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Abstract: The increasing environmental challenges posed by the widespread use of fossil fuels and
the fluctuating nature of renewable energy have driven the need for more efficient and sustainable
energy solutions. Current research is actively exploring hybrid energy systems as a means to address
these issues. One such area of focus is the integration of Organic Rankine Cycles (ORCs) with gas
and steam turbines, utilizing both natural gas (NG) and solar parabolic trough collectors (PTCs) as
energy sources. This study examines the performance of a hybrid system implemented in Kirkuk,
Iraq, a region known for its substantial solar radiation. Previous research has shown that hybrid
systems can effectively enhance energy conversion efficiency and reduce environmental impacts,
but there is still a need to assess the specific benefits of such systems in different geographical and
operational contexts. The analysis reveals a thermal efficiency of 59.32% and an exergy efficiency of
57.28%. The exergoeconomic analysis highlights the optimal energy cost at USD 71.93/MWh when
the compressor pressure ratio is set to 8 bar. The environmental assessment demonstrates a significant
reduction in CO, /emissions, with a carbon footprint of 316.3 kg CO, /MWh at higher compressor
pressure ratios. These results suggest that integrating solar energy with natural gas can substantially
improve electricity generation while being both cost-effective and environmentally sustainable.

Keywords: renewable energy integration; Kirkuk power plant; exergoeconomic analysis; carbon
dioxide emissions; hybrid power system

1. Introduction

In today’s world, energy is pivotal, serving as the foundation for economic growth and
development. It is essential for industries, transportation systems, and homes; it powers
and meets people’s fundamental needs [1]. Climate change is heavily influenced by human
activities, especially the consumption of fossil fuels in various industries. These activi-
ties result in the release of significant amounts of greenhouse gases (GHGs), specifically
CO,, CHy, and N,O, which contribute to the acceleration of global warming [2]. The en-
ergy domain, particularly crude oil manufacturing, serves as Iraq’s economic cornerstone,
driving its exports and serving as the oil refining source. It facilitates the production of
various oil byproducts, including gasoline, gas oil, and liquid [3]. Electric power genera-
tion significantly contributes to global emissions, releasing various pollutants, including
GHGs [4]. These emissions result from the combustion of multiple fuel types to produce
electricity [5,6]. Iraq heavily depends on fossil fuels for electricity generation, a reliance
that has intensified in recent years because of population growth and increasing electricity
demand. The country predominantly utilizes three main fuels for electricity generation:
approximately 50% of electricity production is derived from NG, 28% from fuel and crude
oil, and around 15% from diesel fuel. The remaining portion accounts for electricity pro-
duction from renewable sources [7]. Global concerns about fossil fuel depletion have led
to renewable energy sources (RES). RES like solar energy are being explored for power
generation [5,8]. Integrated solar combined cycle (ISCC) power stations are popular for
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thermal power generation, but traditional direct steam generation (DSG) methods struggle
with thermal efficiency [9]. PTCs have a well-established history of reliability and efficiency
in large-scale solar power plants worldwide, offering a proven solution for enhancing
the performance of hybrid energy systems by integrating solar thermal technology with
conventional power generation [10-12]. Thermal energy-storage TES systems are being in-
corporated into ISCC systems to enhance efficiency, increase process flexibility, and reduce
the impact of non-solar intermittency [13]. There is a consistent and continuous increase in
the difference between the supply and demand of energy. Therefore, the future depends
greatly on the discovery [11] of alternative energy sources and the enhanced efficiency
of existing ones. Combined cycle power plants offer an efficient solution for electricity
generation, making them a highly effective method to meet energy demands. Efficient
operation relies on performance analysis to guarantee optimal functioning [14]. Several
studies have been conducted on CCPP, and this section aims to review and summarize
their findings. Cihan et al. [15] conducted a complete assessment of a natural gas-based
CCPP, using working information from the units to conduct detailed exergy and energy
analyses depending on the findings. The gas turbines (GTs), combustion chambers (CCs),
and heat-recovery steam generators (HRSGs) were shown to be the primary cause of the
irreversibilities, contributing to over 85% of the total exergy loss and exergy destruction.
Reddy and Mohamed [16] analyzed how a natural gas-fired combined cycle power plant
(CCPP) unit’s energy destruction and efficiency are affected by its pressure ratio PR and
intake GT temperature. Their findings unveiled the best pressure ratio at a constant inlet
GT temperature, minimizing exergy destruction. Ameri et al. [17] evaluated the Neka
natural gas-fired CCPP (420 MW) using exergy analysis, finding over 83% of irreversibility
from HRSG, duct burner, combustion chamber, and gas turbine, with the greatest exergy
loss coming from the combustion chamber. Gogoi et al. [18] presented a CCPP integrating
a Rankine cycle (RC), Bryton cycle (BC), and recovering regenerative ORCs, achieving
54.22 MW with 44.79% energy efficiency and 40.89% exergy efficiency, with R123 as the
optimal fluid. It cost USD 1965.43/h and showed significant exergy destruction in the
combustion chamber and high capital costs for the gas turbine. Kalina [19] explored heat
recovery configurations in combined gas turbine (GT) and steam turbine (ST) cycle power
plants. They proposed modifying the hot side temperature profile and installing two gas
turbines with a shared single-pressure heat recovery steam generator and two alternative
heat exchanger designs to improve conventional systems. Kilani et al. [20] analyzed two
CCPPs, focusing on steam-injection systems. Design 1 generates steam in the HRSG, while
design 2 uses a heat-recovery system from the compressor outlet. Both have a Rankine cycle
(RC) with two pressure abstraction levels. Steam injection improves efficiency, mainly when
generated outside the HRSG. Aliyu et al. [21] analyzed a triple-pressure CCPP with reheat
facilities, focusing on temperature gradients and exergy destruction. Critical parameters
like the superheat pressure, reheat pressure, and steam quality significantly affected turbine
output and efficiencies. Solar energy stands out in terms of various renewable energy
sources as more desirable for delivering thermal electricity for power generation [22]. RES
offers sustainability and can meet the world’s energy demand. Hence, employing hybrid
systems that combine fossil fuels with renewable energy (RE) can effectively mitigate
fuel consumption while overcoming barriers associated with RES [23]. Enhancing plant
efficiency and decreasing energy generation costs can be achieved by employing a hybrid
power plant to meet energy demands. Numerous research studies focus on integrating
the RES with the CCHP to enhance power plant efficiency and increase output power. For
instance, Adibhatla et al. [24] conducted economic, exergy, and energy (3E) analyses on
a power station integrated into a natural gas CCPP. Using direct steam generation (DSG)
with parabolic trough collectors (PTCs), feed water preheated and evaporated in the solar
field enhanced plant performance. The study showed energy and exergy efficiencies of
53.79% and 27.39%, respectively, with a 7.84% increase in plant output and a reduction in
electricity generation costs from 7.4 to 6.7 cents/kWh. Akroot and Al Shammre [25] devel-
oped an SPRC system for electricity in Aden, Yemen, featuring PTCs, an RC, and a thermal
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storage tank. A 4E investigation revealed that the system produces a 50 MW net with 30.7%
exergetic and 32.4% energy efficiency. Nourpour et al. [26] investigated the ISCC in Yazd,
Iran, using thermodynamic, exergy, exergoeconomic, and exergoenvironmental analyses
based on Life Cycle Assessment (LCA). The ISCC achieved 48.25% thermal efficiency and
419,600 kW net power, with the equipment showing less than 10% avoidable exergy destruc-
tion, costs, and environmental impacts. Bonforte et al. [27] studied the integration of PTC
solar power into CCPPs in Southern Poland to improve environmental performance. Their
model predicted plant performance and exergy balance, showing that solar integration
reduced CO, emissions by 9% and slightly increased capital costs, making it an attractive
and cost-effective solution. Shoaei et al. [28] proposed a hybrid energy system with a BC,
RC, two ORCs, and renewable sources using CPVT panels. Optimal ORC fluids were
R123 and ammonia. The system achieved 50.59% energy efficiency and 25.44% exergy
efficiency, generating 524.66 kW of power. Annual costs were USD 107,034, with monthly
CO, emissions of 11,672 kg and 35,401 kg. Optimization improved exergy efficiency by
0.25% and reduced costs by USD 500 annually. Akroot et al. [29] studied hybrid energy
systems for Libya’s Sarir power plant. They proposed an ISCC system with a closed BC, an
RC using PTCs with waste heat, and an organic Rankine cycle. Javadi et al. [30] examined
the Iranian Abadan CCPP and proposed three configurations for a solar power tower SPT.
The first, preheating inlet fuel, achieved 42.56% energy and 39.42% exergy efficiency, reduc-
ing emissions by 8041 tons/year. The second, preheating inlet air, reached 51.38% energy
and 41.75% exergy efficiency, saving USD 11 million annually and cutting emissions by
34,563 tons/year. Using a dual-pressure heat-recovery steam generator, the third achieved
47.8% energy and 40.97% exergy efficiency, with the maximum power output at 370.4 MW.
Talal et al. [31,32] recovered waste heat from BC in an Iraqi city called the Al-Qayara power
station and integrated it with SPT. The plant’s capacity is 561.5 MW, with 130.4 MW from
waste heat and 68 MW from CSP.

This study introduces a new hybrid solar-natural gas-driven system, integrating a gas
turbine unit (K1) and a solar parabolic trough collector (PTC), RC, and ORCs to create a
poly-generation system for power production. An inclusive 4E analysis—encompassing
energy, exergy, environmental, and exergoeconomic—has been conducted to thoroughly
evaluate and understand the proposed system. The system is designed explicitly for the
Kirkuk Power Plant in Iraq. A deep understanding of the features and limitations of Kirkulk,
located in Northern Iraq with substantial solar radiation potential, is essential for justifying
the implementation of this system. Utilizing solar energy alongside the waste heat from
the Brayton cycle unit (K1) could significantly enhance the electricity output of the existing
plant. The primary aim of this hybrid system is not only to boost power generation but
also to reduce environmental pollution. Additionally, the results of this study will give
insightful information and serve as a foundation for power plant engineers, operators,
and designers.

2. System Description

Figure 1 illustrates the layout of the Kirkuk gas power plant in Iraq, which serves as
the case study for this research. The plant comprises three units of gas turbines: K, K, and
Kj3. This study focuses on unit Ky, a Siemens V94.3A gas turbine model, which typically
has an electrical output capacity of approximately 150 megawatts (MW).

Figure 2 displays the suggested hybrid system’s outline involving the Brayton cycle
(BC). It begins with the air compressor (AC) compressing air into the combustion chamber
(CC), where it mixes with NG and burns. The resulting combustion gases drive the gas
turbine (GT), producing energy in the generator (GEN). An integrated system combining
RC and ORCs is added to maximize the benefit of the high-temperature exhaust gases
discharged into the environment. Additionally, the system is enhanced with a PTC solar
field to boost power output from the steam Rankine cycle by leveraging the substantial
solar radiation potential in Kirkuk City. The working fluid selected for the ORCs is R123
due to its numerous advantages in combined power plant cycles, particularly in Organic
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Rankine Cycles (ORCs). R123’s low boiling point allows for the efficient recovery of low-
temperature waste heat, significantly enhancing overall system efficiency [33]. Additionally,
it boasts excellent thermal efficiency, making it ideal for lower-temperature heat sources
such as geothermal energy or waste heat from primary cycles. R123 is also non-flammable,
chemically stable, and provides a safer option for operational use.
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Figure 2. Diagram of the suggested hybrid system.

3. Methodology
3.1. Input Data and Assumption

The evaluation used Engineering Equation Solver (EES) software for analysis and
modeling. The software calculates properties of thermodynamics, including temperature,
exergy, pressure, and entropy. The fundamental parameters for entry of the proposed
hybrid system are presented in Table 1. The assumptions used in the simulation are as
follows:

e Negligible pressure drops, heat loss, and friction effects are assumed in heat exchangers
and the pipe network.

The difference between potential and kinetic energy is zero.

The air compressor, pumps, and turbines are assumed to operate adiabatically.

All processes within the cycle operate in an equilibrium state.

Air is assumed to behave as an ideal gas.
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e  The sun’s temperature is 5770 K [34].

Table 1. Input readings were utilized for the proposed hybrid system [35-37].

Parameter Value
Number of gas turbine unit 1
GTIT, K 1376
Mass flow rate of air, kg/s 438
Compression ratio 9

GT cycle Ambient temperature, K 306
LHYV of fuel, (k] /kg) 50,056
RH 0.63
NGt/ % 90
Nac, % 80
Inlet pressure for HPST, bar 100
Inlet pressure for IPST, bar 40

RC cycle Inlet pressure for LPST, bar 10
Condenser temperature, K 313
nsT, % 90
NPumps %o 85
Inlet temperature for ORCs, K 471
Inlet pressure for ORCs, bar 8
Inlet pressure for ORCs, bar 1.2

ORCs Working fluid R123
Norr, % 88
Norp, % 80
Lat. (deg.) 35.47° N
Long. (deg.) 44.39° E
Position Kirkuk/Iraq
Solar field area (m?) 510,120
HTF’s outlet temperature (°C) 565
HTF’s inlet temperature (°C) 287
. Working fluid Salt (60% NaNos —40% KNos3)
TES system and solar field Area of collectors (mz) 400,000

DNI 8.02
Reflection coefficient 0.94
Receiver’s absorption coefficient 0.92
Transmission coefficient of the glass cover 0.92
Incidence angle modifier 1
nprc 85

3.2. System Analysis of Energy and Exergy

The system’s mass, exergy, and energy equations are expressed individually for all
components and the overall system. In a constant flow of the open system, the total
mass inside the control volume remains constant over time. As per the principle of mass
conservation, the total mass incoming to cv must be identical to the total mass exiting it.
Moreover, in a constant flow open system, emphasis is placed on the mass flow rate (m)
per unit of time more than the total mass entering and leaving the system above a specific
duration. Thus, the conservation of mass principle in generic constant flow systems with
several inlets and outputs is represented as follows:

Zmin = Zmout 1)

In constant-flow open systems, the control volume’s overall energy content does not
change (E.y = constant). Consequently, the control volume’s overall energy variation is
zero (AEq = 0), indicating that the energy incoming to the cv equals the energy that exits it.
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The energy conservation concept for an open system with continuous flow is expressed by
the following equations [38,39]:
ZEin = Z Eout )

Qin + Win + Zminhin = Qout + Wout + Zmouthout 3)

The following formula represents the energy-conservation principle for an open system
with constant flow or the first law of thermodynamics. It takes into account the heat input
that is brought into the system and used by the system to produce work [39—41]:

Q + W = Zmouthout - Zminhin 4)

The system’s overall exergy balance can be expressed as follows [41,42]:

Z(mex)in + EXin,W + EXin,Q - EXD = Z (mex)out + Exout,W + EXout,Q (5)
‘ . To
Ep = 1——
o=of1-1) ©
| o\ . .
my, Sin + T + Sgen = Mout Sout (7)

The parabolic solar collector’s energy equations are shown below [42,43]. These
formulas take into consideration two types of energy (thermal energy): input of so-
lar energy QSolar derived from the total solar radiation and useful solar energy Qu ex-
pressed as the heat transferred to the system. These energies are computed using the
following equations:

Qsolar = Aa - Fr S - Nepncs ®)
Qu = ncpncsFR [SAa - ArUL(Tri - TO)] (9)

In these equations, nep, nes, Aa, and A; denote the collector’s both parallel and series
numbers, as well as the parabolic solar collector’s aperture and receiving areas, respectively.
Fr, S, and Uy, symbolize the heat gain factor of the collector, the absorbed solar radiation
amount, and the collector’s heat loss coefficient, respectively. They are calculated using the
following equations:

1‘i‘lccpc ULF,AI
Fr = ~— 1 —exp| — 10
R=A0L p( meCpe (10
S=DNI gprc-v -7 -a-K (11)
F/ - 1 Do,r 1/UL]£)01' Do, (12)

W + hf]ji,r + ( 2k/ ln Di,/r)

Ag 1 )‘1
U= (+—R 4 — 13
L ( (hw + hrc) : AG hrr ( )
. . T,
EQsolar = QSOlal‘ (1 - T 0 ) (14)
Sun

The collector modeling incorporates various parameters such as y (reflection coeffi-
cient), T (transmission coefficient of the glass cover), « (receiver’s absorption coefficient),
and K (incidence angle modifier). These parameters are detailed in Table 2, which provides
the input data for the collector.
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Table 2. Exergy and energy balance equations for each component of the proposed hybrid system.

Elements

Energy Equation’s Balance Exergy Equation’s Balances

Compressor

Wac =y, (hyg — hyy) Epac = Wac +Exn — E3

Combustion chamber

myzhyz + mps LHV = myshys Epcc = (E23 + E24) —Exs

Gas turbine

Wgr = mys(hos — hog) Epcr = (E25 - Eze) —Wer

Qnrsc = myg(hos —ha7) +

HRSG o (hyo — hog) = tigs (hy — hyg) Ep,trsG = E26 — o7 + E1g — Bz — Eys — Ey
HPST Wipst = my (hy — hy) Ep,tpst = E1 — E2 — Wipst
IPST Wipst = mg(hs — hs) Ep,ipst = E3 — E5 — Wipst
LPST Wipst = mg(he — hg) Ep,pst = Es — Es — Wipst
Condenserl Qcon = mys(hyg —hys) Ep,con = Es — Eo + E15 — Eq6
Condenser?2 Qcon = M3 (hss — hay) Ep,con = Es1 — Ea2 + Ea4 — Egs
Pump Wpump = g (hpy — hyo) Ep,p = Wpy + Exg — Ey
Pumpl Wpump1 = mo(hig — ho) Ep,p1 = Wpy + Eg — Eqg
Pump? Wpumpz = myq(hip —hyq) Ep,p> = Wpy + Eyp — Eqp
Pump3 Wpumps = 3 (hig — ) Ep,p3 = Wpy + Eq3 — Eyg
OFWH]1 Qorwn = Myghyg + mzhy = myrhyy Ep,orwn1 = E7 + E1g — Ey
OFWH2 Qorwrz = myphyy + myhy = myshys Ep,orwnz = E4 + E12 — Eq3
ORT Worr = oo (hgg — hgg) Ep,st = Ez9 + Ezp — Worr

Heat exchanger

QuE = mgo(hgo — hg1) Ep e = Eso + Es3 — Es1 — Eaa

ORP

Worp = g (has — hsp) Epore = Worp + Ezp — Egs

Evap QEvap = m,, (ho7 — hag) = myg(hog — hay) ED Evap = B2z — Eag + Fas — Bgo
Solar Qsolar = Np1C*Aap * DNI=my7 (hy7 — hyg) EQ solar = (1 - %)Qsolar
TES Qrst = my7(hy7 — hyg) = myg (hyg — hyy) Eptst = E7 + Ep1 — Eqo — Eyg

Though solar radiation energy entering the system is computed using the above-
mentioned formulas, The following formula can be used to calculate the total solar collecting
area [42]:

Aa = Qgolar (W — Dayr)L (15)

The exergy destruction Ex4es; of all components will be quantified utilizing the exergy
equilibrium calculation [44].

Eq - Ew = ZEout - ZEin - ED (16)

The exergy destruction Exgeqt rate, heat loss Hj s exergy rate, and power exergy

are represented, respectively, as ED, Eq, and Ew. Calculating EQ and Ew is determined
as follows:

B — (1 _ ,Tff’)c‘gi (17)
By — Wi 18)

The indicated hybrid system’s components exergy and energy balance equations are
shown in Table 2.
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The energy performance denoted as 1y, can be estimated using the following equation:

War — Wac + Wapst + Wipst + Wipst — WPumps +Worr — Worp

Nth = . . (19)
Qin + Qsolar
The amount of heat supplied to the cycle was estimated from
Qin = e LHY nec (20)

Moreover, the exergy efficiency (e) serves as an indicator of system’s quality and is
calculable by means of the following formula:

- Wer —Wac +Wapst + Wipst + Wipst — WPumps +Worr — Worp
E3 + EQsolar

MNex (21)

where E is the exergy of the fuel that was supplied to the cycle combustion chamber.

3.3. Exergoeconomic and Environmental Analysis

The examination of exergoeconomics includes determining the cost balance per each
system component. The fundamental equation for determining the cost balance of the
following is a representation of each system component in thermoeconomics [45,46]:

Y Cex +Cuwx = +Y_ Cix + Z (22)
e i

C] =G E] (23)

Here, C denotes the rate of cost (USD/h), and Zk represents the overall rate of the cost
associated with capital investment and maintenance costs and operation for component k.
The following equation is used to obtain the overall investment cost rate:

7 -CRF- ¢

- 24
k™ TN x 3600 (24)

The maintenance factor, represented by ¢ in this context, is fixed at 1.06. N is the total
number of hours the system runs in a year, or 8000 h [47]. A number representing the rate
of return on invested capital is called the Capital Recovery Factor (CRF). The equations
detailing the balance cost for all components in the hybrid system are presented in Table 2.
These equations are presented together with the related auxiliary equations and underlying
assumptions:

(i(1+1)")
(1+i)n—1)

It is assumed that the interest rate, indicated by the letter “i”, and a life span system,
expressed by the letter “n”, are 10% and 20 years, respectively [42]. Moreover, exergoeco-
nomic analysis studies the system via particular performance indicators. These contain the
Exgest cost rate, the cost per unit exergy of fuel and product, and the exergoeconomic factor,

which is explained as follows [48]:

CRF = (25)

iy
1

crx = Crx/Erx (26)

For each component k in the fuel stream, cp i is the expense rate per unit exergy flow.
The component cost rate for the fuel supply is indicated by the letter cgy. The exergy flow

rate of the fuel stream’s components is expressed by EP,k stream [49]:

cpx = Cpi/Epy (27)
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where ¢, i is the cost rate (CR) per unit exergy flow for all components in the product

stream, Cp,k denotes the CR associated with components in the product stream, and Ep,k
represents the exergy flow rate of the component in the product stream. The cost rate
related to the e Exqeq; 0f all components is determined as follows [50]:

Cpx = crxEpi (28)

where CD,K represents the cost rate related to the Exgeqt of the component. ED,K represents
the Exgegt rate of the component. Table 3 presents the cost balance and auxiliary equations
for the system components. The exergoeconomic factor for the component is calculated as
follows [51]:

fio = Zi/ (Zk + cpxEpj + EL,k) (29)

Table 3. Cost balance and auxiliary equations of the system components [52,53].

Component Cost Balance Equation Auxiliary Equation
AC Caz + Cw,ac + Zac = Co3 Cw,AC = Cw,GT
cC Cas3 +Coa +Zcc = Cos En D/
Cyq = 12
GT Cas + Zw,ar = Ca6 + Car s = G
Exs Ea
HRSG Cas +C19 + Cs + Zrsg = C1 + Co7 + Cao é—é = %
26 27
HPST C1+ ZW,HPST = C, + Cpst % = %
1 2
IPST Cs + Zw st = Cs + Crpst G _G
Es Es
LPST Ce + Zw,Lpst = Cs + Crpst % = %
6 8
Cond1 Cs + Ci5 + Zeona1 = Co + C1g % = %
8 9
Pumpl Cy + Cw.p1 + Zp1 = Cio Cw,P1 = Cyw,HPST
OFWHI1 C7 + Cio + Zorwrt = C11
Pump2 Cll + CW,PZ + Zp2 = C12 Cw,P2 = Cw, HPST
OFWH2 C12 + C4 + Zopwrz = Ci3
Pump3 C13 + erpg, + Zp3 = C14 Cw,P3 = Cw, HPST
PTC C18 + Cq,solar + ZI’TC = C17 Cq,solar =0
TES Ci7 + Co1 + Zrgs = Cig + Cro
Pump4 CZO + CW,P4 + Zp4 = C21 Cw,P4 = Cw,HPST
Evap Ca7 + Cas + Zpvap = Cag + Cao Sz — Cn
Eoy Eag
ORT Ca9 + Zw,orT = Ca0 + Corr o - Cu
Ezo Eso
HE Ca0 + Ca3 + Zug = Ca1 + Cas Cu _ Cu
Eso B3
Cond2 Cs1 + Cs5 + Zeond2 = Caz + Cae Su — S
Es Es

ORP Ca + Cw,ORP + Zorp = Ca3 Cw,ORP = Cw,ORP
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Finally, the CO; emission rate (eco,) is calculated using the following equation [54]:

mco,

€Co, = (30)

net

4. Discussion and Results

Three steps are involved in the thermodynamics and exergoeconomic analysis of the
present coupled system. Initially, the developed model is validated through comparisons
with findings from previous studies. The system operates under predefined conditions
in the second stage, serving as the baseline scenario. Finally, parametric experiments
are conducted in the third stage to explore how the system performs under different
operational scenarios.

4.1. Validation

Table 4 compares the numerical findings obtained from prior simulation research [55]
and the current investigation conducted on a gas turbine unit located in Kirkuk. The differ-
ences between the literature and the current investigations are minimal, suggesting that the
present study’s findings are consistent and dependable compared to the prior simulation
study. The exhaust temperature exhibits the most notable variance, with a magnitude
of 2.1%, whilst the other measurements show negligible disparities. The literature study
reports a fuel flow rate of 8.8 kg/s, while the present study shows a slightly higher rate
of 8.84 kg /s, resulting in a deviation of 0.45%. The outlet compressor temperature in the
literature study is 315.7 °C, compared to 318 °C in the present study, yielding a deviation
of 0.723%. The maximum temperature in the literature study is 1100 °C, while the present
study records 1111 °C, leading to a deviation of 1%. The exhaust temperature is 500 °C in
the literature study and 510.6 °C in the present study, showing a deviation of 2.1%. The
literature study indicates a power output of 150 MW, whereas the present study shows
148.7 MW, resulting in a deviation of 0.87%. Thermal efficiency is 34% in the literature
study and 33.8% in the present study, with a deviation of 0.59%.

Table 4. Comparison of numerical results with a previous simulation study [55] on the Kirkuk gas
turbine unit.

Literature Present

Parameter Unit Study Study Deviation (%)

Ambient temperature °C 19 19 0%
Pressure ratio (PR) - 12 12 0%
Flow rate of air mass kg/s 438 438 0%
Flow rate of fuel mass kg/s 8.8 8.84 0.45%
Outlet compressor temperature °C 315.7 318 0.723%
Maximum temperature °C 1100 1111 1%
Exhaust temperature °C 500 510.6 2.1%
Power output MW 150 148.7 0.87
Thermal efficiency % 34 33.8 0.59%

4.2. Base Case

Table 5 presents the electrical power produced and consumed by each component
of the developed system. This information facilitates comparisons between the power-
generation capacities of each cycle and the efficiencies resulting from integrating various
processes into the bottoming cycle BC. Adding an organic and steam Rankine cycle to
the base bottoming cycle yields an extra 123.25 MW of electricity generation compared to
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the Brayton cycle alone. The table shows that the output of the work net Wpet developed
system reaches 240.8 MW, with ny, and n,, efficiencies of 59.32% and 57.28%, respectively.

Table 5. Output quantities obtained using the integrated system model.

Output Quantity Value
Power supplied for ACs, MW 142.6
Power output for GTs, MW 260.9
Power output for HPST, MW 28.333
Power output for IPST, MW 30.602
Power output for LPST, MW 60.624
Power supplied of P1, kW 103
Power supplied of P2, kW 358
Power supplied of P3, kW 843
Heat supplied to ORCs, MW 30.471
Power output for ORT, MW 5.01
Power supplied for ORP, kW 73.73
Required fuel (kg/s) 7.982
Work net by the system, MW 240.8
Overall energy efficiency, % 59.32
Overall exergy efficiency, % 57.28

Table 6 and Figure 3 display the fundamental exergy evaluation outcomes for the
several developed system components. The findings present that higher exergy destruction
typically correlates with lower exergy efficiency. Components with the highest energy
transformations, like CC, HRSG, and PTCs, exhibit the most significant losses. These
components achieve 45.49%, 21.8%, and 19.34% exergy destruction ratios, respectively.
High-exergy-efficiency components like GT (95.76%), HPST (95.32%), IPST (93.8%), and
LPST (90.52%) are essential for energy conversion system efficiency. These components
transform energy into useful work with little losses. Finally, the proposed system reached a
Mgy Of 58.39%.

AC

/ 10
CC
133.800

BC
161.830
/ - 11 S

HRSG HPST
Exergy destruction . 21.800 T 1.500

284.264 Cond1 IPST
5. 200 2.100

STs LPST
10 200 —— 600
OFWH1

Pumps 5.300
0.163
OFWH2
PTC 4.647
56.910 ____TES
ORC o Evap 3.770
14.444 ——— 12.290
K n ~ ORT
% e 0.400  Cond2
T 0.014 HE 0.440
~1.300

Figure 3. Ex 4 rates of the developed hybrid system parts.
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Table 6. The integrated hybrid system model’s energy evaluation findings.
Part Er Ep Edestruction Edestruction T
(MW) (MW) (MW) (%) (%)
AC 151.5 135.2 16.32 5.547 89.27
CcC 555.5 421.7 133.8 45.49 7591
GT 276.1 264.4 11.71 3.978 95.76
HRSG 175.7 153.9 21.8 7.407 78.59
HPST 30.9 29.46 1.448 0.492 95.32
IPST 33.92 31.82 2.103 0.7145 93.8
LPST 69.63 63.03 6.6 2.243 90.52
Cond1 10.67 5.471 5.202 1.768 51.26
Pumpl 0.1071 0.09193 0.01513 0.001543 85.86
OFWH1 9.221 3.922 53 1.801 42.53
Pump 2 0.3722 0.3282 0.04397 0.01494 88.18
OFWH2 17.96 13.31 4.647 1.579 74.12
Pump 3 0.8769 0.7888 0.08803 0.02992 89.96
PTC 120.2 63.34 56.91 19.34 52.67
TST 63.34 59.57 3.766 1.28 94.05
EVAP 19.5 7.213 12.29 4.177 36.98
ORGT 5.407 5.013 0.3942 0.1339 92.71
HE 2.012 0.6793 1.333 0.4529 33.76
Cond2 0.5319 0.08809 0.4438 0.1508 16.56
Pump4 0.0738 0.05947 0.01432 0.004867 80.95

Table 7 shows the exergoeconomic results of components of the suggested hybrid
system. Also, the flow chart presented in Figure 4 displays the total cost rate (USD/h),
the cost of destruction (USD/h), and the Exgeq rate (MW) of the proposed hybrid system
and individual components. The central circle indicates the rate of the total cost for the
system. Each arrow pointing away from the central circle represents an individual hy-
brid system component. The total Exqes; rate for the proposed system is approximately
284.264 MW, with a total cost rate of around USD 17,041/h and an exergetic destruc-
tion cost of approximately USD 13,355/h. The PTCs exhibit the highest Exgeq; at nearly
56.91 MW and a total cost rate of USD 2210/h. The total cost of the suggested exergoeco-
nomic hybrid system is USD 17,041.39/h, with an exergoeconomic factor of 20.8%.

Table 7. Exergo-economic results of parts of the integrated hybrid system model.

Component (US]CDf/GJ) (US]CDP/GJ) (USCDD/h) (Uszglh) C(EZSIS/E)D (*;o)
AC 21.02 22.3 852.6 2474 1100 22.49
CC 14.61 194 7079 0.173 7079.2 0.002445
GT 194 20.53 832.1 234.4 1066.5 21.98
HRSG 16.17 18.62 1155 151.1 1306.1 11.57
HPST 20.32 22.51 101.8 122.15 223.95 54.53
IPST 20.32 22.83 147.9 128.92 276.82 46.57
LPST 20.32 234 464.3 208 672.3 30.94
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Table 7. Cont.

Component (USlc)f/GJ) (US;)P/GJ) (USCDD/h) (USZS/h) (iszslglﬁ)l) (°§o)

Cond 20.32 39.79 366 2.98 368.98 0.8073
Pumpl 234 319 1.226 1.48 2.706 54.69
OFWH1 20.43 53.86 374.9 78.624 453.52 17.33
Pump 2 234 29.68 3.563 3.59 7.153 50.15
OFWH2 27.81 39.41 4476 87.372 535 16.33
Pump 3 234 28.42 7.132 6.584 13.716 48.01
PTC 0 125.6 0 2210 2210 100

TST 9.693 1031 131.4 0.648 132 0.491
EVAP 19.4 52.89 857.8 11.02 868.82 1045
ORT 65.15 73.55 92.37 59 151.37 39

HE 65.15 193 3124 0.072 4637 0.0231
Condenser2 65.15 404.3 104 3.452 107.45 3.215
Pump 4 6.43 7.198 1.96 0.14 2.1 6.626
Total 13,333.05  3557.11  17,04139 208

Figure 4. Flow chart of total cost rate, exergy cost, and Exqegt rate of the proposed hybrid system.

4.3. Parametric Studies Results

Figure 5 illustrates the impact of the compressor pressure ratio PR on the developed
performance of the system, cost, and carbon footprint. The findings show that the net-
work output decreases while 1y, and 1, efficiencies increase with higher pressure ratios.
This proposes a trade-off between efficiency gains and the amount of work that can be
extracted. Higher pressure ratios demand more energy from the compressors, leading to
decreased power generation from the bottoming cycle BC. Additionally, an increase in the
PR negatively affects the Rankine cycle’s RC power output. This occurs because a higher
PR reduces the gas turbine’s exhaust temperature, diminishing the energy available for the
RC cycle. Consequently, the RC’s mass flow rate decreases, reducing power generation.

According to Figure 4, increasing the PR from 6 to 15 reduces the system’s total Wy output
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from 245.3 MW to 201.1 MW. The analysis reveals that an increase in the BC pressure ratio

leads to a concomitant decrease in both the total Wnet and the fuel consumption of the cycle.
The decline in fuel consumption is demonstrably more significant than the reduction in

Whet. It translates to lower energy and exergy inputs into the system, ultimately enhancing
overall efficiencies for the combined cycle. As depicted in the figure, ny, rises with the PR,
starting at 57.89% for a compressor pressure ratio of 6 and rising to 62.38% at a compressor
pressure ratio of 15. Similarly, the exergy efficiency also improves with the pressure ratio,
from 55.9% at a compressor pressure ratio of 6 to 60.23% at a PR of 15. The energy cost
decreased as the PR increased, reaching a minimum point before rising at higher pressure
ratios. The data indicated that the optimal pressure ratio was 8 bars, corresponding to the
lowest energy cost of USD 71.93/MWh. This subsequent increase in cost is attributed to the
higher expenses of BC component materials associated with a higher compressor pressure
ratio. Furthermore, the decline in fuel consumption associated with an increased PR also
reduces the CO, mass flow rate at the exhaust, leading to lower CO, emissions. Reducing
the carbon footprint with higher pressure ratios is a significant positive outcome, indicating
that optimizing pressure ratios can contribute to more sustainable energy production. The
carbon footprint decreases as the pressure ratio increases, from 340.8 kg CO,/MWh at a
PR of 6 to 316.3 kg CO,/MWHh at a compressor PR of 15. This demonstrates that higher
pressure ratios result in lower greenhouse gas emissions per unit of energy generated.
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Figure 5. The effect of the compressor pressure ratio (PR) on the developed system’s environment,
performance, and cost.

Figure 6 demonstrates the impact of the gas turbine inlet temperature (GTIT) on
the developed system’s performance, environmental footprint, and energy costs. The
parametric study of the GTIT presumes constant efficiencies for both the turbine and
compressor. In actuality, alterations in the gas turbine’s operating point impact both ef-
ficiencies, diminishing the total performance advantages. Increasing the GTIT increases
power production across the bottoming BC, RC, and Organic Rankine Cycles (ORCs). The
rise in GTIT leads to higher exhaust temperatures from the GT, thereby increasing the
energy available for the RC and ORCs to utilize. Consequently, this results in a higher
mass flow rate in the RC and ORCs, enhancing their power-production capabilities and
improving the efficiency and power output of the entire cycle. Figure 6 shows that the
Whet output substantially increases with the GTIT, rising from 150.6 MW at 1100 K to
339.7 MW at 1600 K. As the GTIT increases, the overall efficiencies of the developed system
improve rather than decrease. This improvement results from a concurrent increase in
the cycle’s overall Wnet and fuel consumption, which occurs at higher GTIT levels. The
increased fuel consumption leads to more energy and exergy inputs into the system, which
are compensated by the enhanced total power output, thus raising the system’s overall
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efficiencies. The results show that thermal efficiency experiences minor variations as the
GTIT increases. It starts at 59.99% when the temperature is 1100 K and peaks at 60.65%
when it reaches 1450 K. Beyond this, it stabilizes at around 60.5% as the temperature rises to
1600 K. The exergy efficiency remains relatively stable throughout the temperature range,
fluctuating slightly between 57.93% at 1100 K and 58.47% at 1600 K. The findings illustrate
that higher GTITs enhance thermal efficiency and significantly boost work output, which
can lead to lower costs up to a specific temperature—in this case, 1400 K. Beyond this
temperature, the costs increase slightly. The figure shows that energy costs initially drop
from 97.76 USD/MWh at 1100 K to USD 70.29/MWh at 1400 K, then stabilize and rise
again, reaching 81.02 USD/MWHh at 1600 K. The lowest cost corresponds to the peak in
thermal efficiency. The optimal range for cost efficiency is identified between 1400 K and
1450 K, where energy costs are minimized and thermal efficiency is maximized. Further-
more, although the CO, mass flow rate at the exhaust increases with higher GTIT values,
the carbon footprint remains relatively stable, showing minimal variation despite changes
in GTIT. This stability is credited to the increased total power output facilitated by the
higher GTIT, compensating for the rise in the CO, mass flow rate. As a result, the carbon
footprint stays relatively constant, around 326 kg CO,/MWh, across most temperature

settings, with only a slight increase to 329.5 kg CO,/MWh as the temperature reaches
1600 K.
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Figure 6. The influence of the temperature of the GTIT on the developed system’s performance,
environment, and cost.

Figure 7 evaluates how the input temperature T; of the HPST affects the developed
system’s performance, environmental effect, and cost indicators. While the bottoming
cycle’s power output remains constant, the Rankine cycle’s power output decreases as T is
reduced. This decline is attributed to the lower T;, which minimizes the enthalpy of the
working fluid at the HPST inlet, resulting in less energy available for the RC cycle to utilize

and consequently leading to a decrease in both the Wyt and efficiencies of the developed
system. The net power output exhibits a downward trend with a reduction in temperature,
falling from 241.6 MW at 813 K to 235.5 MW at 723 K. This trend is in line with the de-
creases in both 1y, and g, efficiencies, suggesting reduced energy conversion into work as
temperatures decline. 1y, generally decreases, starting at 60.47% and dropping to 58.95%,
and ng, decreases from 58.39% at 813 K to 56.92% at 723 K. The findings also depicted
that increasing the HPST inlet temperature has a positive impact on the system’s economic
performance and environmental impact. Reduced temperatures lead to lower efficiency
and somewhat increased energy expenses, emphasizing the need to sustain higher temper-
atures for economically efficient operation. As the temperature falls, there is a slight rise in
energy costs. The cost per (MWh) rises from 70.29 USD/MWHh at a temperature of 813 K to
72.59 USD/MWh at a temperature of 723 K. The correlation between lower temperatures
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and an increased carbon footprint highlights the negative environmental impact of di-
minished efficiency. This suggests that higher operating temperatures not only improve
performance but also help to minimize carbon emissions. As the input temperature of the
HPST rises, the mass flow rate of CO, at the exhaust remains constant. However, there is
a slight reduction in CO, emissions for the whole system, which is connected to the rise
in the overall Wnet of the cycle as Ty increases. The carbon footprint rises when the HPST
intake temperature falls, going from 326.3 kg CO, /MWh at 813 K to 334.7 kg CO,/MWh at
723 K.
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Figure 7. The influence of the HPST inlet temperature T; on the developed system’s performance,
environment, and cost.

The effect of changing the HPST inlet pressure P; on using the developed system,
environmental impact, and cost are shown in Figure 8. The power output of the RC is
directly proportional to both the mass flow rate of steam and the reduction in enthalpy
across the turbine. Increasing the inlet pressures of the HPST, particularly when combined
with elevated temperatures, increases the steam’s specific enthalpy. This enhancement
facilitates a more effective energy conversion during the expansion phase. Consequently,
this typically caused increased power output and enhanced overall efficiencies of the
developed system. The results indicate that the network output progressively increases
with pressure, starting at 234.6 MW at 60 bar and peaking at 246.2 MW at 150 bar. Thermal
efficiency rises from 58.71% to 61.63% as Py increases, while exergy efficiency increases
from 56.7% at 60 bar to 59.51% at 150 bar. These results demonstrate that more significant
pressures improve the system’s energy conversion efficiency, suggesting that it converts
energy into usable work more efficiently. The findings also show that raising the HPST inlet
pressure enhances the performance of the system’s economic and environmental effects.
The results show that the HPST inlet pressure boosts efficiency and lowers energy costs.
Rising pressure P lowers the energy cost from 74.56 USD /MWh to 67.6 USD /MWh at
150 bar. Increasing the HPST intake pressure reduces the carbon footprint, demonstrating
the environmental benefits of better efficiency. These changes increase performance and
decrease CO; emissions per unit of energy from 336 kg CO,/MWh at 60 bar to 320.1 kg
CO,/MWh at 150 bar.

Figure 9 shows the effect of the condenser temperature Tg on the developed system’s
performance, environmental effects, and cost indicators. Lowering the temperature of the
condenser in a vapor power plant improves both power generation and overall system
efficiency. Reduced temperatures result in a drop in turbine back pressure, enabling steam
to expand farther. Consequently, this improves the means of changing heat energy into
mechanical energy. Furthermore, the condensation process decreases entropy generation
due to the increased heat release and higher density of steam. As a result, the exhaust
temperature of the steam that exits the turbine is lower, which increases the variation in
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temperature between the heat input in the boiler and the heat output in the condenser,
thus increasing thermodynamic efficiency. The findings indicate that the power output
exhibits an overall drop with increasing condenser temperature, implying that the sys-
tem’s capacity to work diminishes at higher condenser temperatures. The output power
declines from 241.6 MW at 40 °C to 224.1 MW at 80 °C. As the condenser temperature
rises, both the thermal and exergy efficiency decline. The thermal efficiency decreases from
60.47% at 40 °C to 56.1% at 80 °C. The exergy efficiency consistently follows a pattern of
decline, decreasing from 58.39% to 54.17% over the given temperature range. The decrease
in efficiency indicates that the system’s capacity to transform heat into productive work
decreases with higher condenser temperatures. The results also suggest that raising the con-
denser temperature has a contrary effect on both energy expenditure and carbon emissions.
The rise in energy cost from 70.29 USD/MWh to 81.6 USD/MWh and carbon footprint
from 326.3 kg CO,/MWh to 351.7 kg CO,/MWh reveals a direct economic effect from
decreasing efficiency.
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Figure 8. HPST inlet pressure P;’s effects on system performance, environment, and cost.
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Figure 9. The impact of the condenser temperature on the developed system’s performance, environ-
ment, and cost.

5. Conclusions

This research aims to examine and evaluate a newly developed hybrid system that
merges a Kirkuk Brayton Cycle (BC) with both a steam Rankine cycle (RC) and an Organic
Rankine Cycle (ORC). The energy for the proposed hybrid system is generated through
natural gas and solar parabolic trough collectors (PTCs). The novel design combines the
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benefits of fossil fuels and renewable energy, overcoming their respective limitations to
achieve improved economic and environmental efficiency. The power plant in Kirkuk, a
city in the northern region of Iraq, benefits significantly from the substantial solar radiation
potential. As a result, it is an ideal location for the installation of this hybrid system. The
current facility experiences a significant increase in power generation when solar energy is
integrated with natural gas, and the excess heat from the gas turbine is efficiently utilized.
The environmental effect assessment is an inclusive study that inspects CO, emissions and
carbon footprint levels. It focuses on the system’s capability to decrease greenhouse gas
emissions effectively.

According to the findings, it can be determined that the hybrid system suggested in this
study can augment electricity generation while also remaining environmentally economical
and environmentally friendly. The conclusions offer valued recommendations that can
suggestively increase the efficiency and functionality of hybrid power manufacturing
systems, particularly in regions with ecological conditions comparable to Kirkuk’s. The
results of this study propose that integrating solar PTC systems with natural gas might
present a capable method that supports the efficiency improvement and environmental
sustainability of power production, contributing to the overall development of ecological
energy solutions.

The results demonstrate notable improvements in both energy and exergy efficiency.
With a thermal efficiency ny, of 59.32% and an ng, of 57.28%, the proposed system shows sig-
nificant advancements over conventional power-generation methods. The exergoeconomic
analysis offers valuable insights, revealing the lowest energy cost of 71.93 USD/MWh
/MWh when the compressor pressure ratio is optimized at 8 bar. This underscores the im-
portance of optimizing this parameter to minimize costs. Additionally, the environmental
study indicates that increasing the compressor pressure ratio significantly reduces CO,
emissions, lowering the carbon footprint to 316.3 kg CO, /MWh. Overall, the hybrid system
enhances electricity production while operating efficiently, cost-effectively, and sustainably.
This study found that increasing the compressor pressure ratio improved both thermal
and exergy efficiencies, with an optimal energy cost achieved at 8 bar. Raising the gas
turbine inlet temperature (GTIT) from 1100 K to 1600 K significantly boosted the net power
output, peaking at 339.7 MW, while maintaining stable CO, emissions. Similarly, increasing
the HPST inlet pressure from 60 bar to 150 bar enhanced the thermal efficiency to 61.63%
and exergy efficiency to 59.51% while also reducing energy costs and emissions. Higher
HPST inlet temperatures, particularly at 813 K, further improved system performance by
lowering energy costs and minimizing the carbon footprint.
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Nomenclature

Greek Symbols

TEx
Nth
[0 8

v
T

4
Abbreviations
AC
BC
CC
CCPP
Cond
CPVT
CRF
CSP
cv
DSG
EES
EVAP
GHGs
GT
GTIT
HE
HPST
HRSG
HTF
IPST
ISCC
LCA
LHV
LPST
NG

Solar collector area (m?)

Cost rate, USD/h
Direct normal irradiation (kWh/m? -day)

Exergy (kW)

Rate of exergy destruction (kW)
Thermoeconomics factor (%)
Collector heat gain factor

Enthalpy (kJ/kg)

Interest rate

Conductivity heat transfer (W/m-K)
Insulation thickness (m)

Mass flow rate (kg/s)

Predicted life of the system’s (years)
Heat rate (kW)

Solar energy input (kW)

Specific entropy (kJ/kg-K)

Temperature (K)

Specific volume (m3/kg)

Work by the control volume per unit time (kW)
Entire cost rate

Exergy efficiency (%)

Thermal efficiency (%)

Receiver’s absorption coefficient
Reflection coefficient

Coefficient of the glass cover

Total operating and maintenance cost

Air compressor

Brayton cycle

Combustion chamber
Combined cycle power plant
Condenser

Concentrating photovoltaic thermal
Capital Recovery Factor
Concentrated solar power
Control volume

Direct steam generation
Engineering Equation Solver
Evaporator

Greenhouse gases

Gas turbine

Gas turbine inlet temperature
Heat exchanger

High-pressure steam turbine
Heat recovery steam generation
Heat transfer fluid
Intermediate-pressure steam turbine
Integrated solar combined cycle
Life Cycle Assessment

Fuel’s lower heating value
Low-pressure steam turbine
Natural gas
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NGCC Natural gas combined cycle
OFWH Open feed water heater
ORC Organic Rankine Cycle
ORP Organic pump
ORT Organic turbine
PP Power plant
PR Pressure ratio
PTC Parabolic trough collector
RC Rankine cycle
RES Renewable energy source
RH Relative humidity
SPRC Solar-powered Rankine cycle
SPT Solar power tower
ST Steam turbine
TES Thermal energy storage
TST Thermal storage tank
PEC Purchase equipment cost
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