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ABSTRACT
Our utilization of waste heat sources, combined with multiple power generation systems and systems
featuring gradual expansion, constitutes a crucial domain in terms of energy and exergy analysis. Within
these systems, the utilization of energies derived from various power sources reveals the availability of
system components, highlighting the importance of meticulous analysis during design and operation to
mitigate energy and exergy losses. Energy and exergy analysis stands as a pivotal method employed
throughout the design, operation, and maintenance phases of these systems. This study initiates with the
commencement of the combustion chamber temperature and turbine output temperature of a UGT-
25000 gas turbine, followed by the development of the system through gradual expansion processes. A
comprehensive thermodynamic analysis of the integrated power generation system was conducted,
encompassing heat transitions across the H,O Rankine cycle, R113 ORC cycle, S-CO; cycle,
electrolyzer, and NHsH>O absorption cycle along with successive sub-cycles. Additionally, energy
extraction from turbines was facilitated through the gradual expansion of the air-Brayton, R113-ORC,
H,O-Rankine, and S-CO; cycles. The resulting net powers are as follows: 0.0034 kg/s of hydrogen
produced with the electrolyzer from the Air Brayton cycle, 34.314 kW; H-O Rankine cycle, 1.828 kW;
R113 ORC, 681 kW; NH3H20 absorption cycle, 2.985 kW; and S-CO;cycle, 1.720 kW. The energy
efficiency of the multi-integrated system is calculated to be 66.35%, with an exergy efficiency of 35%.

Keywords: Energy analysis 1, Exergy analysis 2, Brayton cycle 3, Rankine cycle 4, Organic rankine
cycle 5, Absorption cycle 6, Electolyzer 7
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. INTRODUCTION

Global climate change is sounding an alarm, indicating the urgent need to transition away from fossil
resources. The primary solution to address the demand for fossil fuels involves the development of
integrated power generation systems that incorporate renewable energy sources and effectively utilize
waste heat. Some systems possess significant energy value within their waste heat, and when these waste
temperatures are appropriately harnessed, it not only reduces energy consumption but also enhances
energy efficiency in overall process performance. The concept of energy efficiency is determined by the
principle of entropy, representing disorder, and introduces the calculation of exergy. Exergy is a critical
concept that reflects the quality of the resources utilized. Exergy losses are directly proportional to the
entropy produced by the system. The mitigation of these losses or the identification of losses is achieved
through the application of thermodynamic concepts. In this context, the energy analysis and exergy
analysis of integrated systems derived from waste heat sources or renewable energy sources has recently
gained significant importance.

Some studies in the literature: Mohammadi et al., introduced an innovative triple power cycle that
harnesses waste heat derived from a gas turbine cycle. The researchers conducted thermodynamic
analyses on the system, incorporating a S-CO- recompression cycle and a regenerative ORC [1]. Ran et
al., endeavored to enhance the utilization of waste heat generated by a solid oxide fuel cell (SOFC).
They introduced a novel multigenerational energy system and conducted a comprehensive
thermodynamic analysis. The system comprises a SOFC, a micro gas turbine (MGT), a supercritical
carbon dioxide (S-CO2) Brayton cycle, and a lithium bromide absorption refrigerator [2]. Khan et al.,
made thermodynamic and exergo-environmental calculations of the performance of the multi-
production system based on solar energy based on PCM (phase change material). solar tower with
system helio, combined cycle (top Brayton cycle, bottom part Rankine cycle with reheating and
regeneration processes), single-acting Lithium-Bromide/water intake chillergroup, heat pump, water-
based They analyzed my system design, which consisted of a thermal energy storage system and an
electrolyzer [3]. Khani et al., has designed and thermodynamically analyzed ORC into a solar-powered
multi-generation system that integrates CO,. In addition, the integrated system made calculations to
meet the power, fresh water and carbon needs of a greenhouse [4]. Peng et al., conceptualized and
performed thermodynamic analyses for a combined power and heat cogeneration system, incorporating
a plasma gasifier, SOFC, gas turbine (GT), and a S-CO- cycle [5]. Khosravi., is to design an Organic
Rankine Cycle based on geothermal energy that can be used for electricity generation, heating, cooling
and decoding. It also envisaged its use for the production of hydrogen by means of electrolytes. In
addition, it is aimed to recover the waste heat in the cycle, to drive the absorbable heat pump unit and
to obtain heating, cooling and drying in this way [6]. Panahirad, orchestrated a comprehensive energy
system encompassing a biomass-sourced combustion chamber (CC), a single-acting absorption cooling
system (SEACS), an air conditioning unit (AC), a reheating vapor Rankine cycle (RSRC), an organic
Rankine cycle (ORC), and an electrolyzer, conducting thorough thermodynamic calculations [7]. Zhang
et al., devised an innovative hybrid system integrating compressed air energy storage (CAES) with
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SOFC-GT. In this integrated system, the absence of power consumption during the air compressor's
discharge process led to increased energy efficiency compared to traditional SOFC-GT configurations.
Furthermore, they employed a Rankine steam cycle (RSC) to recover waste heat from the exhaust of the
SOFC-GT [8]. Hai et al., expanded upon an existing solar-powered system by incorporating two power
cycles, a thermoelectric generator, a hydrogen production unit, and absorption coolant subsystems. The
study included analyses of energy, exergy, economic performance, and environmental impact of the
system [9]. Wu et al., combined with the waste heat recovery (WHR) strategy, said that the efficiency
of the system energy conversion could be further increased [10]. Qin et al., have conceptualized a novel
combined cycle, comprising a supercritical CO, recompression Brayton cycle and a transcritical CO»
cycle. They conducted a thermodynamic analysis of the cooling cycle to efficiently recover waste heat
from a marine turbine for both power generation and cooling purposes [11]. Atif et al., designed a
Combined Cooling, Heating, and Power (CCHP) system using S-CO>. Their cycle involved integrating
a Brayton cycle with a transcritical ejector cooling cycle through the addition of an extraction turbine,
and a thorough thermodynamic analysis was performed [12]. Elbir et al., conducted analyses on both
single and double-stage S-CO; Brayton cycles, incorporating intermediate heat exchangers operating
within the same temperature range [13]. Gogoi et al., introduced a concept for a Combined Cycle Power
Plant (CCPP) that integrates a gas turbine (GT) cycle, a regenerative steam turbine (ST) cycle, and a
recuperative regenerative organic Rankine cycle (RR-ORC). The heat recovery steam generator (HRSG)
efficiently utilized the GT cycle's exhaust gas to drive the ST cycle, while the remaining heat from the
GT exhaust gas was effectively employed to power the RR-ORC through a heat recovery vapor
generator (HRVG). The proposed CCPP showcased notable energy efficiency, reaching 44.79%, along
with an exergy efficiency of 40.89% [14]. Bamisile et al., conceptualized, modeled, and analyzed two
novel CO.-based setups: the High-Temperature Geothermal Multi-Energy System (HTGMES) and the
Low-Temperature Geothermal Multi-Energy System (LTGMES). These configurations were
specifically designed to produce electricity, provide cooling/refrigeration, support space heating,
generate hydrogen, and supply hot water. The determined steady-state overall energetic and exergetic
efficiencies were 44.22% and 33.5% for HTGMES, and 45.40% and 32.9% for LTGMES, respectively
[15]. Elmaihy et al., performed computational assessments on the energy and exergy aspects of
harnessing waste heat from an automobile engine's cooling water via an Organic Rankine Cycle (ORC).
The ORC, utilizing R245fa and R123 as working fluids, demonstrated peak thermal efficiencies of
7.76% and 7.49%, respectively [16]. Manesh et al., presented a comprehensive framework comprising
a Brayton cycle, supercritical carbon dioxide (S-CO2) cycle, organic Rankine cycle (ORC), and a
polymer electrolyte membrane (PEM) electrolyzer. The integrated Brayton cycle system effectively
captured exhaust heat, with seamless integration of S-CO, and ORC cycles utilizing this thermal
resource. The combined energy and exergy efficiencies were documented at 40.95% and 39.49%,
respectively [17]. Bamisile et al., presented a novel concentrated solar photovoltaic/thermal system
hybridized with a wind turbine, creating a CO-based geothermal micro-multi-energy system. This
proposed energy system, designed for electricity, cooling, space heating, hydrogen, and hot water
generation, showcased overall energetic and exergetic efficiencies of2 48.61% and 88.31%, with the
potential to increase to 51.76% and 95.08% through optimization based on system exergy efficiency
[18]. Ding et al., assessed a comprehensive multi-energy configuration based on solar and geothermal
energies, involving the Kalina (KC), ORC, cooling, water electrolysis, and thermoelectric (TEG) cycles.
The system achieved an exergetic efficiency of 35.9% [19]. Cao et al., demonstrated the efficient
recovery of waste heat from a hybrid solar-biomass heat source by employing a combined system of
regenerative gas turbine cycle (GTC) and recompression S-CO- Brayton cycle (SCBC). The recovered
waste heat was harnessed through diverse subsystems, including a thermoelectric generator, LiBr-H,O
absorption refrigerator system, heat recovery steam generator, and a proton exchange membrane
electrolyzer. This integrated approach yielded an exergy efficiency of 43% and an energy efficiency of
62.2% [20].

Despite these advancements, there remains a critical need for further research to explore more effective
integration strategies and enhance the overall efficiency of energy conversion systems. This study aims
to fill this gap by proposing gradual expansion processes to enhance the efficiency of the UGT-25000
gas turbine. This novel approach seeks to achieve higher energy and exergy efficiencies through a
comprehensive analysis of an integrated power generation system. The proposed system encompasses
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various energy conversion technologies such as the H,O Rankine cycle, R113 ORC cycle, S-CO; cycle,
electrolyzer, and NH3;H,O absorption cycle.

This study's originality lies in its holistic approach to integrating multiple energy conversion systems
and its focus on the UGT-25000 gas turbine. By addressing these systems' combined energy and exergy
analyses, this research provides a new perspective on optimizing energy conversion technologies and
contributes significantly to the literature. The proposed methodologies and insights can pave the way
for more efficient and sustainable power generation systems, thus contributing to the global effort to
combat climate change.

Il. MATERIALS AND METHODS

A. SYSTEM DESCRIPTIiON

The integrated system providing multiple energy production is given in figure 1.
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Figure 1. Integrated system for multiple energy generation

Air brayton cycle, The air entering in the 1st case exits the compressor in the 2nd case with the
temperature and pressure increased. Then, with the heat received from the 1st heat exchanger (or
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renewable energy source) from the heat source, the hot air that exits the temperature in the 3rd state with
increased temperature passes through the turbine and provides electricity production. In the 4th case,
the hot air coming out of the 1st turbine by falling by 1/4 passes through the 2nd turbine again and comes
out in the 5th state with the pressure decreasing the atmosphere and the temperature decreased. The hot
air in the 5th case passes through the 2nd heat exchanger and 3rd heat exchangers and transfers the heat
to the lower cycles and the brayton cycle process ends.

HO rankine cycle, The 2nd heat exchanger sends the heat it receives to the 3rd turbine in the 8th state.
In the 9th case, the heat generated is increased again and the temperature is increased again to the 2nd
heat exchanger. The fluid that comes out at the 10th stage enters the 4th turbine and power generation
is provided again. The heat of the fluid output in the 11th state is transferred to the 4th heat exchanger.
The pressure of the fluid in the 12th state is increased with the 1st pump and the Rankine cevolution is
completed.

R113 ORC, The fluid in its 14th state from the 3rd heat exchanger passes into the 5th tube. In the 15th
case, it exits the turbine and re-enters the 3rd heat exchanger. In the 16th case, the fluid with increased
temperature enters the 6th turbine and produces energy again. Then, the fluid in the 17th state transfers
the heat to the NH3H2O absorption cooling cycle, which is a sub-cycle, with the 6th heat exchanger. In
the 18th case, the fluid from the 6th heat exchanger passes to the 2nd pump to increase the pressure and
in the 19th state the ORC is completed.

S-CO; cycle, With the heat received from the 4th heat exchanger, the fluid that exits in the 20th state
exits from the 7th turbine in the 21st state and the temperature is increased again in the 4th heat
exchanger. In the 22nd case, the fluid with increased temperature enters the 8th turbine and power
production is provided again. The temperature of the fluid is reduced by throwing the temperature from
the 5th heat exchanger into the water. The fluid in the 42nd state, whose temperature decreases, enters
the 2nd compressor and completes the cycle by increasing the temperature and pressure.

Electolyzer, After the total power of the 7th turbine and the 8th turbine is met by the power of the 2nd
compressor, the remaining power is transferred to the electrolyz. H,O entering in case 46 passes through
the electrolyzer and outputs O in case 44 and H; in case 45.

NHsH20 Absorption cycle, 6. The heat received from the heat exchanger is transferred to the condenser
in the 27th state after separation from the rich melt in the 27th state. 7.After the heat is lowered in the
heat exchanger, the cooling melt passes through the 1st valve and 8. The heat exchanger passes into the
evaporator at low temperature. In the 31st case, the 8th hea texchanger (evapoartor) exits fluid enters
the absorber. Also 6.28. from heat exchanger. The fluid in the state passes through the 9th heat exchanger
and passes through the 34th state The fluid passing through the 2nd valve enters the 10th heat exchanger
(absorber) in the 35th case in order to reduce the pressure of the weak melt. In the 32nd case, the fluid
from the 10th heat exchanger is sent to the 6th heat exchanger with the 3rd pump and the cycle is
completed.

When performing a thermodynamic analysis of the multi-energy production system of the Tas bee, the
following assumptions were taken into account:

System performance is assumed to be stable and regular.

Pure substance is used in the system.

The compression in compressors is adiabatic.

The heat entering and exiting the heat exchangers is equal to each other.

Pressure drops in the system components and pipeline and the heat transfer process are
alsoneglected.

e Opposite-flow heat exchangers were used in heat source heat exchangers, and heat losses were
neglected.
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e The dead state of the fluids circulating in the system (air, CO,, water, R113, NH3H,0) was taken
as 20°C.

e System performance is assumed to be stable and regular.

e Gravitational potential energy and kinetic energy are not taken into account.

e 1l.compressor, 2. compressor, 1. pump and 2. pump met the energy they consumed from the
turbines in their own systems.

o Inthe gas turbine, the inlet and outlet pressure ratio of the compressor is 21 and the temperature
of the heat received from the heat source (HX1) is taken from the characteristics of the gas
turbine 1493 K UGT-25000 [21]. 1/4 in 1st turbine

e 2.The turbine is reduced to atmospheric pressure. The power consumed by the 1st compressor
is equal to the power produced by the 1st turbine. HX1 heat source 1800K.

¢ In the Rankine cycle, the 2nd heat exchanger temperature-dependent temperature transition is
equalized. For the 3rd turbine and the 4th turbine, the maiden rise is 70°C, the pressure drop
rates are 1.5.

o ORC 3.heat exchanger temperature-dependent heat transitions are equalized. The hard drop
rates for the 5th turbine and the 6th turbine are 1.5.

e In the S-CO; evolution, the heat transitions due to the 4th heat exchanger temperature are
equalized. 7.The pressure drop of the tube is 1.36 and the pressure drop of the 8th turbine is
1.46.

e In the absorption system, the generator was taken at 115°C. “Qu=quality (Saturated states,
0<=Qu<=1; Subcooled. Qu=-0.001; Superheated Qu=1.001)".

o Electricity ratio supplied to electrolyzer (0.5), HHV (141800), efficiency of the electrolyzer
(0,56), Molecular mass(kJ/mol) Ha: 2.01594 , O,: 31.9988 , H,0O: 18.01534, Standard chemical
exergy(kJ/mol) H,: 236.09 , H,0: 0.9, O,: 3.97, [22].

B. ENERGY AND EXERGY ANALYZES

In thermodynamic analysis, an alternative formulation of the fundamental mass balance equation for
steady-state conditions is as follows (1) [23,24-25];

D i = ) e .

Expressing the mass flow rate as/ and denoting the states at the inlet and outlet as 'in' and 'ex’
respectively, the energy balance can be presented as follows (2):

. . . V2 2
Qm+Wm+ E h+—+gz = Qex + W, + E m h+—2 +9z
ex

Here, Q is the heat transfer rate, , W is the power, h is the specific enthalpy, z is the height, v is the
velocity and g is the gravitational acceleration. Steady-state conditions can be expressed alternatively
through the entropy balance equation as (3):

. 3
Zm mlTLSlTl + Zk + Sgen Zex mexsex ( )

Here, where s represents specific entropy and S'gen denotes the entropy generation rate, the exergy
balance equation can be expressed as (4):

. . . 4
Z My €Xin + Z Exqin+ Z Exy in (4)
= z niOexexex + Z E'xQ,ex + Z E'xW,ex + ExD

The specific flow exergy can be written as (5):
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ex = Xpp + excp + exy + exyy (5)

The assumption of negligible contributions from kinetic and potential exergy components, as well as the
neglect of chemical exergy, is made. The definition of physical or flow exergy (ex,y) is provided in
equation (6):

expp = (h—hy) —To(s —s,) (6)

In the context of the actual scenario, h and s stand for specific enthalpy and entropy, respectively.
Meanwhile, h, and s, correspond to enthalpy and entropy at reference medium states.

Exergy destruction is equal to specific exergy times mass (7);

Exp =ex*m (7)
Exp, are work-related exergy ratios and are given as (8):

Exp = TOSgen (8)
Exy,, are work-related exergy ratios and are given as (9):

Exy =W (9)

The exergy rates associated with heat transfer, denoted as ExQ, are presented in the following manner
according to equation (10).

brg= (1) "
Exergy destruction in the system (11);

ExD,syst. = Exin - Exaut (11)
What work comes out of the system (12);

Wnetout = Qin - Qout (12)
System thermal efficiency (n) (13)[26];

_ energyinexit (13)
n= total energy inlets

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

l,[) __ exergy inexit (14)

~ total exergy inlets

The electrolyzer analysisin the study shows the high heat value (HHV), Electricity ratio supplied to
electrolyzer (n,4:),the efficiency of the electrolyzer ( m.;ec) and the hydrogen mass flow rate (rmy,)
(15):

My2=Netect *Wnets_coz * Nrac)) HHV (15)

The chemical exergy of H,, O, and H,O can be obtained by:

2121



eXep 112=(236.09*1000)/MH;
exXcp, 02=(3.97%1000)/MO;
eXeh 120=(0.9¥1000)/MH.0

General energy equation (16);

o o o : , AR ,
(We1+Wez2)pet Wiz +Wea)re+(Wes +WesJore+(We7 +Wes)s—co2 +QCooling Y H2LHV H,

Nrotal =
General exergy equation (17);

Yiotar =

HX14+Weq + Wiy + Wy + Wep + W3 + Wiiektrolyzer

7 BC | [ BC | [ RC | [ RC 4 2 ORC y [ ORC | [r. S=C02 | fr,.S=C02 | [, AB . ph . ch
Exyy + Exyy, + Exy, + Exy, + Exg o+ Exyy .+ Exy 77 + Exyy 77 + EXCogring + Tz (exy, + Maoexy;)

i.Q i ..BC i ..RC
Exjy, + Echl + Exy,,

3

2 ORC | [..S—C02 | f. Abs | [
+Exwp2 +ExWC2 +Exwp + EXgiektrotyzer

(16)

17)

In Table 1, the energy efficiency and exergy efficiency equations for each cycle are given separately.

Table 1. Equations of energy efficiency and exergy efficiency of components in the integrated power cycle

Energy Exergy
Cycle efficiency efficiency
; A A ExBE 4 ExBC
Airbrayton W + Wy, Wiy Wio
cycle HX1 + W, Exp, + Expy
. . ~ RC ~RC
H.O rankine ~ Wiz + Wiy Exy;, + Exwy,
cycle HX2 + W, EXSXZ + Ex‘l}\fm
. . = ORC | o ORC
W.e + W, Exu, — + EXg
RII3ORC 1o ¢ e
HX3 + sz EXHX3 + EXsz
. . ~.S—C02 |, f,S—CO2
Wiz + Wig Exyy, T EXiy,
S-COzcycle —— )  $-CO2
HX4 + W, Expy, + Exgy S
My, * HHV gy (exP? + mygexh
Electolyzer iz HHV HZ(' i, T M29€Xjy,)
W. et E
S—-C02 XElektrolyzer
. ~AB ~,AB
NHBHZ.O ng)(gling EXWts + EXWts
Absorption = —— Q . o AB
cycle HX6 + W3 Exiye EXWP3

I11. RESULTS AND DISCUSSION

The temperature entropy T-s diagrams of the integrated cycles are shown in figure 2(Rankine cycle),
figure 3(ORC), and figure 4(S-CO; cycle).

Thermodynamic values of the state points of the air brayton cycle cycle in the integrated system in figure

1 are given in table 2.
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Table 2. Thermodynamic values for the air brayton cycle

kj

. . ; K.k .
Location T[K] s[ kg, K] P[bar] h[@] x[@] m[T] Fluid

1. 293.2 6.8446 1 293.4 0 88 air

2. 729.6  6.909 21 746 433.8 88 air

3. 1493  7.733 21 1630 1076 88 air

4. 1113 7.783 525 1177  609.1 88 air

5. 768 7.841 1 787.3 2021 88 air

6. 5123 7412 1 516 56.56 88 air

1. 402.3  7.165 1 4035 16.52 88 air
T[0]. 293.2  6.846 1 2934 --memeem e air

T-s diagram for gradual H.O Rankine cycle in figure 2.

650 —
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TIK]

500

Water
—T—

550

/

200 bar X

-

70 bar

30 bar

450+~

3,3

‘
4,4

s [kJ/kg-K]
Figure 2. T-s diagram for H,O Rankine cycle

In table 3, thermodynamic values of the state points of the H,O Rankine cycle in the integrated system
in figure 2 are given.

Table 3. Thermodynamic values for the H,O Rankine cycle

: . K k] k. kg :

Location T[K] s kg. K] P[bar] h[E] ex[E] m[T] Fluid
8. 593.2  6.461 39.8 3017 1126  10.58  water

9. 543.8  6.478 2653 2930 1034  10.58  water

10. 593.2  6.695 17.69 3053 1093  10.58 water
11, 5444  6.715 17.69 2964 998.4 10.58 water
12. 479.4  2.389 39.8 8805 1829 10.58 water
13. 479.8 2.39 39.8 8834 1856 10.58 water
T[0]. 293.2 0.2972 1 84.22  ----mmm —eeeee- water

R113 T-s diagram for gradual ORC in figure 3
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Figure 3. R113 T-s diagram for ORC

In table 4, thermodynamic values of the state points of the R113 ORC in the integrated system in figure

3 are given.

Table 4. Thermodynamic values for the R113 ORC

Location TI[K] s[ ul ] P[bar] h[ﬁ] e'x[ﬂ] kg Fluid
kg.K kg kg m—~]
14, 4232  1.662 1222 448 5426  63.92 R113
15. 408.9 1.664 8.146 4426 4849 63.92 RI113
16. 4232  1.692 8.146 4545 5199 63.92 R113
17. 4115 1.694 5431 448.6 4562 63.92 R113
18. 382.7 1.319 5431 4258 39.65 63.92 R113
19. 383.2 1.319 1222 305 11.79  63.92 R113
T[0]. 293.2 1.064 1 A R113
T-s diagram for gradual S-CO; cycle in figure 4.
584 R744
= 20 22
504 ]

Lo I g
X, 424 % S 1
— |
/
/
/
| /
/
344 y /
F /
/
e
— = _— Z
264"// ‘ ‘ /GObar" _—
1,75 -1,50 1,25 -1,00 0,75 0,50
s [kJ/kg-K]

Figure 4. T-s diagram for S-CO; cycle

In table 5, thermodynamic values of the state points of the S-CO; cycle In the integrated system in figure

4 are given.
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Table 5. Thermodynamic values for the S-CO; cycle

kJ K. . K kg

Location T[K] 3] kg, K] P[bar] h[@] ex[@] m[T] Fluid
20. 520 -0.5385 180 1585 3174 1224 CO;
21. 489.4  -0.533 132 1341 2914 1224 COq
22. 520 -0.4594 132 1713 307 1224  COq

23. 4833 -0.4524 90 1409 2746 1224 CO,
24. 353.2 -0.8561 90 -25.11 2269 1224 CO,
25. 4169 -0.8463 180 1551 2647 1224 CO,

T[0]. 2932 -0.01403 1 5168 -wro-rw  -meooem- CO;

In table 6, thermodynamic values of the state points of the Electolyzer in the integrated system in figure
1 are given.

Table 6. Thermodynamic values for the Electolyzer

kj kj kj k. . kg

Location T[K] $J kg, K] P[bar] h[@] ex[E] exch[@] m[T] Fluid
44, 3332  6.513 1 3215 1.749 124.1 0.02695 O
45. 3332 6641 1 503.2 27.35 117112 0.003396  H»
46. 298.2  0.3679 1 105.1 0 49.96 0.03035 H:0

T[0]. 2982 0.7172 1 64.82  ----m-em mmemeen e H2
T[0].  298.2 0.04569 1 L 0

In table 7, thermodynamic values of the state points of the NHsH-O absorption cyclein the integrated
system in figure 1 are given.

Table 7. Thermodynamic values for the NH3H-O absorption cycle
Kk K] - Qu m X

Location TI[K] h[@] S[kg—K] [bar] GX[@] [quallty] [kg/S] [%NH3] Fluid
26. 363.1 1741 1.122 15 35.19 -0.001  32.126 0400  NH3H:O
27. 388.2 15934  5.017 15 312.5 1 3.873 0.92 NHsH.0
28. 388.2 305.8 1.446 15 71.75 0 28.253  0.329  NH3H:0O

29. 3012 739 0452 15 1313 -0.001 3.873 0920 NH:H,O
30. 2551 739 0524 19 1101 0162 3.873 0920 NH:H.,O
3. 2752 1009.8 4124 19 -933 0812 3873 0920 NH:H.0O
32. 3012 -999 0301 19 1909 0002 32126 0400 NHsH,O
33. 3062 -80 0.3612 15 4079 -0.001 32126 0400 NHsH,O
34. 3235 169 0633 15 2129 -0.001 28253 0.329 NH:H,O
35. 3162 169 06385 19 1964 001937 28.253 0.329 NH:H.O

T[0]. 2932 -8.949 06173 1  -- e — NH:H,0

The thermodynamic analysis of the combined power system created with different thermodynamic
cycles is presented in Table 8 [(+) entering the system (-) exiting the system]. Compressorl operates
with an input power of 39825 kW and has a high efficiency of 95.86%. The exergy loss is 1648 kW,
which is a reasonable value in the system. HX1 has an exergy loss of 8580 kW and operates at 86.82%
efficiency, playing a significant role with a heat transfer of = 77777 kW. Turbinel operates with an
output power of 39825 kW at a high efficiency of 96.88%, with an exergy loss of only 1283 kW.
Similarly, Turbine2 operates with an output power of 34314 kW at 95.83% efficiency and has an exergy
loss of 1495 KW. HX2 has an exergy loss of 2237 kW, operates at 72.71% efficiency, and handles a
heat transfer of + 23873 kW. HX3 has an exergy loss of 584.9 kW, operates at 70.71% efficiency, and
handles a heat transfer of = 9899 kW. Turbine3 operates with an output power of 916.2 kW at 94.33%
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efficiency and has an exergy loss of 55.07 kW. Turbine4, similarly, operates with an output power of
942.1 kW at 93.92% efficiency and has an exergy loss of 61.01 kW. HX4 operates with an exergy loss
of 951.1 kW at 88.98% efficiency and handles a heat transfer of £ 22045 kW. Pump1l operates with an
input power of 30.29 kW at 93.89% efficiency and has an exergy loss of only 1.851 kW. Turbine5
operates with an output power of 341.8 kW at 92.62% efficiency and has an exergy loss of 27.25 kW.
Turbine6 operates with an output power of 375.1 kW at 92.13% efficiency and has an exergy loss of
32.04 kW. HXS5 has an exergy loss of 1617 kW, operates at 72.3% efficiency, and handles a heat transfer
of + 20325 kW. HX6 has an exergy loss of 88.73 kW, operates at 95.96% efficiency, and handles a heat
transfer of £ 9218 kW. Pump2 operates with an input power of 35.92 kW at 92.35% efficiency and has
an exergy loss of 2.749 kW. Turbine7 operates with an output power of 2980 kW at 93.75% efficiency
and has an exergy loss of 198.8 kW. Turbine8 operates with an output power of 3712 kW at 93.67%
efficiency and has an exergy loss of 250.9 kW. Compressor2 operates with an input power of 4971 kW
at 92.95% efficiency and has an exergy loss of 350.6 kW. HX7 has an exergy loss of 118.7 kW, operates
at 85.53% efficiency, and handles a heat transfer of + 5885.7 kW. V1 has an exergy loss of 82.03 kW
and operates at 83.87% efficiency. HX8 has an exergy loss of 78.29 kW, operates at 83.07% efficiency,
and handles a heat transfer of + 3625.2 kW. Pump3 operates with an input power of 640.2 kW at 10.89%
efficiency and has an exergy loss of 570.5 kW. HX9 has an exergy loss of 426.1 kW, operates at 70.10%
efficiency, and handles a heat transfer of £ 8162 kW. V2 has an exergy loss of 46.61 kW and operates
at 92.24% efficiency. HX10 has an exergy loss of 225.2 kW, operates at 50.79% efficiency, and handles
a heat transfer of £ 7597.7 kW. The electrolyzer operates with an input power of 1720 kW at 56%
efficiency and has an exergy loss of 756.8 kW. The power output from the electrolyzer is 756.8 kW,
operating at 78.35% efficiency, and has an exergy loss of 163.8 kW. Overall, most components in the
system operate with high efficiency and maintain low exergy losses, which enhances the overall energy
and exergy efficiency of the system.

Table 8. Thermodynamic analysis of the combined power system

W kW Qheat
Component (in_(out =X KW @[%] o5 ™0y ot Siel]
Compressorl (1-2) +39825 1648 95.86  ----mm-- 90
HX1(2-3) === 8580  86.82 + 77777 e
Tirbinel (3-4) -39825 1283 96.88 ---—---—- 89.31
Tirbine2 (4-5) -34314 1495  95.83 = -------- 90
HX2 (5-6)(9-10)(8-13) -------- 2237  72.71 +23873 -meeeee-
HX3 (6-7)(14-19)(15-16) -------- 5849  70.71 I
Tirbine3 (8-9) -916.2 55.07  94.33 - 90
Tiirbine4 (10-11) -942.1 61.01 9392 = ---eeee- 89,31
HX4 (11-12)(21-22)(20-25) ~  -------- 951.1 88.98 +22045 = -------
Pump1 (12-13) +30.29 1851 9389 @ -----o-- 90
Turbine5 (14-15) -341.8 2725 9262 = -------- 90
Tirbine6 (16-17) -375.1 3204 9213 - 89,31
HX5 (23-24)(42-43)  ------e- 1617  72.3 +20325 = ---eee-
HX6 (17-18)(26-27-28)  -------- 88.73  95.96 +09218  —emeeee-
Pump2 (18-19) +35.92 2749 9235 @ - 90
Tirbine7 (20-21) -2980 198.8 93.75 = - 90
Tiirbine8 (22-23) -3712 250.9  93.67 @ - 20
Compressor2 (24-25) +4971 3506 9295 @ oo 90
HX7 (27-29)(40-41) - 118.7  85.53 +5885.7 @ --------
V1(29-30) e R I A —
HX8 (30-31)(38-39)  -------- 7829 83.07  +36252 @ ------m-
Pump3 (32-33) +640.2 5705 10.89 = -omemeem -
HX9 (26-33)(28-34) - 426.1  70.10 +8162 ---ee-e-
V2(34-35) e X —
HX10 (35-36-37) -------- 225.2  50.79 +7597.7 -
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ELECTROLYZER
Elektolyzere giren gu¢ +1720 756.8 T
ELECTROLYZER +756.8 163.8 7835 = emmememm e

Table 9 shows the products coming out of one component. The Brayton cycle generates a net power
output of 34,314 kW. The Rankine cycle produces a net power output of 1,828 kW. The Organic Rankine
Cycle (ORC) generates a net power output of 681 kW. The cooling load handled by the system is 2,985
kW. The supercritical CO; (S-COy) cycle produces a net power output of 1,720 kW. Additionally, the
system generates hydrogen at a rate of 0.0034 kg/s. Overall, these values highlight the contributions of
each cycle to the integrated power system, demonstrating their roles in power generation, cooling, and
hydrogen production.

Table 9. Net power values from integrated cycles

Parameters Net Values
WBC 34314 kW
WRC 1828 kW
WORC 681 kW

QCooling 2985 kW
WS_COZ 1720 kW
Myydrogen 0.0034 kg/s

Table 10 shows the energy and exergy efficiency percentages of each component. The air Brayton cycle
(BC) has an energy efficiency of 63% and an exergy efficiency of 27%. The H,O Rankine cycle (RC)
has an energy efficiency of 8% and an exergy efficiency of 5%. The R113 Organic Rankine Cycle (ORC)
has an energy efficiency of 7% and an exergy efficiency of 10%. The supercritical CO; (S-CO,) cycle
has an energy efficiency of 25% and an exergy efficiency of 35%. The electrolyzer has an energy
efficiency of 56% and an exergy efficiency of 70%. The NH3H.O absorption cycle has an energy
efficiency of 36% and an exergy efficiency of 11%. For the total system, the combined energy efficiency
is 66.35%, and the exergy efficiency is 35%. These values show the varying efficiencies of different
cycles within the integrated power system, highlighting the overall performance and potential areas for
improvement in both energy and exergy terms.

Table 10. Energy and exergy efficiency of components in the integrated power cycle

Energy Exergy

Cycle efficien  efficien
cy [%]  cy[%]
Air brayton
cycle(BC) 63 27
H-0 rankine 8 5
cycle(RC)
R113 ORC 7 10
S-CO, cycle 25 35
Electolyzer 56 70
NHsH.O
Absorption 36 11
cycle
Total system 66.35 35

In the study conducted by Cao and colleagues [20], they successfully recuperated waste heat through
the integration of diverse subsystems, including a thermoelectric generator, LiBr-H,O absorption
refrigerator system, heat recovery steam generator, and a proton exchange membrane electrolyzer. This
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integrated approach resulted in an impressive exergy efficiency of 43% and an energy efficiency of
62.2%. In contrast, our study focuses on the utilization of waste heat from a gas turbine, and the system
is enhanced through gradual expansion processes. The thermodynamic analysis of an integrated power
generation system includes heat transitions to the H,O Rankine cycle, R113 ORC cycle, S-CO; cycle,
electrolyzer, and NHsH,O absorption cycle, each with successive sub-cycles. Moreover, by
implementing gradual expansion in the Air-Brayton, R113-ORC, H,O-Rankine, and S-CO; cycles, the
process of extracting additional energy from turbines is initiated. The overall energy efficiency of our
multi-integrated system is calculated to be 66.35%, with an exergy efficiency of 35%. Our study aligns
with literature works, supporting the notion that the increased energy efficiency of the total integrated
system is attributed to the high efficiency of gas turbines.

V. CONCLUSION

The availability of energy serves as a fundamental criterion in determining its sustainability. Our
initiative to harness waste heat sources, in conjunction with multiple power generation systems and
systems featuring gradual expansion, represents a critical domain warranting extensive energy and
exergy analysis. Within these systems, the discernible energy and exergy losses incurred during the
utilization of energies sourced from diverse power origins unveil the operational availability of system
components. Hence, meticulous analysis during both the design and operation phases is imperative to
mitigate these losses effectively. Energy and exergy analysis emerges as a pivotal tool throughout the
design, operation, and maintenance stages of such systems.

In the integrated system under consideration, the comprehensive energy efficiency of the system notably
benefits from enhancements in the Air Brayton cycle and the Electrolyzer, representing pivotal cycles
that augment overall efficiency. Notably, significant exergy breakdowns are observed in the heat
transitions of the Air Brayton cycle and the S-CO; cycle. The resulting net power outputs indicate
efficient utilization, with hydrogen production from the Electrolyzer, and substantial outputs from
various cycles, including the Air Brayton cycle, HO Rankine cycle, R113 ORC, NH3H>O Absorption
cycle, and S-CO; cycle. The achievement of high total energy yield underscores the efficacy of
leveraging waste energy sources optimally.

In conclusion, our integrated power system demonstrates a robust energy efficiency of 66.35% and an
exergy efficiency of 35%. This efficiency is driven by high-performing cycles such as the Air Brayton
cycle and the Electrolyzer, which play crucial roles in optimizing overall system performance. Notably,
significant energy outputs are observed across various cycles, including the Air Brayton, H>O Rankine,
R113 ORC, NH3HO Absorption, and S-CO; cycles, along with hydrogen production from the
Electrolyzer. These results underscore the effective utilization of waste heat sources and highlight
opportunities for further enhancing energy and exergy efficiencies. Moreover, our study emphasizes the
importance of rigorous energy and exergy analyses in guiding the design, operation, and maintenance
of integrated energy systems, thereby advancing sustainable energy production practices.
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