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Abstract: Worldwide, the growing demand for energy has been largely met through power cycles
utilizing fossil fuels. Combined cycles, which integrate a gas turbine with a steam cycle, prove to be
the best alternative due to their power generation capacity and high efficiencies. This efficiency is
primarily attributed to the ability to harness exhaust gases to generate steam in the heat recovery
boiler, allowing additional power generation through the steam turbine. Currently, there is a quest
for the integration of low-temperature power cycles to maximize the utilization of residual thermal
energy flows for power generation. Therefore, this work conducts an exergetic optimization of a
power trigeneration system aimed at maximizing exergetic efficiency. This system includes a gas
turbine and a steam cycle coupled with three different configurations of the Organic Rankine Cycle
(ORC): a simple ORC, a supercritical ORC, and an ultracritical ORC. The ORC configurations are
analyzed using eight organic working fluids, namely R1234yf, R290, R134a, R1234ze, R152a, R600a,
R245fa, and R123. The results show that the maximum exergetic efficiency is achieved by using
R152a in the ultracritical ORC configuration coupled with the combined cycle, achieving an exergetic
efficiency of 55.79%. Furthermore, the maximum power generated is attained by the steam cycle with
85,600.63 kW and 3101.21 kW for the ultracritical ORC.

Keywords: thermodynamic analysis; power output; exergetic efficiency; thermodynamic optimiza-
tion; organic Rankine cycle

1. Introduction

Currently, the increasing demand for electricity generation, coupled with the ongoing
reduction of natural resources, has led to both a rise in their costs and environmental degra-
dation. Gas turbines, thermal power plants, coal-fired power plants, and combined-cycle
plants are the primary technologies employed to meet this energy demand. A significant
portion of total electrical power is generated using fossil fuels, particularly natural gas.
Combined-cycle plants are particularly attractive due to their high thermal efficiencies
and power outputs. This is achieved by harnessing exhaust gases from the gas turbine
through a heat recovery boiler to generate steam, which then expands in a steam turbine to
produce additional power [1,2]. The gases emitted from the heat recovery boiler chimney
are released into the environment at temperatures below 180 °C. Organic Rankine Cycles
(ORCs) are known for their versatility in utilizing low-temperature residual thermal energy
sources for power generation. Therefore, coupling an ORC with a combined-cycle plant
enhances the utilization of natural resources for power generation, leading to a reduced
environmental impact reflected in lower exhaust gas temperatures [3]. Thermodynamic
analysis of ORC configurations involves selecting organic fluids based on criteria such as
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performance, safety, low environmental impact (including a low Global Warming Potential
(GWP) and zero Ozone Depletion Potential (ODP)), and technological factors. These tech-
nological factors are analyzed from energetic, exergetic, and economic perspectives, while
considering operational parameters such as evaporator pressure, turbine inlet temperature,
Pinch Point temperature difference (PP), mass flow rate, thermal efficiency, power output,
exergetic efficiency, flammability index, and human toxicity index [4-8].

Braimakis et al. [9] conducted an energy optimization study comparing the maximum
thermal efficiencies of three regenerative ORC configurations with a simple ORC, using
seven organic fluids known for their low GWP and ODP. They found regenerative ORC
configurations to achieve higher thermal efficiencies of up to 20.9%, while the simple ORC
had the lowest thermal efficiency of 18.02%. Kajurek et al. [6] optimized a simple ORC to
identify the organic fluid from a set of ten fluids, maximizing both thermal efficiency and
power generation. Wang et al. [10] maximized the power generation and thermal efficiency
of an ORC using three different organic fluids with a 150 °C heat source, finding R600a to
yield the highest power generation and thermal efficiency. Mustapi¢ et al. [11] conducted an
analysis and optimization of power generation involving four robust ORC configurations
and a simple ORC. They utilized seven different organic fluids and a geothermal heat
source ranging in temperature from 120 °C to 180 °C. The optimization model’s decision
variables included the temperature difference of PP, the pressure and temperature of live
steam, and the condensation temperature. The findings indicated that at low thermal
source temperatures, the robust ORC configurations yielded the highest power outputs.
Conversely, at higher thermal source temperatures, both the simple ORC and certain
robust configurations demonstrated the potential for high power generation. Furthermore,
research has shown the coupling of ORC configurations with power generation systems,
particularly with regard to combined cycles, to maximize heat recovery. Mohammadi
et al. [12] performed a multi-objective optimization analysis on a combined cycle system
comprising a gas turbine and a steam cycle integrated with a regenerative ORC, utilizing
benzene as the working fluid in the latter. The primary objective of the study was to identify
optimal operational conditions that would concurrently enhance exergetic efficiency and
minimize the cost associated with the useful product of the system. The decision variables
in the model encompassed parameters such as the inlet pressure and temperature of the
steam turbine, the turbine pressure of the ORC, and the temperature differential of the
preheater, among others. The findings revealed that the system’s optimal operating point
prioritizes cost reduction while maintaining exergetic efficiency marginally lower than
its theoretical maximum. Braimakis and Karellas [13] optimized a two-stage ORC to
maximize exergetic efficiency, analyzing seven organic fluids at high and low temperature
stages with a residual heat source varying from 100 °C to 300 °C. Kiigtik and Kilig [14]
performed an exergoeconomic analysis followed by multi-objective optimization of four
different ORC configurations, determining factors influencing performance parameters
such as thermal efficiency, exergetic efficiency, total investment cost, and unit electricity
production cost to be evaporation temperature, turbine efficiency, organic working fluid,
subcooling, pump efficiency, and superheating, respectively. Sohrabi et al. compared
four ORC configurations using a zeotropic mixture of pentane and hexane as the organic
working fluid. The configurations analyzed were a simple ORC and a double-pressure
ORC, both with and without a heat exchanger (HE). These configurations were optimized
to generate the highest power output. The results showed that the double-pressure ORC
with HE turned out to be the one with the highest thermal efficiency, as well as the highest
exergetic efficiency [15]. Javanshir et al. analyzed a system comprising a refrigeration
cycle and a simple ORC with a HE. Geothermal water served as the low-temperature heat
source, and the working fluids considered were R134a, R22, and R143a. The results showed
that when using R134a as the working fluid, the system exhibited the lowest thermal
and exergetic efficiency, whereas, with the use of R143a, the system achieved the highest
efficiencies [16].
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In this work, exergetic optimization is conducted to determine the operating conditions
for maximizing the exergetic efficiency of a power trigeneration system, which comprises
power generation using a gas turbine, a steam cycle, and the integration of three different
ORC configurations. The rationale behind this analysis lies in the fact that gas turbines and
steam turbines are the primary equipment used for power generation, generating significant
amounts of residual thermal energy that can be harnessed through the integration of low-
temperature power cycles, primarily ORC. The three proposed ORC configurations to
be analyzed in this study are simple ORC (S-ORC), supercritical ORC (SP-ORC), and
ultracritical ORC (UC-ORC). These configurations aim to evaluate performance both in the
subcritical and supercritical regions of organic fluids R1234yf, R290, R134a, R1234ze, R152a,
R600a, R245fa, and R123. The selection of these organic fluids for ORC configurations
depends on their critical point conditions (mainly critical temperature), having a low GWP
and zero ODP.

2. Methodology
2.1. Case Study

Figure 1 illustrates the power trigeneration system comprising a gas turbine, a steam
cycle, and an ORC. In the high-temperature cycle (gas turbine cycle), ambient air is com-
pressed by the compressor to the required pressure for combustion in the combustion
chamber. Compressed air is then mixed with a fuel flow in the combustion chamber to
undergo combustion, resulting in a flow of combustion gases at the pressure and temper-
ature inlet turbine (TIT). These combustion gases expand in the gas turbine to generate
mechanical power, which is distributed to drive the compressor and generate electrical
power for the gas turbine cycle via the electric generator. Subsequently, exhaust gases
from the gas turbine are utilized to generate a steam flow through heat transfer in the
heat recovery steam generator (HRSG) of the steam cycle. The superheated steam flow, at
the live steam pressure and temperature, expands in the steam turbine to the condensa-
tion pressure, generating additional electrical power. The steam flow exiting the turbine
condenses, releasing heat in the condenser to pump the condensed water to live steam
pressure conditions. The exhaust gases exiting the HRSG of the steam cycle are considered
a type of low-temperature residual heat source, which is utilized for power generation
via an ORC before being discharged into the environment. Figure 1 shows three types of
ORC configurations: (a) S-ORC; (b) SP-ORC; (c) UC-ORC. The S-ORC operates under the
same principle as the steam cycle since it has the same components; however, the working
fluid used for energy generation is an organic fluid primarily due to the conditions of low
temperature and critical pressure. The S-ORC operates in a subcritical manner, where the
live steam pressure, P,1, is lower than the critical pressure of the working fluid, while
the condenser operating pressure depends on ambient temperature conditions. On the
other hand, there are ORC configurations operating in supercritical and ultra-supercritical
modes, where live steam and reheating pressures are higher than the critical pressure of
the organic fluid. The heat recovery boiler of the SP-ORC and UC-ORC only requires an
EC and SH connected by a header to generate live steam flow, as the phase change from
compressed liquid to superheated vapor occurs instantly, thus eliminating the need for an
evaporator. The UC-ORC configuration integrates a reheater (REH) into the heat recovery
boiler, a high-pressure turbine (HPT), and a low-pressure turbine (LPT) to evaluate the
increase in power generation.
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2.2. Considerations of the Case Study
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The mass and energy balances of the power trigeneration system are conducted under
following considerations:

The gas turbine cycle, steam cycle, and ORC operate under steady-state conditions.
Pressure drops are only considered in the processes of the gas turbine cycle.

The air and fuel in the gas turbine cycle are considered perfect gases.

The composition of natural gas is CHy (88%), CoHg (10%), and C3Hg (2%).

The thermodynamic properties of combustion gases include a specific heat at constant
pressure, ¢, of 1.289 kJ/kg K, an adiabatic index, vg, of 1.293, and the specific gas
constant of combustion gases, Rg, of 0.29182 k] /kg K.

The Low Heating Value (LHV) of the fuel is 49,514 K] /kggyel-

Thermodynamic properties of water and organic fluids are estimated using REFPROP
9.1 software.

The hot approach temperature difference of the steam and ORC cycles is defined by
AThasH = Tg1 — Ts1 and ATpa 0rc = Tg7 — To1-

Isoentropic efficiencies of the compressor, gas turbine, steam turbine, ORC turbine,
and pumps of the steam and ORC cycles are constant.

Changes in kinetic and potential energy in equipment processes are negligible.

The reference state pressure and temperature are Py = 1.013 bar and Ty = 25 °C,
respectively.

The thermodynamic analysis begins with an energy analysis conducted for each ther-

modynamic cycle of the gas turbine, steam cycle, and ORC. Energy expressions required to
determine the performance parameters described earlier are developed in the energy analy-
sis. Subsequently, an exergetic analysis is performed to evaluate the flow of irreversibilities
in each component through an exergy balance. Additionally, the exergetic efficiency is
determined for each power cycle, along with the overall exergetic efficiency of the power
trigeneration system.
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2.3. Energy Analysis
2.3.1. Gas Turbine

The airflow, 11,, required to generate a given power, as a function of the fuel-to-air
ratio, far, the ratio between the maximum and minimum temperatures, y = Tgs / Tg1, the
isentropic efficiency of the gas turbine, #;1¢, the isentropic efficiency of the compressor,
11c, the compressor pressure ratio, 7t¢, and the pressure drops in the combustion chamber,
APcc, and in the gas turbine, APgr, is

Wm,GT
Cpg 1+APGr)S 1/ %
e T { (1 fan) Ly [1 = iioaet s | = e (e = 1)}

mu:

1)

The heat supplied, gsp,cc, into the combustion chamber per unit mass is

Xag 1
(1+ rca)iﬁy —-1- (nc >] (2)
Pa nic

The fuel flow rate, 7z, supplied to the gas turbine cycle is

Gsup,CC = Cp, Tgl

Mg sup

mfuel = LHV ®3)
Therefore, the flue gas flow rate is
mg =, + mfuel (4)

The thermal efficiency of the gas turbine relates to the power output between the heat
flow rate supplied in the combustion chamber:

1%
Nen,GT = SALIZREE 5)

sup,CC

Table 1 shows the pressure, temperature, and mass flow rate of the thermodynamic
states of the GT cycle.

Table 1. Thermodynamic states of the gas turbine cycle.

State Pressure (bar) Temperature (°C) Mass Flow Rate
(kg/s)
81 Patm To, = Tamp 1t
_ 1 a 7
82 Py, 1t Tg, = Tg, fl + ”Tc(né — 1)} il
83 sz(1 — APcc) T, . tig = 1ilg + Mg
_ (1+APgr) 8 ;
84 Pg1(1+APGT) Tg4 = Tg3<1 _WIGT{ [1 — 77_%(17&1;)2&] }> Mg

Note that the enthalpy per unit mass of air and combustion gases are determined
as follows:

and the entropy per unit mass of air and combustion gases is
S¢. =80 +Cp.In Iy —R;In Py )
8j 0 p,i To l Dy

where j has the values of the thermodynamic states of the exhaust gases from the inlet of
the gas turbine and to the outlet of the heat recovery boiler of the ORC configuration type.
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2.3.2. Steam Cycle

The work output in the steam cycle is the difference between the work produced by
the turbine and the work supplied to the condensate pump; that is, the following holds:

W,sc = (hs1 — hs2) — (heg — hs3) (8)

The heat supplied per unit mass of the exhaust gases to the working fluid in the
economizer, evaporator, and superheater of the HRSG is expressed as follows:

Gsup,SC = (hs1 — hsa) )

The mass flow rate and temperature of the gas turbine exhaust gases are the input
data for the energy analysis of the steam cycle. This flow of residual thermal energy is used
in the HRSG to generate a mass flow of steam, which expands in the turbine to generate
additional power. Therefore, the mass flow rate of steam as a function of the Pinch Point
temperature difference is

o Mg [Tg, — (Tss + ATpp,sc)] (10)
L=
(hsl - hsS)

The thermal efficiency of the steam cycle relates to the amount of work output pro-
duced between the heat supplied by the exhaust gases in the HRSG:

Win,sC (11)

Nth,sc =
qsup,SC

The power output by the steam cycle is the product of the steam flow rate and the
work output produced:

Wm,SC = ms Wm,sC (12)

2.3.3. Organic Rankine Cycle S-ORC, SP-ORC y UC-ORC

In this work, we propose to integrating the configuration of an ORC to take advantage
of the amount of residual thermal energy of the exhaust gases that come from the HRSG of
the steam cycle. Table 2 shows the main performance parameters with which the S-ORC,
SP-ORC, and UC-ORC configurations are evaluated.

Table 2. Performance parameters of the configurations S-ORC, SP-ORC y UC-ORC.

Work output
Wy 1 = (o1 —hop) — (hpg — h
md/her(e ! 1: S-COJZR)C éP?gRCOB) Wy, uc-0rRC = (ho1 — ho2) + (o3 — hos) — (hoe — hos)
Heat supplied
Gsup,l = (hol - ho4) where [ = S-ORC, SP-ORC qsup,UC-ORC = (hol - hoé) + (ho?a - hoz)

Thermal efficiency

s = 24 where | = S-ORC, SP-ORC y UC-ORC

Organic mass flow rate

Morg S-ORC =

titgCpe | Te, = (Tos+ATpps-orc)]

g Cpg (r&'77T88) g Cpg (Tx7’Tx8)

(hol 7h05>

mO’S’rSP‘ORC = Qsup,SP-ORC morg,LlC—ORC = Gsup,UC-ORC

Power output

W1 = titorg Wy, wWhere I = S-ORC, SP-ORC
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2.3.4. Power Output Trigeneration Cycle
The total power output by the trigeneration system is the sum of the power output

by the gas turbine system, steam cycle, and the power output of the S-ORC, SP-ORC, and
UC-ORC configurations; that is, the following holds:

Wi = Wt + Wisc + W,y where: [ = S-ORC, SP-ORC y UC-ORC  (13)

The thermal efficiency of the trigeneration power system is the ratio of the total power
output to the heat flux supplied in the combustion chamber:

W ..
Nintri = i (14)
qup,CC

2.4. Exergetic Analysis

The exergy of a material stream is the maximum amount of available work that can
be obtained from said stream by taking it from the conditions of the initial state to the
conditions of the dead state. The exergetic analysis carried out in this work only considers
the physical exergy in the gas turbine system, steam cycle, and the S-ORC, SP-ORC, and
UC-ORC configurations.

The physical exergy flow rate for the steam cycle and ORC configurations is as follows:

. ph
E}i‘ = mk[(h, — ]’lo) - To(si — So)] where k = S,OTgi =1...,8 (15)

The physical exergy flow rate of the gas turbine cycle considering air and exhaust
gases as perfect gas is expressed as follows:

. ph Ty — P,
E;f = 1gCp, (Tgi—TO)—Tolnligl—i—TO(rYk 1)ln gl} endondek =a,egi=1,...,10 (16)
0

Nexer,S-ORC =

Yk Py

The flow of irreversibilities generated by the equipment processes that make up the
gas turbine cycle, steam cycle, and ORC configurations are determined through an exergy
balance. Table 3 shows the exergy balances of the different equipment that make up the
trigeneration power system.

Il = ZEZVII - ZEouti (17)
The exergetic efficiency of a system can be defined as the relationship between the

useful product obtained from the power system and the resource supplied. The exergetic
efficiency of the gas turbine system is

W
Nexer,GT = ﬂ (18)
Efuel

Likewise, the exergy efficiency of the steam cycle is

W
Hexer,SC = — (19)

The exergetic efficiency of the S-ORC, SP-ORC, and UC-ORC configurations is

Wis-0rC _ Wusp-orc _ Wiuc-orc 5
———  Mexer,5P-ORC = —+———  Mexer,UIC-ORC = — (20)

Eg7*g10 AE87*gs AE87*g8
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Finally, the exergetic efficiency of the trigeneration power system is
W o
Nexertri = — il (21)
E fuel
where the exergy flow of the fuel supplied into the combustion chamber of the gas turbine
system is
: . To
Efyer = mpu LHV | 1 — T (22)
af

Table 3. Exergy balance of the equipment that makes up the trigeneration power system.

Equipment I = ZEin,- — Y Eout, Equipment I = ZEin,- — Y Eout,
GT S-ORC (cont.)
cC Efuel + (j-;gz - Egs) Tore (1'—:01 - Eﬂ) - (Ewm,(mc . Ewp>
c " (B E) P £ 4 (o )
SC SP-ORC
SH (Ega — Egs) + (Bso— Ea1 ) HRSG (Egr — Egs) + (304., Eur)
EV (EgS Egé) + (Ess - Esé) Torc (E01 B E02> B EWT@KC
EC (Eg — Egr) + (Ea — Ess) P (B~ Eot) + "
Tsc <Esl - Esz> - (Ewm * EWP> COND (Eoz - EoS)
P AL (Ea—Eu) UIC-ORC
COND Ep —Eg HRSG <Eg7 - EgB) + <E06 - Eol) + (Eoz - EoS)
S-ORC Tore (B — Eua) + (Eva — Eut) pWaer W
SH (Eg7 — E88> + (Eoé — E01> P (E05 _ E06> I EWP
EV (Egs — Ego) + (Eos — Eus) COND (Eos — Eus)
EC : :

(Eg9 - ng) + (Eo4 - Eo5)

2.5. Exergy Optimization

Exergetic optimization of energy generation systems represents a powerful tool aimed
at increasing exergetic efficiency, thereby reducing the flow of irreversibilities generated
within the system. According to the case study depicted in Figure 1, Figure 2 illustrates the
processes of each cycle using a temperature—entropy diagram. In the case of the GT cycle,
the exhaust gas flow rate utilized in the HRSG of the steam cycle and in the HRSG of the
various ORC configurations is depicted by a decrease in temperature, from Tgy to Tg19 for
the steam cycle—S-ORC, and from Tg4 to Tgg for the coupling of the steam cycle with the
SP-ORC and the UC-ORC.
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Figure 2. Temperature—entropy diagram of the power trigeneration system TG — CV with (a) S-ORC,
(b) SP-ORCy, and (c) UC-ORC.

In accordance with the power trigeneration system, the operating conditions of the
gas turbine remain constant and correspond to a specific model type. The flow of residual
thermal energy exiting the gas turbine is utilized for generating additional power in both
the steam cycle and the S-ORC, SP-ORC, and UC-ORC configurations. Therefore, Figure 2
shows the parameters required to evaluate the performance of both thermodynamic cycles
and the limits within which they can operate due to environmental, technological, and
fluid working characteristics.
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SC
10 < Tomp < 45
Ty > 100°C
Ps1 < Peyit
450 < T <500
ATpp,sc > 45

x5 > 0.88

The change In the exergy flow rate of exhaust gases in the HRSG of the steam cycle,
AEg4 7, corresponds to the availability of residual thermal energy flow rate utilized for
the steam cycle, as depicted in the temperature—entropy diagram in Figure 2. The power
output of this cycle is determined by the operating conditions of live steam pressure
and temperature, P51 and Ts1, condensation temperature, Ty, Pinch Point temperature
difference, ATppsc, and hot approach temperature difference, ATp4 sc. These variables
represent operating constraints within which the steam cycle can safely operate. From the
temperature—entropy diagram of the steam cycle, it is shown that the live steam pressure
must be such that the quality of the steam flow at the end of turbine expansion is greater
than or equal to 0.88, x5 > 0.88. Additionally, the live steam temperature for this type
of turbine ranges between 450 °C and 500 °C. Regarding the subcritical operation of the
S5-ORC, it is based on the same operating parameters as the steam cycle: Pinch Point
temperature difference, ATpps.orc, hot approach temperature difference, ATya s-orc, and
the same condensation temperature, T,,,;. However, in this case, the live steam pressure is
determined based on the evaporation temperature, Tegp, Where this temperature must be
higher than the condensation temperature and lower than the critical point temperature,
Teond < Tevap < Terie- When coupling the SP-ORC and UC-ORC with the steam cycle and
gas turbine, the operating conditions are modified according to the live steam pressure
and reheating pressure (the latter for UC-ORC). Meanwhile, the Pinch Point temperature
difference in both cycles ceases to be a decision variable because there is no evaporator
in the HRSG. Finally, the exhaust gases utilized in the HRSG of the steam cycle and in
the three ORC configurations are released into the environment, where, according to the
composition of the fuel type described above, these exhaust gases can be expelled at a
minimum temperature of 100 °C.

Therefore, this work proposes an optimization problem that maximizes the overall
exergetic efficiency of the power trigeneration system. This can also be analyzed as maxi-
mizing the overall power output of the system since the exergy flow rate of the fuel used in
the gas turbine combustion chamber is constant, while the variation of the steam cycle and
ORC operating parameters is performed to maximize the amount of overall power output.
The optimization problem is presented as follows:

Max Nexer tri
x={Ps1,Ts1,0Tpp,5¢, Tevap,ATHA,0RCATPP,0RC/Po1,Pren Teond }
subject to
S-ORC . ) .

UC-ORC YEi, —YEou = Iggn
5 < ATuaore < 10 SP-ORC 5 < ATac,orc <10 h=hs, hyi=1,...,8
Tevap < Teyit — ATeris 5 < ATxc,orc <10 P, > P 't, s—s lS ; -1 3

_ . 1 cri T 98jrP0iF T Lreeey
?U”P i ;01 ATsc ?71 >5C;;t ‘ Poy > Pren > Peona h= h(gjll 9j2)j =5,0
evap cond cond trip Pcond > P, s — S(‘B ,5 )] —s0

ATpporc > 10 F e ’

Operating Conditions of the Trigeneration System

The energetic and exergetic analysis of the trigeneration power system is carried out
based on the operating conditions of the gas turbine, steam cycle, and the three ORC
configurations presented in Tables 4 and 5. The properties of the organic fluids used in
the three configurations of the ORC presented in Table 6 are of paramount importance.
These properties are essential for evaluating the feasibility of using each organic fluid in
the different ORC configurations based on the conditions of the exhaust gas flow from the
heat recovery steam generator of the steam cycle.
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Table 4. Environmental operating conditions of the gas turbine and steam cycle system.

Ambient GT SC
10°C < Tﬂmb <45 °C i, (') 14 Pcond < Psl < Pcrit
Patm, (bar) 0.78 Tg3, (°C) 1250 450 °C < Tg1 <500 °C
nicr, () 0.9 ATcong =10 °C
11, () 0.88 #1sc = 0.90
Wi T, (kW) 150,000 np = 0.85
titg, (kgg/s) 351.05 ATya > 35°C
Te4, (°C) 655.70 ATpp > 45°C
APcc () 0.04
APcr (-) 0.04
Table 5. Configuration operating conditions S-ORC, SP-ORC y UC-ORC.
S-ORC SP-ORC UC-ORC
Tcrit > Tevap > Tcond Pol > Pcrit
5 Po1 > Py
ATpp > 10 C Pcrit < Pyr < Py1
AToong =10°C
fiorc = 0.90
np = 0.85
ATyc >5°C
Tg19 > 100 °C Tgg > 100 °C
Table 6. Properties of organic fluids.
Organic Fluid Tt CC) Pt (bar) PM (kg/kmol) GWP oDP
R1234yf 94.70 33.82 114.04 <1 0
R290 96.74 42.51 44.10 3 0
R134a 101.06 40.59 102.03 1430 0
R1234ze 109.36 36.35 114.04 <1 0
R152a 113.26 45.17 66.05 124 0
R600a 134.66 36.29 58.12 3 0
R245fa 154.01 36.51 134.05 950 0
R123 183.68 36.62 152.93 79 0.01

3. Results and Discussion

The analysis of the results presented below is based on determining the possible
operating zones of the steam cycle and the three ORC configurations that have the greatest
power generation and exergetic efficiency through a parametric analysis. These zones are
limited to the safe operation of both cycles presented in Section Operating Conditions of
the Trigeneration System. It begins with the energy analysis of the steam cycle, where the
environmental temperature conditions and the operating variables of the cycle are varied.
Subsequently, based on a constant operating condition of the steam cycle, a parametric
analysis is performed on the three ORC configurations using the eight organic fluids
presented in Table 6.

3.1. Energetic and Exergetic Analysis
3.1.1. Steam Cycle

The residual thermal energy flow rate from the HRSG of the steam cycle is utilized
to generate steam by varying the live steam pressure and condensation pressure. The
inlet pressure to the turbine, Ps1, can be increased until the steam quality at the end of
the expansion, xsp, is greater than or equal to 0.88. The pressure at the end of the expan-
sion, which is the condensation pressure, P4, is dependent on the ambient temperature.
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Therefore, Figure 3 illustrates the behavior of the power output variation of the steam
cycle and steam quality at the outlet of the steam turbine and the influence of ambient
temperature variation on live steam pressure and condensation temperature. For different
ambient temperatures and operating conditions, higher live steam pressure and temper-
ature result in greater power generation by the steam cycle. However, at the minimum
ambient temperature, T, = 10 °C, the condition for maximum power generation results
in a steam quality below the technical limit of 0.88. Therefore, it is necessary to reduce the
live steam pressure to increase this parameter [17]. Consequently, only the steam cycle
with the minimum temperature and different sets of live steam pressure and temperature
possibilities are analyzed.

88,000 -
T

86,000 \\\\Trjy‘[\”"f} e

84,000 - X/\\

80,000 -
78,000 -

76,000 -

Output Power of Steam Cycle (kW)

74,000 -

72,000 A

70,000 . . . . . .
084 086 0.88 0.9 092 094 096 098 1
Quality of steam (-)

T

Figure 3. Steam cycle power and steam quality at different condensation temperatures.

On the other hand, according to Equation (10), steam flow rate generation depends on
the Pinch Point temperature difference and live steam temperature and pressure. Figure 4
shows the variation in power output by the steam cycle as a function of live steam pressure
and temperature, as well as the Pinch Point temperature difference. It is evident that
increasing the power output by the steam cycle is due to the increase in live steam pressure,
and higher power output occurs with lower Pinch Point temperature differences because
of increased steam flow rate in the HRSG.

88,000 1
= T,=450°C Teona =20 °C ATpp
86,000 4 & Tu=475°C 45°C
- T, =500°C
Z 84000 ATp
o 60 °C
5 82,000 -
£
3
2 80,000 ATpp
4 75°C
Z 78,000
o
-9
4
£ 76,000
S
74,000
72,000 . . . . . . . \
5 10 15 20 25 30 35 40 45

Live steam pressure (bar)

Figure 4. Steam cycle power at different live steam pressures and different Pinch Point tempera-
ture differences.

Figure 5 shows the behavior of power generated by the steam cycle and steam quality
as a function of live steam pressure and temperature variation. The Figure shows more
pronounced increases in power output for pressures from 10 to 25 bar when increasing
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live steam temperature from 450 °C to 500 °C. In this range, the steam cycle can operate
safely under live steam temperatures and pressures between 10 bar and slightly above
20 bar. However, safe operation of the steam cycle at higher pressures is only possible at a
temperature of 500 °C and pressures slightly above 30 bar, generating powers exceeding
85,000 kW. Under this scenario, the steam cycle can achieve a thermal efficiency of up to
35.7%, as shown in Figure 6.
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\/—40 bar ATppsc =45 °C
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Quality of steam (-)

Figure 5. Steam cycle power and steam quality.
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Figure 6. Power and thermal efficiency of the steam cycle.

Based on the above, the chosen operating condition for the steam cycle, balancing
safe operation and proximity to maximum power output, is a live steam pressure and
temperature of 30 bar and 500 °C, respectively, with a condensation temperature of 20 °C
and a Pinch Point temperature difference of 45 °C. From these steam cycle conditions, the
exhaust gas temperature at the outlet of the HRSGS economizer is determined. These data
are crucial for determining the residual thermal energy flow to be utilized in the ORC
HRSG to generate a steam flow rate from the eight proposed organic fluids.

3.1.2. Organic Rankine Cycle

In this section, eight organic fluids are evaluated in the three ORC configurations
shown in Figure 1 with the aim of analyzing their behavior in power generation and
the required refrigerant mass flow rate as a function of evaporator pressure variation.
According to the operating conditions adopted for the steam cycle, the residual thermal
energy flow rate utilized in the ORC HRSG of the three configurations has a gas flow rate
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of 350 kgg /s and a temperature of 137.17 °C. Thus, based on the minimum temperature at
which exhaust gases can exit the chimney, a thermal head of only 37.17 °C is obtained.

Figure 7 shows the variation in power output and organic flow rate as a function of
evaporator pressure for the S-ORC configuration. According to the operating conditions
shown in Table 5, the TIT for the S-ORC, T,1, is 132.17 °C, and in this case, the critical
temperature of the R1234yf, R-290, R134a, R1234ze, and R152a fluids is lower than the
turbine inlet temperature. Thus, the evaporator pressure variation is performed from
a pressure greater than the condensation pressure and less than the critical pressure,
Peond < Pevap < Pyip. The use of these working fluids in the S-ORC configuration shows
an increase in power generation and organic flow with increasing evaporator pressure,
with the highest power generated and the highest organic flow occurring at the highest
evaporator pressure. The highest power output of 2826.62 kW was generated using R152a,
and it also had the second lowest organic flow rate at 48.12 kg/s. On the other hand, the
critical temperature of the R-600a, R245fa, and R123 organic fluids exceeds the temperature
Tol, and in this case, the maximum evaporation temperature for thermodynamic study
must be lower than the TIT minus a superheater temperature difference, Tevap = To1 — ATsy.
In the case of using R-600a, R245fa, and R123 in the S-ORC, it is observed that maximum
power output is generated at one evaporator pressure, followed by a decrease. This
behavior occurs because the minimum value of the Pinch Point temperature difference
(see Table 5) is reached for evaporator pressures above the maximum power condition.
Therefore, increasing the evaporator pressure with a constant Pinch Point temperature
difference results in a decrease in both organic flow rate and power output. Similarly,
the powers achieved using R245fa and R123 are similar at 2696.39 kW and 2685.01 kW,
respectively, and the required mass flows to generate these powers fall within the range
of 60 kg/s to 70 kg/s. Regarding the use of R-600a in the S-ORC, it presents a power
of 2630 kW with the lowest organic flow rate of 33.90 kg /s compared to the eight fluids
analyzed in this study.
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Figure 7. Power output and organic flow rate for the S-ORC configuration.

According to the conditions of the residual thermal resource from the HRSG of the
5-ORC, the use of R1234yf, R-290, R134a, R1234ze, and R152a showed that maximum power
output was achieved with an evaporator pressure close to the critical pressure of each fluid.
The power output curve consistently exhibits an upward trend. For this reason, the use
of these fluids is analyzed under turbine inlet pressures exceeding the critical pressure.
Subsequently, the analysis of power generation behavior and required organic flow in
the SP-ORC and UC-ORC configurations shown in Figure 8 is presented. In contrast to
the S-ORC, the SP-ORC reveals a turbine inlet pressure condition where power output
reaches its maximum with the use of the five available organic fluids. The highest power
output is achieved when using R152a, with a value close to 2900 kW, followed by R1234ze,
R134a, and R290, all with values close to 2700 kW. In the case of R1234yf, a slightly higher
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R1234yf

power of over 2600 kW is generated. Increasing the pressure above the critical pressure of
each organic fluid indicates that, with higher power generation, the difference between the
turbine inlet pressure and the critical pressure decreases. Taking the case of R152a, where
the highest power is achieved, the pressure difference is over 4 bar. Conversely, when using
R1234yf, which generates the lowest amount of power, the largest pressure difference is
observed, around 17 bar. The behavior of the required organic flow to achieve these powers
reveals that both R290 and R152a require the lowest quantities, with flows of 38 kg/s and
52 kg/s, respectively. In contrast, the use of organic fluids R1234yf, R134a, and R1234ze
involves flow quantities ranging from approximately 70 kg/s to 85 kg/s.
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Figure 8. Power and organic flow for the configurations of the SP-ORC y UC-ORC.

On the other hand, the UC-ORC configuration shows the potential to increase cycle
power output by increasing the high-pressure turbine inlet pressure, adding a low-pressure
turbine, and a reheater. Similar to the SP-ORC, the UC-ORC exhibits a specific vapor
pressure region where maximum power output is achieved using fluids R1234yf, R-290,
R134a, R1234ze, and R152a. In this scenario, the region surrounding the maximum power
condition presents a wider range of turbine inlet pressures. In other words, it is possible to
operate very close to the maximum generated power condition but with a lower turbine
inlet pressure. The increase in power generation of the UC-ORC, compared to the SP-ORC,
is notably more significant when using R-290 and R134a with 85.40 kW and 87.28 kW,
respectively. Additionally, the use of organic fluid R152a continues to generate the highest
power among the five fluids, exceeding 2900 kW. On the other hand, the required organic
flow to achieve the powers in the UC-ORC exhibits behavior similar to the values recorded
in the SP-ORC. However, a decrease of less than 1 kg/s in mass flow is shown. This variation
is attributed to the increase in the work output resulting from the increase in turbine inlet
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pressure and the incorporation of a low-pressure turbine. The power trigeneration system
proposed in this study aims to determine the operating conditions that allow maximizing
the utilization of residual thermal energy from gas turbine exhaust. The exergetic efficiency
behavior is presented using the organic fluids R1234yf, R-290, R134a, R1234ze, R152a,
R600a, R245fa, and R123 for the S-ORC, SP-ORC, and UC-ORC.

Figure 9 exhibits how the exergetic efficiency of the S-ORC varies in relation to evap-
orator pressure using the eight organic fluids. According to the expressions of exergetic
efficiency shown in Equation (20), it is noted that the exergy flow rate associated with the
residual heat of the exhaust gases remains constant when using R1234yf, R-290, R134a,
R1234ze, and R152a. This is because the increase in exergetic efficiency with evaporator
pressure follows a similar pattern to that shown in Figure 7. In other words, the operat-
ing condition that maximizes power generation also coincides with maximum exergetic
efficiency in the S-ORC, with values of 47.26%, 51.09%, 53.12%, 54.58%, and 59.57% for
the use of fluids R1234yf, R-290, R134a, R1234ze, and R152a, respectively. On the other
hand, when using fluids R600a, R245fa, and R123, an increase in exergetic efficiency with
evaporator pressure is observed, reaching a maximum. However, this optimal exergetic
efficiency condition differs from that which maximizes power generation. Although exer-
getic efficiency only increases by 1.4% compared to the maximum power condition, power
decreases to 344.61 kW with the use of R600a and to 1453.76 kW and 1560.75 kW with
R245fa and R123, respectively.

6250 1 5 oRC
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57.50 A
55.00 1 Vs
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50.00 A

47.50 1

45.00 1

Exergy efficiency of Organic Rankine Cycle (%)
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40.00
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Evaporator pressure (bar)

Figure 9. Exergetic efficiency of the S-ORC for different evaporator pressures.

Figure 10 shows the behavior of exergetic efficiency concerning the variation of high-
pressure turbine inlet pressure for the SP-ORC and UC-ORC. It is evident that the exergetic
efficiency behavior with increasing pressure for the five fluids follows the same pattern as
the values shown in Figure 8. Therefore, the SP-ORC demonstrates that the zone where
maximum exergetic efficiency is found is at a pressure of 46 bar with an efficiency slightly
above 0.60, achieved with the use of R152a. In the case of using R290, R134a, and R1234ze,
regions of maximum exergetic efficiency are shown between 0.56 and 0.58, and finally,
the lowest exergetic efficiency of the SP-ORC is observed with the use of R1234yf, which
is below 0.54. Similarly, in the UC-ORC, it is shown that exergetic efficiencies reflect an
increase in using the five organic fluids, with this efficiency increasing to a greater extent
with the use of R1234ze, R134a, and R290.

Figure 11 depicts the irreversibility flow of components for the S-ORC, SP-ORC, and
UC-ORC under operating conditions close to maximum exergetic efficiency using the eight
organic fluids. Comparing the irreversibilities of the components for each organic fluid
reveals that R1234yf exhibits the highest irreversibilities, while the use of R152a results
in the lowest irreversibility quantities. Across all three ORC configurations, the HRSG
components incur the greatest irreversibilities, with the economizer being the primary
contributor due to the temperature increase of the organic fluid from condensation temper-
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ature to evaporation temperature. Additionally, the condenser ranks second in terms of
generating irreversibilities. Finally, the equipment contributing in smaller proportions to
exergy destruction includes the pump and the turbine. Increasing the high-pressure turbine
inlet pressure results in a reduction in the total irreversibility flow in the SP-ORC and
UC-ORC, leading to an increase in exergetic efficiency. The highest efficiency is observed
with the UC-ORC using R152a as the working fluid.

0.62 1

0.62 1
SP-ORC UC-ORC

R152a
R152a

o
N
S

Exergy efficiency of Organic Rankine Cycle (-)
=)
193
=N

=1

=N

1=}
L

R134a

o
n
&
(=]
n
&
L

R290

0.54 1 \

Exergy efficiency of Organic Rankine Cycle (-)
IS

. e A 5
=N

0.54 R290 R
RI1234yf
RI1234yf
0.52 0.52 1
0.50 — =~ 0.50 ——
35 40 45 50 55 60 65 70 75 80 8 90 35 40 45 50 55 60 65 70 75 80 8 90
Evaporator pressure (bar) Evaporator pressure (bar)
Figure 10. Exergetic efficiency of the SP-ORC and UC-ORC for different turbine inlet pressures.
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3.2. Exergy Optimization

Exergetic optimization aims to maximize efficiency, reduce irreversibilities generated
within the power trigeneration system components, and maximize energy availability.
According to the optimization model proposed in Section 2.5, Tables 7-9 present the
operating conditions of decision variables that maximize the exergetic efficiency of the
power trigeneration cycle. The maximum exergetic efficiency generally has a value of 55%
for the combination of the gas turbine with the steam cycle and the three different ORC
configurations. Similarly, the pressure and temperature conditions of live steam, as well
as the Pinch Point temperature difference of the steam cycle, remain constant, as does the
condensation temperature. In this case, the values obtained in the analysis of Section 3.1.1
turn out to be close to the optimized results shown. Therefore, maximizing exergetic
efficiency focuses on comparing the results obtained in the three ORC configurations using
the eight organic fluids. The results show that maximizing exergetic efficiency leads to the
highest power output. In the case of the S-ORC, the use of R152a, R600a, R245fa, and R123
yields the highest powers generated between 2000 kW and 2900 kW. For the SP-ORC and
UC-ORC, the thermodynamic analysis focuses solely on the use of organic fluids R1234yf,
R290, R134a, R1234ze, and R152a, with a minimal increase in exergetic efficiency of 0.01%
but an increase in power of 447.14, 391.4, 314.08, 216.84, and 164.14 kW, respectively.

Table 7. SC optimization results—S-ORC.

R1234yf R290 R134a R1234ze R152a R600a R245fa R123
P (bar) 32.104
Ts1 (°C) 500
ATppsc (°C) 45
Tevap (°C) 89.70 91.74 96.06 104.36 108.26 109.31 107.06 104.27
Pevap (bar) 30.62 38.84 36.69 32.97 41.05 23.54 14.75 8.63
ATpa,0rc (°C) 7.63 5 5 5 5 10 10 10
ATpporc (°C) 28.57 25.98 22.84 16.75 12.29 10
Teona (°C) 20
Hexer GT-SC-ORC () 0.5554 0.5559 0.5561 0.5563 0.5569 0.5566 0.5566 0.5568
W, sc (KW) 85,600.63
W, s.orc (KW) 2321.91 2512.31 2613.26 2683.92 2937.07 2803.89 2836.77 2906.92
W, sc.s-orc (KW) 8792249  88,112.89  88,213.84 8828450  88537.65  88,404.47 8843735  88,507.50
Table 8. SC optimization results—SP-ORC.
R1234yf R290 R134a R1234ze R152a
Py (bar) 32.104
Ts1 (°C) 500
ATppsc (°C) 45
Po1 (bar) 52.01 58.10 53.28 44.62 48.78
ATga (°C) 5
Teona (°C) 20
Hexer,GT-SC-ORC () 0.5563 0.5565 0.5566 0.5566 0.5570
W, sc (KW) 85,600.63
W, sp-orc (KW) 2672.40 2792.19 2817.49 2833.87 2982.19
(vﬁl{j\gosp‘ORC 88,273.02 88,392.81 88,418.11 88,434.50 88,582.82
Table 9. SC optimization results—UC-ORC.
R1234yf R290 R134a R1234ze R152a
Psq (bar) 32.104
Ts1 (°C) 500
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Table 9. Cont.

R1234yf R290 R134a R1234ze R152a
ATppsc (°C) 45
Py; (bar) 87.37 72.26 64.86 65.19 57.45
Py, (bar) 4957 52.82 46.97 43.06 45.17
ATya (°C) 5
Tcond (OC) 20
Hexer GT-SV-ORC (=) 0.5565 0.5568 0.5569 0.5568 0.5573
Wi.sc (KW) 85,600.63
Wouc.orc (kW) 2769.05 2903.71 2927.34 2900.76 3101.21
(VIY%CUC’ORC 88,369.65 88,504.30 88,527.93 88,501.36 88,701.80

4. Conclusions

This study conducts a thermodynamic analysis aimed at maximizing the exergetic
efficiency of a power system comprising a gas turbine cycle, a steam cycle, and three differ-
ent ORC configurations. The objective is to identify operating conditions that effectively
utilize residual gases, initially in the steam cycle’s HRSG and subsequently in the S-ORC,
SP-ORC, and UC-ORC HRSG, utilizing eight organic fluids. Before optimizing the power
trigeneration system, a parametric analysis of the steam cycle and ORC configurations
was performed to identify scenarios with the highest exergetic efficiencies and assess the
operating conditions that influence decision variables related to the objective function.
The optimization problem revealed that the operating conditions for the steam cycle are
independent of those optimized for the S-ORC, SP-ORC, and UC-ORC, with a constant
live steam pressure and temperature of 32.10 bar and 50 °C, a Pinche Point temperature
difference in the evaporator of 45 °C, and a steam cycle power output of 85,600 kW. Thus,
coupling the UC-ORC with both high and low-temperature cycles emerges as the config-
uration offering the maximum exergetic efficiency and highest power generation, with
55.73% efficiency and a UC-ORC power output of 3101.21 kW, using R152a. Organic fluids
R290 and R152a are deemed viable choices due to their low global warming potential, zero
ozone depletion potential, and minimal required mass flow rates.
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R ideal gas constant (K] /kg K)
s entropy per unit mass (k] /kg K)
q heat supplied per unit mass (KJ/kg)
T temperature (O]
TIT turbine inlet turbine O
w work per unit mass (KJ/kg)
W power (MW)
x relation for adiabatic index -)
y relation between temperatures (fg3/tg1) (-
Greek letters
E exergy flow (kw)
0% Adiabatic index )
A increment -)
7 efficiency )
T pressure ratio )
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