heat from
small and medium-sized gas turbines, while
cyclopentane is more suitable for microgas turbines.
Kaska et. al. [7], carried out a thermodynamic
analysis of an ORC using waste heat from the
intercooler and regenerator in the Brayton cycle with
decooperation, reheating and regeneration (BCIRR)
and decooperation. They have revealed various
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outputs, such as cycle efficiencies in the Brayton
cycle depending on turbine inlet temperature,
intercooler pressure ratios and decongestant
temperature difference. It is emphasized that for all
cycles, the net power generated due to the increased
turbine inlet temperature has increased. It has been
said that since the heat input to the cycles occurs at
high temperatures, the net power generated due to the
increased turbine input temperature for all cycles
increases. They calculated that the thermal efficiency
of the combined cycle is about 11.7% higher than the
thermal efficiency of the Brayton cycle alone. Blanco
et. al. [8], performed thermodynamic, exergy and
environmental impact assessments for a Brayton S-
CO; (supercritical carbon dioxide) cycle combined
with ORC. The results showed that the main turbine
and the secondary turbine of the Brayton S-CO; cycle
offer higher exergetic efficiency, 97% and better
thermal and energetic behavior compared to other
components of the system. Giirgen and Altin [9], have
worked on a comprehensive decision-making strategy
for the selection of working fluids in ORC
applications. The results obtained for 10 different
study fluids were evaluated with a comprehensive
decision-making strategy. They have designated
R245fa as the final working fluid [9]. Chacartegui et
al. [10], investigated, low temperature ORC as a dip
cycle in medium and large scaled combined cycle
power plants by using 8 different refrigerants (R113,
R245, isobutene, toluene, cyclohexane, isopentane,
toluene and cyclohexane). Competitive results have
been achieved for ORC combined cycles with
reasonably high global efficiencies. In Khanet et. al.
[11], performance analysis of a combined pre-
compression supercritical CO, cycle and ORC
powered by a solar tower for waste heat recovery is
studied. It was found that as the heat exchanger
efficiency increased, the waste heat recovery rate also
increased. The highest heat exchanger efficiency for
R227 was found to be 0.95 and the waste heat
recovery rate was 0.5673. Carcasci et. al. [12],
investigated the optimization of the organic Rankine
cycle for four different working fluids (toluene,
benzene, cyclopentane and cyclohexane) by changing
the main pressure of the fluid at different temperatures
of the oil circuit. In Ighodaro et. al. [13], energy
analysis of a Combined Regenerative Gas Turbine
Organic Rankine Cycle (CRGTORC) was conducted
to use the exhaust heat from an existing power plant
in Nigeria in their study. The performance of
CRGTORC was compared to the current SGT using
cyclopentane as the working fluid used in the ORC
section. They found that the CRGTORC model
increased the net power output, thermal efficiency,
total cycle efficiency and operating rate of the system



A. Elbir, F. A. Kodaloglu, M. E. Sahin, 1. Uggiil / BEU Fen Bilimleri Dergisi 11 (4), 960-970, 2022

by 23.53%, 62.24%, 54.60% and 10.21%,
respectively. Flue gas losses, specific fuel
consumption and heat rate decreased by 89.21%,
36.26% and 36.26%, respectively. In addition, it has
been observed that the increase in compressor inlet air
temperature causes an increase in the specific fuel
consumption and heat rate and causes a decrease in
net power output, thermal efficiency, cycle efficiency,
flue gas losses and work rate. Mishra and Kuamar
[14], developed a performance equation for three
working fluids (R123, R245fa and R134a) to improve
the thermodynamic performance of the brayton cycle.
They observed that the Brayton cycle working with
R123 gave better thermodynamic performances.
Jeong et. al. [15], developed a new cycle with three
different refrigerants (R123, R134a and R245ca)
Rankine and  refrigeration cycles and a
thermodynamic analysis of the system was made. It
was found that the cycle using R123 refrigerant gave
the highest cycle efficiency among all cycles. In Lei
et. al. [16], performance evaluation of SRC and ORC
systems, which are used as bottom systems in a, GT-
based combined system, has been conducted for
different turbine inlet temperatures and pressures. As
a result, R141b was found as the best working
refrigerant. They found the maximum net thermal
efficiency, exergy efficiency and net power of ORC
with R141b as 22.6%, 64.76% and 780.35 kW at 40
bar and 225 °C, respectively. They found the net
thermal and exergy efficiency of the overall system
(GT-SRC-ORC) with R141b to be 47.65% and
67.35%, respectively. In this case, they determined
that waste heat recovery was realized, corresponding
to 734.57 kg/h natural gas, which is equivalent to
2203.73 kg-CO,/h emissions.

In this study, it is aimed to produce electricity
again in the ORC cycle by comparing ORC cycle with
fluids with different high critical temperatures (R113,
R123, R245fa, R365mcf and R600) in the heat
remaining after transferring eventual heat energy
received from a heat source to a gas turbine-designed
system and generating electricity with turbines..

2. Material and Method
2.1. Cascade Expansion Gas Turbine

The cascade expansion gas turbine cycle is shown in
figure 1. Accordingly, in state 1, air at atmospheric
pressure enters the compressor. The air should be
state 2 with increased pressure and temperature being
transferred to it should be state 3 with the high heat it
receives from the heat source. In case 4, a 1/3 cascade
expansion was made in the turbine. In the case of 5,
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the cascade expanding air is reduced to atmospheric
pressure and its output is provided.

Heating source

I 3N
. ————
———ak
-1 L .
= . E |
Heat exchanger 1 ‘_‘:] Lé_'@
{oim%r Turbine 1 Turbine 2
o =y | -

|

l

Air out

A

Air in

Figure 1. Cascade expansion gas turbine system.
2.2. Model Description

The designed system is shown in Figure 2. The ORC
system is integrated into the gas turbine waste heat
with step expansion. The step-expansion gas turbine
has been described above (Fig. 1). The waste heat
received by the ORC system heat exchanger is at 10,
and the hot refrigerant expands and generates
electricity from the turbine. In 11 cases, heat transfer
occurs by condensation thanks to the heat exchanger.
In state 7, the fluid, which is saturated liquid, enters
the pump and its pressure is increased, and the cycle
is completed.
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Figure 2. Design of the unified power system.

6

Assumptions and fixed parameters;

All components in the system neglect the
pressure losses that may occur in the pressure
line.
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Their changes in kinetic and potential energy
was neglected.

The heat exchange coefficient was accepted
as 1.4. (source of heat = heat entering the
system*1,4)

The instantaneous temperature difference
coefficient between the heat sources and the
heat exchanger surfaces was accepted as 1.1.
(heat source surfaces temperature heat
surfaces temperature entering the system
*1.1)

The source temperatures used in the ORC
system were kept constant as 385.5 K for the
evaporator (HX2) and 318.8 K for the
condenser (HX3).

The isentropic efficiency of the turbines in
the entire system was calculated as 90%, and
the isentropic efficiency of the pump and
compressor was calculated as 80%.

The pressure ratio of the turbines that make
gradual expansion in the gas turbine cycle
was taken as 1/3.

In the step-expansion gas turbine and ORC
system, the flows were assumed to be
constant mass flow.

The dead state was taken at 20 °C.

System components are Adiabatic.

2.3. Thermodynamic Analysis

The equations used according to the laws of
thermodynamics are as follows:

For the steady state in thermodynamic
analysis, the basic equation of mass balance is as
follows;
XMy = X Mgy 1)

where m denotes the mass flow rate, and the
in and ex indices denote the input and output states,
respectively. The energy balance is:

. . . V2 . .
Qin + Wiy +me(h+7+gz) = Qex + Wex +
. v?
Yexm (h +5+ gz) 2
Where Q is the heat transfer rate, W is the

power, h is the specific enthalpy, v is the speed, z is
the height, and g is the gravitational acceleration. The

entropy equilibrium equation for steady-state
conditions is written as:

. 0 . .
YinMinSin + 2k e + Sgen = Yex MexSex 3)
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where s is the specific entropy and Sgen is the
production rate of entropy. The equation of exergy
balance:

Z My €Xin + Z E XQ,in + Z ExW,in = Z Mex€Xey +

> ExQ,ex + Y Exy ex + Exp (4)
Specific flow exergy:
ex = Xpp + eXcp + exy + expy (5)

The kinetic and potential parts of the exergy
have been processed with the assumption that they are
negligible. It is also assumed that the chemical exergy
is negligible. The physical or flow exergy (ex,y) is
defined as:
€Xph = (h=ho) —To(s —s,) (6)

where h and s represent the specific enthalpy
and entropy, respectively, in the real case. h, and s,
symbolize the enthalpy and entropy in the reference
ambient states, respectively.

The destruction (D) of exergy is equal to the
product of mass with specific exergy;
Exp=ex*m (7

Exp are the work-related exergy ratios and
are given by:
ExD = TOSgen (8)

Exy, are the work-related exergy ratios and
are given by:

ExQ, exergy destruction rate related to heat
transfer is given as below.

Exg=(1-2)0 (10)

What is the work that comes out of the
system.

Wnetout = Qin - Qout (11)

The energy efficiency (1) for the system;
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Wnet,
T]th = Tout (12)

The exergy efficiency (y) can be defined as
follows;

710 __ Yuseful output exergy __ 1— Y exergy loss (1 )
- Y input exergy - Y. input exergy

The instantaneous temperature T(K) value for
surfaces was calculated as:
h,—h,

T =l (14)

S2—S51
In Table 1, the mass balance, energy balance, entropy

balance, exergy balance and exergy yields for each
component are presented separately [18], [19]
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Table 1. The Gas Turbine and ORC Combined Cycle equilibrium equations

Component Mass balance Energy balance Entropy balance Exergy balance Exergy efficiency
Air-Comp. . .

. . . . . Exp,comp1 Mg (ex, — exy)
(1'2) my =My = My WCompl.:muir(hz - hl) Sgen,Compl. = muir(sz - Sl) lpcor)ml =

Air-heat exchanger |
(2-3)

Air-Turbine |
(3-4)

Air-Turbine Il
(4-5)

Air-ORC heat exchanger Il
(5-6) (8-10)

ORC-Turbine Il
(10-11)

ORC heat exchanger IlI
(7-11)

ORC-pump
(7-8)

Mz = My = Mgy
my = Mg = My,
mg =1y =
My 5

Mg = My = Moy

Mg = My = Moy

My = My = Moy

my; = Mg = Moy

Q’Ii-I"XI = Mgir(hy — h3)

0 = thair(hy — hy) /1,4

Wturbl:mair (hS - h4)

Wturbz:mair (h4 - hs)

.grlc = murc(hé - hS)/lA'

Wturb3.=morc (hlo - hll)

Qiﬁm = Morc(h11 — h7)

g;lct = More (R — hy) /1,4

Wpump = Thore(hg — hy)

Sgen.,HXl

= mair(sz - 53)
out
Y .
<THX1 *1,1

Sgen,turbl. = mair(s4 - 53)

Sgen,turbz. = mair(ss - 54)
Sgen.,HXZ
= mair(ss - 55)
- marc(slo - 58)

Sgen,turb3. = morc(sll - 510)

Sgen.,HX3

= More(S7 = S11)

0%
+ PR
<Tyx3/ 1,1>

Sgen,pump = morc (58 - S7)

= mair(exl - exz) + WCampl

EXD,HXl
= Mg (ex; — eXz)
. T,
o (1-7—25)
Tux, * 1,1
ExD,turbl.

= mair(ex3 - ex4) — Werps,

EXp turpa.

= mair (ex4 - exs) — Weurpa.

EXD,HXZ

= Mgy (X5 — €Xe)
- marc(exs - eXlO)
ExD,turb&

= Thgrc(€x19 — €Xq1)

- Wturb3.

EXp ux3

= My (X171 — €X7)

yout

(- i)
T\ Tya/11

EXp pump

= morc(ex7 - exs) + I/Vpump

WL‘ampl

o (1= )

Yuxa = —
Mgir (X, — €X3)
IP _ Wturbl.
b1l. — .
o mair(ex3 - €X4)
ll) _ Wturbz.
turb2. — _.
r Mair (EX4 - exs)
IP _ morc(exs - €X6)
HX2 — .
Mg (€Xg — €X10)
ll) _ Wturb.
turb3. = _.
r More (exlo - exll)
Aout 1— TO
Dis = ore Tuxs/11
HX3 — B
morc(exll - €X7)
_ Myrc(€X7 — €Xg)
1l)pump =

Woump
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3. Results and Discussion

Figure 3 shows the T-s (temperature enthalpy)
diagram for the Brayton cycle.

Airpa
3
800 1
i
700+ ]
. 600 2 1
<
F so0f 5 ]
400 1
6
300 1 1
200 L L L
6,8 7,0 72 7.4
s [kJ/kg-K]
Figure 3. Air cascade expansion gas turbine cycle T-s
diagram

In Figure 3, the temperature that changes with
the flow direction of the fresh air entering from the 1st
point is presented in the temperature-entropy
diagram.

The thermodynamic values in Figure 1 for the
cascade expansion gas turbine cycle are presented in
Table 2. The Ty point indicates the dead state.

Table 2. Point values in the cascade expansion gas turbine

cycle
Cascade- P h Ex m
Air TIK skIkgK o [kakg]  [kikg]  [kgfs]
1 2032 6.846 1 2034 0 1
2 6071  6.957 9 6147 2886 1
3 8532 7325 9 88L4 4474 1
4 6503  7.362 3 6707 22 1
5 5053  7.398 1 5088 535 1
6 3306 6994 1 3401 3347 1
T, 2932  6.846 1 2934

Thermodynamic calculations for the cascade
expansion gas turbine cycle are given in Table 3.

Table 3. Thermodynamic consequences of the cascade
expansion gas turbine cycle

Cascade-Air Ex(KW)  Q(KW)in  Q(KW)out  W(KW) [0)
1-2 Compressor 32.72 - - 321.3 0.90
2-3 Heat
exchanger 1 77.23 266.7 3734 - 0.67
3-4 Turbinel 10.58 - - 210.8 0.95
4-5 Turbine2 10.62 - - 161.9 0.94
5-6 Heat 25.07 1205 168.7 - 05

exchanger 2

As can be seen in Table 3, the exergy loss for
the cascade expansion gas turbine cycle was highest
in heat exchanger 1, followed by compressor, heat
exchanger 2, turbine 2 and turbine 1. In addition, the
heat exchangers are exchanged with a difference of
1.4 heat exchange coefficient from the source, the
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compressor and turbine power loads and the exergy
efficiencies of each component are presented. The
total net power was found to be 51.4 kW by
subtracting the energy consumed for the compressor
from the sum of the powers obtained from Turbine 1
and Turbine 2 (Table 3).

Figure 4-8 shows the T-s diagram for the heat
cycle obtained from waste heat combined with an
ORC system for refrigerants R600, R113, R 245fa, R
365mfc and R 123.

430

380} uu

TIK]

330

280
1,0

2,0
s [kJ/kg-K]

Figure 4. T-s diagram for ORC R600

Thermodynamic values of the ORC for the R
600 are presented in Table 4.

Table 4. Thermodynamic values for ORC-R600

ORC- T K] S P h Ex m

R600 kilkg.K  [bar] [ki/kg]  [kdkg]  [kals]
7 318.7 1.372 4415  310.7 9.284 0.2869
8 319.8 1.374 19.27 3141 10.08 0.2869
9 385.5 1.905 19.27 5015 19.19 0.2869
10 385.5 2.508 19.27 734 35.15 0.2869
11 333.9 2.527 4415  679.4 17.94 0.2869
12 318.7 2.435 4.415 649.3 17.06 0.2869
To 2.532 618.5

Thermodynamic calculations for the ORC
system are given in Table 5.

Table 5. Thermodynamic results for ORC system R600
refrigerant

3?060' Ex(KW) Q(KW)in  Q(KW)out W(EKW) o
7-8Pump  0.178 - - 0970 081
8-10 Heat
exchanger 25.07 120.5 168.7 - 0.50
2

10-11
Turbine3 1.54 - - 1568 091
11-12

Heat 2114 1057 75.55 - 069
exchanger

3

As can be seen in Table 5, the exergy loss for
the ORC system is highest in heat exchanger 3,
followed by heat exchanger 4, turbine 3 and pump. In
addition, the heat exchangers are exchanged with a
difference of 1.4 heat exchange coefficient from the
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source; the compressor and turbine power loads and
the exergy efficiencies of each component are
presented.

500F RUS

450

—o—T[i]

TIK]

400

350

1,40
s [kJ/kg-K]

Figure 5. T-s diagram for ORC R113

1,20

Thermodynamic values for the ORC cycle are
presented in Table 6.

Table 6. Thermodynamic values for ORC-R113

ORC- S h Ex m

riiz K gk P nongl kikgl kgl
7 3187 1141 09463 2418 0539 06505
8 3180 1142 5781 2422 0751 06505
9 3855 1327 5781 3073  7.786 06505
10 3855 1638 578l 4274 265  0.6505
11 3423 1646 09463 4033 9289  0.6505
12 3187 159 09463 3868 8086  0.6505
T, 1.064 2183

Thermodynamic calculations for the ORC
system are given in Table 7.

Table 7. Thermodynamic results for ORC system R113
refrigerant

gi%' Ex(KW) Q(KW)in Q(KW)out W(KW) ¢

7-8 Pump 0.047 - - 0.26 0.81

8-10 Heat

exchanger 24.4 120.5 168.7 - 0.51
2

10-11

Turbine3 1.54 - - 15.71 091
11-12

Heat

exchanger 21.25 105.7 75.55 - 0.70
3

As seen in Table 7, the exergy loss for the
ORC system is highest in heat exchanger 3, followed
by heat exchanger 4, turbine 3 and pump. In addition,
the heat exchangers are exchanged with a difference
of 1.4 heat exchange coefficient from the source, the
compressor and turbine power loads and the exergy
efficiencies of each component are presented.

967

R245fa

425

400}

—o—T[i]

3751

TIK]

350}

325

1,2
s [kJ/kg-K]

Figure 6. T-s diagram for ORC R245fa

Thermodynamic values for the ORC cycle are
presented in Table 8.

Table 8. Thermodynamic values for ORC-R245fa

ORC- T K] S P h Ex m

R245fa ki/kg.K  [bar] [kd/kg]l  [kdkg]  [kals]
7 318.7 1.203 2.987  260.2 2.809  0.5493
8 319.5 1.204 16.53 261.5 34 0.5493
9 385.5 1.482 16.53  359.7 12.49  0.5493
10 385.5 1.796 16.53  480.8 28.43  0.5493
11 333.2 1.806 2987 4526 11.4 0.5493
12 318.7 1.203 2.987 260.2 2.809 0.5493
To 1.766 420.1

Thermodynamic calculations for the ORC
system are given in Table 9.

Table 9. Thermodynamic results for ORC system R245fa
refrigerant

ORC-

R245fa Ex(KW) Q(KW)in Q(KW)out W(KW) ¢

7-8 Pump 0.13 - - 0.72 0.81

8-10 Heat

exchanger 25.13 120.5 168.7 - 0.50
2

10-11

Turbine3 1.52 - - 15.5 091
11-12

Heat

exchanger 21.04 105.7 75.55 - 0.69
3

As seen in Table 9, the exergy loss for the
ORC system is highest in heat exchanger 3, followed
by heat exchanger 4, turbine 3 and pump. In addition,
the heat exchangers are exchanged with a difference
of 1.4 heat exchange coefficient from the source, the
compressor and turbine power loads and the exergy
efficiencies of each component are presented.
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Figure 7. T-s diagram for ORC R365mfc

Thermodynamic values for the ORC cycle are
presented in table 10.

Table 10. Thermodynamic values for ORC- R365mfc

ORC- TIK] s P h Ex m

R365mfc ki/kg.K  [bar]  [kd/kg] [kI/kg] [Kg/s]
7 3187 1211 1224 2624  0.674  0.4909
8 318.9 1.211 7.825 263 0.946  0.4909
9 3855 1496 7.825 363.4 9.17  0.4909
10 3855 1873 7.825 5085 26.22  0.4909
11 346.2 1883 1224 4777 9.681  0.4909
12 318.7 1.793 1224 2624 0.674  0.4909
To 1.095 227

Thermodynamic calculations for the ORC
system are given in Table 11.

Table 11. Thermodynamic results for ORC system
R365mfc refrigerant

ORC- .

R365mfc Ex(KW) Q(KW)in Q(KW)out W(KW) ¢

7-8 Pump 0.06 - - 0.33 0.81

8-10 Heat

exchanger 24.88 120.5 168.7 - 0.50
2

10-11

Turbine3 1.43 - - 15.11 091
11-12

Heat

exchanger 21.72 105.7 75.55 - 0.70
3

As can be seen in Table 11, the exergy loss
for the ORC system is highest in heat exchanger 3,
followed by heat exchanger 4, turbine 3 and pump. In
addition, the heat exchangers are exchanged with a
difference of 1.4 heat exchange coefficient from the
source, the compressor and turbine power loads and
the exergy efficiencies of each component are
presented.
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Thermodynamic values for the ORC cycle are
presented in table 12.

Table 12. Thermodynamic results for ORC system R123

refrigerant

ORC- TI[K] s P h Ex m

R123 kilkg.K  [bar]  [kd/kg]l [kikg]l [kals]
7 318.7 1.161 1851 24738 0.752  0.6008
8 319.2 1.161 10.27 2485 1.119  0.6008
9 3855 1.373 10.27 3234 8.82 0.6008
10 385.5 1.699 1027 4491 26.89  0.6008
11 3344 1.708 1851 4224 9.336  0.6008
12 318.7 1.672 1.851 410.5 8.573 0.6008
To 1.074 221.1

Thermodynamic calculations for the ORC
system are given in Table 13.

Table 13. Thermodynamic results for ORC system
R245fa refrigerant

ORC-R123  Ex(KW) Q(KW)in  Q(KW)out  W((KW) ¢

7-8 Pump 0.08 - - 0.45 0.81

8-10 Heat

exchanger 24.38 120.5 168,7 - 0.51
2

10-11

Turbine3 1.56 - - 15.99 0.91

11-12 Heat

exchanger 20.98 105.7 75.55 - 0.69
3

968

As can be seen in Table 13, the exergy loss
for the ORC system is highest in heat exchanger 3,
followed by heat exchanger 4, turbine 3 and pump. In
addition, the heat exchangers are exchanged with a
difference of 1.4 heat exchange coefficient from the
source, the compressor and turbine power loads and
the exergy efficiencies of each component are
presented.

The energy and exergy efficiencies of ORC
and gas turbine cycles are given in Table 14. In
addition, the net power, high and low pressure ratios
in the ORC system and the amount of fluid used in the
system are also presented.
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Table 14. Energy and exergy efficiencies, ORC mass and
net power in GT and ORC system

Pio Wher.ore ORC Energy Exergy
Fluid 2 = Wrybore Mass efficiencies  efficiencies
1 _ WPump,ORC () (GT+ORC) (GT+ORC)
R600  4.36 14.71 0.2869 0,66 0,20
R113 6.11 15.45 0.6505 0,66 0,20
R245fa  5.53 14.78 0,5493 0,66 0,20
R365mfc  6.39 14.78 0,4909 0,66 0,20
R123 5.55 15.54 0,6008 0,66 0,20

120.5 kW of the 168.7 kW (120.5*1.4) of heat
output from the step-expansion gas turbine was used
as useful heat for the ORC system. This was
compared by applying it to five different fluids as
shown in Table 15. In terms of mass flow rates of the
refrigerants used in ORC, at least R600 refrigerant
was used and at most R113 refrigerant was used.
When looking at the condenser and evaporator
pressure ratios in ORC, it was found that at least R600
and at most R365mfc refrigerants. 51.4 kW net power
from the cascade gas turbine and 15.54 kW net power
from the downcycle R123 refrigerant system of the
cascade gas turbine (as shown in table 14). Total
energy efficiencies of 66% and exergy 20% of GT and
ORC cycles remained constant.

4. Conclusion and Suggestions

In this study, the thermodynamic analysis of the gas
turbine (GT) system integrated into a heat source and
the Organic Rankine Cycle (ORC) systems integrated
into the turbine waste heat of this gas turbine system
were made. Thermodynamic calculations were made
using the waste heat of 120.5 kW corresponding to the
ORC system, five different refrigerants with high
critical temperature (R123, R245fa, R600, R365mfc
and R113) as the working fluid in the cycle. The heat
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