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Abstract: This paper presents an in-depth investigation into the performance of Mashhad Tous power
plant in Iran, a natural-gas-fueled steam cycle with an output power of 4 x 150 MW. The analyses
include energy, exergy, and exergoeconomic. To facilitate the study, a robust code is developed to
simulate the thermodynamic topology of the power plant. The fidelity of the simulation is validated
using realistic site conditions. The study incorporates three vital decision variables: boiler water
mass flow rate, turbine inlet pressure from, and ambient temperature ranging from 90 kg - g1
to 150 kg -s~1, 12 MPa to 19 MPa, and 10 °C to 40 °C, respectively. Three different heat loads,
including 423 MW, 311 MW, and 214 MW, are used to analyze the performance of the power plant. A
Pareto-based multi-criteria optimization intertwined with the technique for order of preference by
similarity to the ideal solution (TOPSIS) is used to find the optimum conditions in terms of having
the highest work output and exergy efficiency while simultaneously reducing the plant’s total cost.
The optimization results demonstrate a 4.28% increase in output at full load (423 MW). Additionally,
a 1.52% increase is observed at partial load (311 MW), and there is a notable 16% increase in output
at low load (214 MW). These improvements also positively impacted energy efficiency. Specifically,
there is a 4% improvement at full load, a 0.9% enhancement at partial load, and a remarkable 5.4%
increase in energy efficiency at low load. In terms of costs, substantial reductions of 37% at full load,
31% at partial load, and an impressive 72% at low load are evident.

Keywords: steam power plant; exergy; exergoeconomics; heat load; multi-criteria optimization

1. Introduction

The soaring trend in universal energy consumption, as indicated by the World Energy
Council, forecasts a significant surge of over 100% in consumed energy over 40 years [1,2].
Fossil fuels dominate global energy production [3]. Despite improvements in harnessing
qualified energies, non-renewable sources will play a pivotal role in meeting humanity’s
energy needs. Considering the difficulties of the grass-roots design of power plants, in-
cluding financial restriction, land annihilation, and global warming problems, launching
a new power plant may seem a challenging decision. To tackle the issue, retrofitting and
finding the optimum site conditions of existing power plants to exploit more energy while
simultaneously protecting budgets and the environment has become a topical subject. Ther-
modynamic analyses are the fundamental aspect of each energy sector. Energy analysis and
energy loss are not proper rubrics to justify a system since they do not differentiate between
the quality and quantity of energy [4,5]. Exergy is a measure to obtain the maximum
amount of producible work of a system. Exergy analysis not only addresses the simple
explanation of a system from the energy point of view but further provides additional
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notions such as exergoeconomic and exergoenvironmental analyses to characterize an
energy sector more deeply [6].

In 2011, Kaushik et al. [7] reviewed in detail energy and exergy analyses in coal- and
gas-fired combined power plants. They show that the primary exergy loss occurs in the
combustion chamber for gas-fired and the boiler for coal-based power plants. Chen et al. [8]
investigated the thermodynamic performance of a hybrid system consisting of a gas turbine,
a tubular solid oxide fuel cell, and hydrogen fuel. Their obtained results indicated that
an increase in the turbine’s inlet temperature leads to a decrease in the system efficiency,
yet the power generation of the system increases. Furthermore, raising the turbine’s inlet
temperature and increasing the pressure ratio result in higher entropy and system instability.
At the design point, the efficiency of the hybrid system was 9.81%, whereas the efficiency
of the system without a fuel cell was 33.4%. Amiralipour and Kouhikamali [9] simulated
the retrofitting procedure of a combined steam power plant in Guilan by integrating a
cooling water pump (CWP) accompanied with membrane and thermal distillation units.
The power plant has a nominal electricity output of 450 MW. They presented two distinct
scenarios, including the high-pressure line (HP) and low-pressure line (LP) of the heat
recovery steam generator (HRSG) for water production, where the former produces about
25,000 m3, while the latter leads to 7000 m3. Considering their economic analysis, the price
of the produced fresh water is from 2.5 USD/ m? to 3 USD/m?. Lin et al. [10] analyzed the
utilization of a steam air heater (SAH) to exploit the waste heat of a 1000 MW single-reheat
supercritical coal-fired power plant. They investigated the performance of the power
plant using thermoeconomic analysis. The results imply that the payback periods for the
three different case studies, including bypass flue (BPF), BPF-SAH, and BPF-SAHs, are
2.75 years, 3.42 years, and 2.36 years. In another study, Owebor et al. [11] investigated a fully
integrated combined cooling heat and power system comprising a gas turbine, solid oxide
fossil fuel, a steam turbine, an organic Rankine cycle, and absorption refrigeration followed
by cryogenic carbon capture and storage with a thermoeconomic and environmental
approach. The net power of the complex is 147.2 MW and the exergy efficiency of their
system is 39.9%. The results show a levelized energy cost and investment payback period
of 0.123 USD/kWh and 5.2 years, respectively. Zahedi et al. [12] assessed a quaternary
combined power plant comprising a solar-integrated Brayton cycle, biogas Brayton cycle,
organic Rankine cycle, and steam gas cycle. The genetic optimization algorithm was used
to find the optimum site condition of the combined power plants: the exergy efficiency
of the optimum condition is 61.6%, and the electricity generation cost is 0.0636 USD per
kilowatt-hour. A carbon capture section, carbon amine adsorption type, was also added to
the system, which decreased the system’s exergy to 50.5%. Abbaspour et al. [13] explored
the thermodynamic efficiencies of a multi-generation energy system, including a gas
cycle, steam cycle, cryogenic air separation, proton exchange membrane, electrolyzer, and
ammonia—urea reactor. The simulations imply 689 GWh and 1.323 million tons of urea
production yearly with a net present value of USD 7.29 billion.

Topal et al. [14] conducted an energy and exergy analysis of a biomass co-firing power
plant using olive pits in a can circulating fluidized bed power plant in Turkey. The exergy ef-
ficiency of this 157 MW electricity output plant is about 31.26%. Moreover, they concluded
that increasing the turbine inlet temperature and pressure and the temperature of the
compressed air and feed water leads to lower CO, emissions. Mohammadpour et al. [15]
performed an energy and exergy (2E) analysis for an oxy-fuel regenerative gas turbine.
They considered two distinct streams for CO,, including primary and dilution. The highest
exergy destruction in the system happens in the combustion chamber. In another investiga-
tion, Abuelnuor et al. [16] applied fundamental 2E thermodynamic analysis in a 180 MW
combined power plant in Khartoum. The energy and exergy efficiency of the power plant
were 38% and 49%. Bai et al. and Yan et al. [17,18] tried to investigate the performance of
coal-fired power plants based on 2E thermodynamic analyses. The former study reported
1.046% exergy efficiency increase after enhancing the recompression supercritical CO;, cycle;
the total exergy, energy, and power efficiency were 53.41%, 94.68%, and 48.06%. The latter



Water 2023, 15, 3039

3 0f20

work simulated the integration of a trough collector system in a coal-fired power plant
with a nominal electricity output of 660 MW. The exergy efficiency of the combined system
highly depends on daily solar irradiance. With 300 W-m~2 variations in the solar intensity,
the exergy efficiency fluctuates from about 33% to 57%. In [19], a geothermal power plant
accompanied by non-condensable gases in two distinct site conditions, including subcritical
and supercritical, was analytically investigated. The exergy efficiencies of the subcritical
and supercritical modes were 50.5% and 52%, respectively. They concluded that turbine
inlet pressure has an indirect relation with the exergy performance of the supercritical
cycle, while the subcritical cycle’s performance first increases and then reduces. The anal-
ysis reveals the levelized cost of energy for the subcritical and supercritical systems by
5.52 EUR-KWh ! and 6.96 EUR-KWh ™!, respectively. Elhelw and Al Dahma [20] studied
the exergetic performance of the new Abu Qir thermal steam power plant in Alexandria
with 650 MW nominal output power. The investigation was divided into full and half
loads. The exergy destruction share of the boiler, turbine, and condenser is 75%, 15%,
and 6%, respectively. The half load’s exergy destruction for the same devices in order
is 78%, 14%, and 5%. Khaleel et al. [21] studied the energy and exergy performance of
a steam coal-fired power plant. The sensitivity analysis of the superheater pressure and
temperature was investigated. Doubling the superheater pressure leads to enhanced net
power output by about 8%. The superheater temperature had the same trend. Increasing
the steam temperature from 539.8 to 580 °C, the net power increases by 6%. The overall
energy and exergy efficiencies of this 589.47 MW power plant are 30.41% and 62.20%,
respectively. Ahmadi et al. [22] used energy, exergy, and exergoenvironmental analyses to
evaluate the performance of a CHP power plant in Isfahan Petrochemical Complex, Iran.
The complex aims to generate Benzene, Orthoxylene, Toluene, and Xylene. The CHP’s net
power is about 18 MW. The energy and exergy efficiency of the plant are 8.22% and 7.87%.
The boiler possesses the highest exergy destruction rate at 65,571 kW. Adnan et al. [23]
delved into two waste fuel power plants in two cities in Bangladesh. Taking 3 million
metric tons (MMT) of municipal solid waste, Dhaka’s power plant’s net power is 169 MW,
and Chattogram’s output is 83 MW. The environmental analysis shows that burning solid
waste curbed carbon emissions by about 1 MMT for Dhaka and 0.5 MMT for Chattogram.
Hao et al. [24] conducted an energy and exergy analysis, along with an economic exergy
analysis, of Huadian Kemen Power Plant based on its operational efficiency and its impact
on the discharged heat to the surrounding environment. Their findings indicated that the
construction of heat-retaining and -diversion facilities within the power plant reduced the
intake water temperature and improved heat distribution, although regions with higher
temperatures also experienced an increase.

Given the paramount importance of exergy analysis evident in the reviewed literature
above, this investigation evaluates the thermodynamic performance of a potential and
strategic power plant in Iran: Mashhad Tous power plant. The thermodynamic analyses
consist of energy, exergy, and exergoeconomic, which is the translation of exergy into
economic notions. Regardless of most of the literature mimicking power plant systems
through simulation, this work peruses the thermodynamic efficiencies completely using the
experimental data log from the site. Three pivotal parameters, mass flow rate of the water
inlet to the boiler, turbine steam inlet pressure, and ambient temperature, are considered
the power plant’s input variables. The optimum working condition to maximize the
network output and exergetic performance while simultaneously curbing the system’s cost
is applied using Pareto-based multi-criteria. Some notable novelties of the present study
are as follows:

Utilizing energy, exergy, and ecoexergy equations for the Tous power plant;
Optimizing effective parameters through a multi-objective optimization method;
The best ambient temperature has been selected based on exergy efficiency, work, and
capital cost under various loads;

e Employing experimental results for the validation and modeling of a power plant.
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2. Materials and Methods
2.1. Mashhad Tous Power Plant Topology

The Mashhad Tous power plant is in Mashhad, the center of Khorasan Razavi province
in Iran. The plant consists of four identical sections, each of which with 150 MW power
output. The plant’s operation conditions are comprehensively tabulated in Table 1.

Table 1. Power plant’s operating conditions.

Operating Conditions Value
Power produced 150 (MW)
Mass flow rate of fuel 39.8 (N-m3-h1)
Stack flue gas temperature 110 (°C)
Steam temperature, main line 540 (°C)
Steam flow rate, main line 520 (Ton-h™1)
Number of induced and draft fans 2
Number of burners 9
Pump /motor efficiency 95%

The steam Rankine cycle is employed for the Tous power plant, fueled by natural
gas. Figure 1 shows the thermodynamic cycle of the power plant. Point 1 is the place
where water enters the boiler with a temperature of 243 °C and a pressure of 13.684 MPa.
Superheated steam leaves the boiler at point 2 with a temperature of 538 °C and pressure
of 12.919 MPa. After shaft power generation in the high-pressure turbine, the steam’s
temperature and pressure are reduced to 355 °C and 3.633 MPa. Prior to entering the
intermediate pressure turbine, the steam is reheated via exploiting the boiler’s heat shown
at point 5. The reheated steam leaves the boiler at 538 °C and 3.239 MPa. The steam enters
the intermediate pressure turbine at point 6, and before entering the condenser, the steam
releases its enthalpy via expansion in a low-pressure turbine.

High pressure —
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-

Condens
Tank
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Figure 1. Topology of the power plant.

The condensation process in the Tous power plant is the air-cooled type. The low-
pressure steam enters the condenser at point 12, and the resultant condensate goes to the
tank at point 13. The leaving water from the condensate tank has a temperature of about
45 °C. The condensate pump increases the water pressure up to 1.358 MPa. The pressurized
water passes through low-pressure heaters, leading to a temperature of 132 °C at point
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22. Then, through receiving heat energy in the deaerator, the temperature meets 170 °C.
The boiler feed pump at point 24 soars the pressure up to 17.732 MPa. Two high-pressure
heaters are aimed to intensify the temperature of the steam, where it reaches 243 °C at point
1. The energy required to increase the temperature of water in the two phases, water and
steam, is obtained through steam removal from the turbines at different points, including 3,
4,5,6,7,8,and 9. Table 2 provides the thermodynamic details of the cycle: temperature,
pressure, mass flow rate, enthalpy, entropy, and specific exergy from the site measurements.
The fundamental thermodynamic analyses, including energy and exergy, are explained in
the following section.

Table 2. Thermodynamic properties of the Tous power plant, site conditions measurements.

Points T (°O) PMPa) m(kgs 1) h@Jkg™D skJkg K ex(kJkg 1

1 243 13.684 145 1053 2.707 889.3
2 538 12.919 145.1 3439 6.571 3179
3 355 3.633 145.1 3113 6.656 2851
4 353 3.627 10.1 3108 6.649 2846
5 353 3.544 132.1 3110 6.662 2848
6 538 3.239 135 3540 7.304 3261
7 452 1.804 7.6 3365 7.341 3085
8 356 0.837 7.44 3173 7.407 2892
9 244 0.3201 8.01 2954 7.461 2672
10 226 0.2686 110 2920 7.473 2637
11 128 0.09225 4.7 2733 7.545 2449
12 65 0.02482 99 2618 7.833 2326
13 63 0.05572 112.5 263.7 0.8687 146.3
14 65 0.056 113.3 272.1 0.8935 154.1
15 66 1.358 113.3 277.4 0.9051 159.1
16 67.5 1.317 113.3 283.6 0.9236 164.8
17 69.7 1.2 113.3 292.7 0.9506 173.3
18 95 0.08825 12.8 398 1.25 271.1
19 92.5 1.114 113.3 388.3 1.221 262.1
20 134 0.3157 8.01 563.5 1.677 425.9
21 134 0.08825 77 2745 7.596 2460
22 132 1.280 113.3 555.6 1.655 418.6
23 170 0.8374 133 719.3 2.042 572.6
24 173.5 17.732 133 743.9 2.055 596.8
25 178.5 1.753 171 757 2.124 608.3
26 178 1.540 17.09 754.7 2.119 606.1
27 207 15.401 133.7 889.3 2.375 734.3
28 212 3.527 10.3 907.3 2441 750.6
29 207 1.752 10.13 2799 6.395 2544

2.2. Thermodynamic Modeling
2.2.1. Energy and Exergy Analysis

To analyze a system from the thermodynamic point of view, the control volume
hypothesis is applied through the system. The general form of the mass and energy balance
over a control volume is encapsulated by the following overarching principles [25]:

Zmin - Zmout =0 (1)

Q - W + Zminhm - Zmouthout =0 (2)

where m, Q, W, and h are the mass flow rate, heating power, mechanical power output,
and enthalpy. The subscripts i and o elegantly mark the inlet and outlet of a given control
volume.
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The foundational first law of thermodynamics asserts that energy will not be lost;
this law does not explain energy conversion inside a control volume. In contrast, exergy
analysis derived from the second law of thermodynamics perfectly addresses the energy
disappearance and maximum obtainable work of an energy flow. The general form of the
exergy balance is concisely expressed through the following relationship [26].

Zrhinexin — Zrhoutexout + EXQ —Exw — Exp =0 (3)

where ex is the specific exergy, EXQ denotes the exergy rate of the heat transfer, Exw

is the exergy due to work, and Exp is the rate of exergy destruction. The following
formula characterizes the abovementioned terms. The subscript 0 signifies the reference
condition [27].

ex =(h—hg) — To(s—so) 4)
Bxo=Q(1-7 ) ©
Exw = W (6)

The total amount of the exergy of a flow reads
Extotal = m((h—ho) — To(s—s0)) @)

The energy and exergy balance for each piece of equipment in the cycle is tabulated in
Table 3. Notably, the terms 1, and 1, indicate the corresponding energy and exergy efficiencies.

2.2.2. Exergoeconomic Analysis

Changes in an energy system need a careful cost analysis for each ingredient inside
the system. Exergy analysis lays the foundation for a precise economic investigation, called
exergoeconomic analysis. Exergoeconomics provides economic value to a specific exergy
flow. Exergoeconomic analysis identifies the final cost of each product separately, ranging
from the actual cost of the product or service, the investment cost of the system, assembly
cost, fuel cost, and labor remuneration, to the operating and maintenance (O&M) cost for a
multi-output multi-input energy system. Moreover, provides a reliable basis to find the
place, reason, and value of losses, leading to comprehensive cost optimization [29].

Table 3. Equipment energy and exergy equations [28].

Equipment Energy and Exergy Formula

QBoiler = ml (hZ - hl) + 1’i'15 (hé - h5)
quel = ri’1fuel'll)fuel

Boiler 1y (hy—hy)+ms(hg—hs)
Nen, Boiler — -
) que_l
_ my(exp—exy)+ms(exe—exs
Nex, Boiler = ( ) ( )

Qtel (1* %)

WTurbine, hp = th(hZ - h3)

_ erbinc, hp
TNen, Turbine, hp — ma(hy—h3)

Turbine
X _ erbine, hp
Tex, Turbine, hp — My (exz—ex3)
EXD, Turbine, hp = M2(€X2 — €x3) — Wyrbine, hp
: =my(h;y —h
Condenser QConder\ser 12( 12 13)

. - T
EXD, Condenser — le(eX12 - e)(13) — QcCondenser <17 Tg)
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Table 3. Cont.

Equipment Energy and Exergy Formula

Wepp = g3 (hoy — hs)
s (hay —hys)

BFP MNen, BFP = Warr
_ m23(6X23—6X24)
MNex, BFP — W,
BEP

Weump,,,, = Mia(his —hia)

_ myy(his—hyy)

Pumpong Men, Pump,,,q = Wp

) UMPeond

Nex P _ myy(exis—exiq)
ex, Pump 4 — :

con Wpumpcond

myzhos
mghg+marha +mashze

mpsexas
MgeXg+Mp2eXz2 -+MoseXa6

EXD, Deaerator = MgeXg -+ MopeXoy + MogeXos — Mp3exos

Nen, Deaerator —

Deaerator

Nex, Deaerator —

According to the Specific Exergy Costing approach (SPECO) [30], exergoeconomic
analysis includes three steps: 1/finding the exergy flows, 2/characterizing the input and
output of each piece of equipment, and 3/developing a cost balance. The exergoeconomic
balance of a component is described as follows [31]:

Zcin,k - Zcout,k+ ZCQ,k - ZCW,k + ZZTotal,k: 0 ®)

where Cin/k, Cout,k/ CQ,kr CQ,k, Cw,k, and ZTotal,k for component k indicate the exergy cost
rate of an inlet exergy stream, the exergy cost rate of an outlet exergy stream, the cost
rate of the exergy associated with heat transfer, the cost rate of the exergy associated
with work, and the total cost rate consisting of the capital investment and the operating
and maintenance cost, respectively. These cardinal parameters are articulated through
Equations (9) to (12) [32].

Cin = CinExin 9
Cout = CoutExout (10)
Co = caFxq (11)
Cw = cwExw (12)

The capital investment of each component is calculated with the capital function
provided in the literature and a parameter called capital recovery factor (CRF) [33]. The
capital recovery factor can be obtained using the values of interest rate (i) and component
operating years (n). In the current investigation, the interest rate is taken as 0.1 for 20 years
of operation. The operating and maintenance cost is calculated as a percentage of the cost
of each component based on the parameter 7,; in this investigation, 7y is considered as
1.06. Equations (13)—(16) indicate the details of obtaining the total cost rate for component

K [32].
. CI - OM

Zrotal = Zy, +Zy (13)
- CI CRF
Zy = <T>Zk (14)
i(1+i)"

(15)



Water 2023, 15, 3039 8 of 20

.OM
Zy = mnlx (16)

The capital functions for each component, Zy, are tabulated in Table 4 [29,34]. The
components include a boiler, turbine, condenser, pump, deaerator, and heater. The cost
balance provided by the auxiliary equations is tabulated in Table 5.

Table 4. Capital function for components.

Component Cost Function
Zgoiter = a1(m1) ™ B BrBr Bs/rsH
_ — — aq
—P, ~T, 1—
Bp= exp(l’;ﬁ), Br=1+as exp(Tza}), Beta= 1+ (1_21)
Boiler _ T,—T mg Tg—T.
Bsh/rsH= 1+, + 0 2o 0
Te= 593 (°C), Pe= 28 (bar), n; = 0.9, a;= 208,582 ($ -kg~!-s7})
ap= 0.8, a3= 150 (bar), ag= 7, a5= 5, ag= 10.42 (°C)
- 0.7 3 T — K-!
Turbine ZTurbine = a7VVTurbine (1+ (%) ) (1 +5 exp (%))
ay= 3880.5 ($ - kW*W)
Condenser Zcondenser= 1773m1>
. 0.71
BFP/P — 0.2
/PUmpond Zpusmp= 705.48Wpyny (1 32— )
ZDeaerator = a8m;3
Deaerator ag= 143,315 ($ - kW~ 07), ag= 0.7
Heaters (LPH1,
LPH2, HPH1, 101 ~0.08 —0.04
HPH2, HE1, and Zpieater= 2020 x 3-3Q(ﬁ) (10AP¢)~(104Ps)
HE2)

Note(s): Q is the rate of heat transfer in the feed water heater (kW); Tp is the difference between the saturated
temperature of the steam extracted from the turbine and the temperature of the outlet feed water in the feed water

heater (°C); AP; and AP; are the pressure drop in the feed water heater and the extraction steam of the feed water
heater, respectively (MPa).

Table 5. Cost balance and auxiliary equations [35].

Component Equation
Boiler CruelEXfuel + Zpoiler = C2Exa — ¢1Ex1 + cExg — c5Exs
Cp = C2
Turbine C2EX2 - C4EX4 - CSEXS + ZTurbine = CWorkEXWork, Turbine
€4 = C2,C5 = C2
c1Exp + Z = ¢13Ex
Condenser 12EX12 + Zcondenser = C13EX13
€13 = C14
BFP c23Ex23 + Zprp + Cwork EXwork, BFP = C24EX24
Pumpong c14Ex14 + ZPumpmncl + CworkEXWork, pump_ .4 — ¢15Ex15
cgBx CosExog — Cp3Ex Z = o3Fxp3 — copEx_22
Deaerator gExg 4 CogEXp6 — C23EX23 4 Zpeaerator 23EXx23 — e Ex_
C23 = C22
CEX Z — C EX =C EX — C EX
Heater 9EX9 4+ ZHeater — C20EX20 22EX2 — €19EX19
€20 = C19

Table 6 displays the exergoeconomic parameters such as relative cost, fuel cost, and
product cost, and, using these relationships, their values can be calculated.
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Table 6. Exergoeconomic parameters [36].

Parameter Equation
Average cost per unit exergy of fuel R, = Cry
k Er,
Average cost per unit exergy of product Cn = S
Px EPk
Cost rate of exergy destruction CDk - CFkEDk
Exergoeconomic factor fi = &
Zy +C]:)k
Relative cost difference (%) I = % %100
k

2.3. Multi-Criteria Optimization

Any attempts at optimization in the energy industry call for a careful decision in
terms of achieving maximum efficiency, such as output power, while reducing cost simul-
taneously. In the current investigation, the goal is to find the maximum exergy efficiency
and net power output with the lowest total cost. Multi-criteria optimization methods
may provide a suitable answer for these kinds of problems. In the Pareto-based multi-
criteria approach, the goal is to find a series vector consisting of design variables (X)
satisfying m inequality constraints and n equality constraints. The formulae are described
in Equations (17) and (18), respectively [37].

g1(x)§0/1:1/ 2, -+, m (17)

£(X)=0,i=1,2,---,n (18)

In multi-criteria optimization problems, usually, outputs’ trends are against each other.
Put succinctly, in a specific set of decision variables, one output is the maximum, while
the others show the minimum amount. Therefore, there should be a set of solutions that
satisfies the needed optimum criteria. This set of solutions is called the Pareto front. The
optimum solutions inside the Pareto front dominate all other possible solutions.

In the current study, the thermodynamic cycle of the Mashhad Tous power plant is
simulated and validated with the experimental data log obtained from the site. Robust
exergy and exergoeconomic codes are developed to analyze the performance of the power
plant. Three distinct input parameters are chosen, including the ambient temperature,
mass flow rate to the boiler, and HP turbine inlet pressure, as a case study. The results
are explained in detail, and the technique for order of preference by similarity to the ideal
solution (TOPSIS) method [38] is employed to reveal the most optimum conditions for each
investigated case study to achieve the highest exergy efficiency and work output at the
lowest total cost. The flowchart of the current study is shown in Figure 2.
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Figure 2. Flowchart for finding the optimum conditions for Mashhad Tous power plant.

3. Results
The result of this study is compartmentalized into four distinct sections: 1/validation,
2/energy and exergy analysis, 3/exergoeconomic results, and 4/optimization.

3.1. Validation

The simulation of the power plant cycle is validated using actual work, as shown
in Table 7. The power plant’s output power was extracted from its data sheets, and
these values were compared with the calculated power. Table 7 depicts the actual work
versus the calculated power output for different heat loads: QH =214 MW, QH =311 MW,

and QH =423 MW at 28 °C and 12.76 MPa.
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Table 7. Validation of Mashhad Tous power plant simulation.
Heat Load (MW) Site Actual Work (MW) Calculated Work (MW)
214 75 76.259
311 112.5 123.053
423 150 154.377

3.2. Energy and Exergy Results

Figure 3 illustrates the variation in energy efficiency (n.,) and work output (Whet)
against the inlet pressure of the high-pressure turbine (P;). Increasing the pressure for
each three heat load categories leads to lower work output and energy efficiency. As an
example, by increasing the pressure by about 7 MPa from the point P, = 12 MPa at the

heat load of Q= 214 MW, the energy efficiency dropped by 3.74%. At constant pressure,
providing more heat to the boiler results in gaining more work output. At P, =19 MPa,
if the heat load increases from 214 MW to 423 MW, the work output soars twofold and
reveals 150.6 MW. The energy efficiency trend, assuming that the boiler heat load is at
constant pressure, first increases then reduces; increasing the heat load from 214 MW to
311 MW at P, = 15 MPa, the energy efficiency sharply advances relatively by about 12.9%,
while further increasing the heat load to the third step shrinks the efficiency by about 7.58%.
Maximum work output occurs at the pressure of 12 MPa and heat load of 423 MW. The
highest energy efficiency is at 12 MPa and a heat load of 311 MW.

-y (Q =423 (MW)) —=n | (Q =311 (MW))  —e-1, (Q"-zm(\m))
--\1 (Q -423 (MW)) —a= w (0 =311 (MW)) -o-\\ (0 =214 (MW))

41 160
.'——.‘-—.'—-.'-—.'--.---.-‘--. 150
40 4
140
~ 39 4 + 130 :
e:’ "-—‘--—‘-——‘———‘———‘—-_‘P__‘ _120.‘:
= 38 4 C
3 -
= L 110 g
w
37 4
37 .—.—.—H—.*._\_. L 100 ~
36 4 + 90
80
35 9
- 70
34 T T T r v r r v 60
11 12 13 14 15 16 17 18 19 20
P, (MPa)

Figure 3. Variation in energy efficiency and work output with HP turbine inlet pressure.

Figure 4 delves into the sensitivity of the energy efficiency and work output to the
boiler water flow rate. Increasing the water discharge in each heat load is accompanied by
more net power output and more energy efficiency. When the mass flow rate of the feed
water increases from 90 kg - s ! to 150 in the heat load of 311 MW, the work output extends
to 44.43 MW. Here, the energy efficiency is 20.84% at the same heating load condition. At a
constant mass flow rate, the work output of the medium heating load, 311 MW, possesses
the lowest figure compared to the other loads. The highest heating load of 423 MW for
the mass flow rate between 90 kg - s~! and 130 kg - s~! dominates the intermediate load
in terms of work output, while this trend is reversed when the mass flow increases up
to 150 kg - s~! under the same condition. The intermediate heating load has the highest
energy efficiency at each mass flow rate. The maximum energy efficiency and work output

take place at m; = 150 kg - s ! for Qi = 311 MW and Qyq = 214 MW, respectively.
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Figure 4. Variation in energy efficiency and work output with boiler water flow rate.

The influence of ambient temperature on energy efficiency and work output is illus-
trated in Figure 5. The energy efficiency of the power plant is inversely related to the
ambient temperature for each heat load. Doubling the ambient temperature at the interme-
diate heat load linearly decreases the energy efficiency by 2.13%. The sensitivity of energy
efficiency to the ambient temperature for the heat loads of 214 MW and 423 MW is lower
than that for the intermediate load. Increasing the temperature for the heat loads of 311 MW
and 423 MW leads to lower work output; however, for the heating load of 214 MW, the
power plant produces slightly more work output. For instance, if the ambient temperature
quadruples from the initial value of 10 °C, the cycle provides 0.3 MW more work output.

B Q=423 (MW)) ——n_, (Q =311 (MW)) -o—q_ (Q,=214 MW))
- W (Q, =423 MW)) —-W (QH=311(MW)) -o-W  (Q,=214 MW))

net net net

41 160
L 150
40
+ 140
5 L 130
=
= + 120
g s
(2 =
= 38 - L 110
& @
= ~ 8
+ 100
37
- 90
- 80
36 4 . Rl e )
- 70
35 60

5 10 15 20 25 30 35 40
Ambient temperature (°C)

Figure 5. Variation in energy efficiency and work output with ambient temperature.

Applying the exergy balance to the three distinct heat sources and initial conditions, the
rate of total exergy destruction can be obtained. Figure 6A,B show the exergy destruction
rate for different heat loads against the inlet pressure of the HP turbine and the ambient
temperature, respectively. According to the figures, the more heat loads provided, the more
exergy is destructed. Increasing the inlet pressure results in higher exergy destruction.
For the heat load of 423 MW, if the pressure increases from 12 MPa to 19 MPa, about
11.5 MW more exergy will be destructed. The exergy destruction profile is less sensitive to
ambient temperature compared with turbine pressure. As an example, a fourfold increase
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in ambient temperature from the initial point at 10 °C leads to 6.6 MW more destructive
exergy at the same heat load.

Q=423 (MW) =+Q,_=311(MW) -+Q,=214 (MW)

400
BE— i —i— - = L -3
350
(A)
300 -
o 250
E« 200
A — 4 22 £ —
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Figure 6. Variation in total exergy destruction with HP turbine inlet pressure (A) and ambient
temperature (B).

3.3. Exergoeconomic Results

In this part, the total cost of the power plant and the exergetic efficiency against the
inlet pressure of the turbine and the ambient temperature is illustrated in Figures 7 and 8.
According to Figure 7, increasing the inlet pressure leads to lower exergy efficiency and
lower total cost. At P, = 19 MPa and Qy = 214 MW, the power plant has the lowest cost by
1.55 USD - h™!. The highest heating load illustrates more sensitivity to the inlet pressure;
increasing the pressure by 1 MPa results in a 1.64 USD-h™! cost reduction. However, the
highest heat load possesses medium exergetic efficiency: from 40.28% to 38.39% for the
studied pressure range. At constant pressure, the intermediate heat load reveals higher
exergy efficiency. At P, = 19 MPa, by decreasing the heat load by about 112 MW from the
highest level, the exergy efficiency is enhanced by about 3.64%.
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Figure 7. Variation in total cost and exergy efficiency with HP turbine inlet pressure.
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Figure 8. Variation in total cost and exergy efficiency with ambient temperature.

Increasing the ambient temperature for all the heat loads makes the power plant’s
total cost lower. A fourfold increase in the ambient temperature from the initial point
T = 10 °C for Qg = 311 MW drastically reduces the cost by about 6.17 USD-h™!. The
ambient temperature indirectly influences the exergetic performance. The heating load
of 311 MW has the highest exergy efficiency for all the studied ambient temperatures.
While the medium heat load from 10 °C to 30 °C shows higher exergy efficiency than
Qp = 214 MW, raising the ambient temperature to more than 30 °C leads to lower exergetic
performance. The highest exergy efficiency is around 42.86% at 10 °C and Qu =311 MW.

The abovementioned results illustrate a trade-off between the three independent
parameters and the studied performances, including work output, exergy efficiency, and
the exergoeconomic indicator. Having an efficient power plant in terms of the highest
performance at the lowest expenses calls for robust and precise optimization, which will be
discussed in the next part.

3.4. Optimization Results

This section focuses on conducting a multi-criteria optimization considering ambient
temperature and the inlet pressure of the HP turbine. Figure 9 depicts an optimal point
demonstrating the highest exergy and work output coupled with the lowest overall system
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cost achieved based on ambient temperature. For the highest heat load, QH =423 MW,
the optimal point for exergy efficiency, work output, and total cost is 38.9%, 151 MW, and
1879 USD-h~}, respectively. Ambient temperature has a greater impact on intermediate
and low loads compared to high loads. Among the optimal points, the highest exergy

efficiency of 42.15% occurs at the intermediate heat load (QH =311 MW), the lowest total
cost of USD 4.844 per hour occurs at the low heat load (Qy = 214 MW), and the highest
work output of 155.21 MW occurs at the high heat load (QH =423 MW).

43

*

JO @ Q=214 (MW)
Q, =311 (MW)

@ Q=423 (MW)

y)

41

N o (Y0)

40

v

ﬁ/, Opt/ﬂal point ,\(%
*
\

110

39

38

120
130

. 7.2 ; h!
W (MW) " o oy Z 1o ($:h7)

160

Figure 9. Multi-criteria optimization profile for different ambient temperatures.

Figure 10 displays the optimal points for all heat loads based on the turbine Hp inlet
pressure within the range of 12 MPa to 19 MPa. Among the optimal points, the minimum
total system cost for the heat load of Qg = 214 MW is 1.668 USD - h~!. As the heat load

increases to the next level, QH = 311 MW, the power plant cost escalates fivefold, reaching
8.362 USD - h ! under optimal conditions. Subsequently, this pattern is accompanied by a
tenfold increase in cost, approximately 17.85 USD - h™!, spanning from the lowest to the
highest heat load. The highest exergy efficiency of 42.23% can be obtained at Qi = 311 MW
and 18 MPa. Decreasing the heat load by half, from Qy = 423 MW to Qyy = 214 MW, leads
to an almost 50% work output reduction from 150.77 MW to 74.17 MW at 18 MPa and
17 MPa in relation to the optimum situation.

Table 8 tabulates the exergoeconomic parameters for the various components used in
the ejector refrigeration cycle. As observed, the highest cost is attributed to the condenser
and the lowest is attributed to the expansion valve in the cycle.

The performance of the power plant, including work output, exergy efficiency, and
total cost for the three distinct heat loads before and after optimization, is portrayed in
Figure 11. Under optimal conditions, the work output increases by 16.37% at a heat load
of Qy = 214 MW. Notably, the exergy efficiency in the 423 MW heat load rises from 28%
to 29.5%, and additionally, there is a 7.516 USD - h~! difference in the total system cost
between conventional and optimized conditions for this heat load.
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Table 8. Exergoeconomic and cost parameters for different components of the proposed system.

Q=214 MW
Component (USDC-EJ—l) Cp (USD-GJ~Y)  Cp (USD-h~1) 7 (USD-h~ 1) (SSDD’th_kl) £ (%) 1 (%)
Boiler 0.002621 0.6403 12.25 3.21 15.46 0.1429 2442
Turbineyp 0.000256 0.001493 0.4032 0.06841 0.47161 0.1451 4.835
Turbineyp 0.000006144 0.00002458 0.009083 0.06715 0.076233 0.8809 3
Turbiney p 0.000006144 0.00001229 0.01016 0.01451 0.02467 0.5882 1
Condenser 0.000006144 0.00009125 0.2409 0.0004219 0.2413219 0.001748 13.85
Pumpcong 0.00008801 0.00009125 0.05181 0.0006064 0.0524164 0.01157 0.03691
LPH1 0.000005359 0.000006144 0.0004206 0.00001759 0.00043819 0.04014 0.1465
LPH2 0.000006144 0.000006364 0.00144 0.00005773 0.00149773 0.03854 0.0357
Deaerator 0.00000507 0.000005578 0.0008694 0.01131 0.0121794 0.9286 0.1001
BFP 0.000005201 0.000005516 0.02145 0.002486 0.023936 0.1039 0.06048
HPH1 0.000005099 0.000006144 0.001166 0.00004126 0.00120726 0.0001529 0.205
HPH2 0.001291 0.001238 0.3384 0.00005173 0.33845173 0.0401 0.0415
Q =311 MW
Component C; (USD/G]) Cp (USD/GJ) Cp (USD/h) 7, (USD/h) 8)55/215 £ (%) r (%)
Boiler 0.0006933 0.9296 69 11.77 80.77 0.1457 1340
Turbineyp 0.0006853 0.003275 1.506 0.06239 1.56839 0.03979 3.779
Turbinepp 0.000007992 0.00003197 0.01764 0.1088 0.12644 0.8605 3
Turbinep p 0.000007992 0.00001598 0.01552 0.04612 0.06164 0.7482 1
Condenser 0.000007992 0.0001131 0.4422 0.0005968 0.4427968 0.001348 13.15
Pumpong 0.0001091 0.0001131 0.09041 0.0008004 0.0912104 0.008775 0.03602
LPH1 0.000006732 0.000007992 0.001414 0.00005694 0.00147094 0.03871 0.1871
LPH2 0.000007992 0.000007884 0.00166 0.00003532 0.00169532 0.02084 0.01353
Deaerator 0.000006212 0.000007075 0.005906 0.01467 0.020576 713 0.1388
BFP 0.000006382 0.000006418 0.03226 0.003232 0.035492 0.09105 0.005638
HPH1 0.000006485 0.000007992 0.001319 0.00002784 0.00134684 0.02067 0.2323
HPH2 0.002703 0.00259 1.095 0.00007558 1.09507558 0.00006903 0.04204
Q =423 MW
Component C¢ (USD/G)) Cp (USD/G)) Cp (USD/h) 7, (USD/h) ((I:JI)SB/Z}11; f (%) r (%)
Boiler 0.0006377 1.285 85.45 17 102.45 0.166 2014
Turbinepp 0.0006351 0.002489 1.987 0.04944 2.03644 0.02428 2.919
Turbinepp 0.000002632 0.00001053 0.008034 0.1743 0.182334 0.9559 3
Turbiner p 0.000002632 0.000005263 0.00651 0.03631 0.04282 0.848 1
Condenser 0.000002632 0.00003643 0.561 0.0008049 0.5618049 0.001441 12.85
Pumpong 0.00003604 0.00003643 0.01281 0.0008923 0.0137023 0.06514 0.01103
LPH1 0.000002148 0.000002632 0.0008285 0.00009175 0.00092025 0.0997 0.2252
LPH2 0.000002632 0.000002763 0.002083 0.000174 0.002257 0.07711 0.04993
Deaerator 0.000002279 0.000002459 0.00523 0.01837 0.0236 0.7784 0.07891
BFP 0.000002344 0.000002508 0.01368 0.002984 0.016664 0.1791 0.07001
HPH1 0.000001669 0.000002632 0.0005317 0.00005685 0.00058855 0.0966 0.5763

HPH2 0.001233 0.001854 0.3256 0.00004935 0.32564935 0.0001515 0.504
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Figure 11. Work output, exergy efficiency, and cost analysis for different heat loads before and after
optimization.

4. Conclusions

The thermodynamic performance of the Tous power plant, acknowledged as a signifi-
cant energy source in northeastern Iran, has been thoroughly investigated and analyzed.
This analysis focuses on energy, exergy, and exergoeconomic aspects. This study involved
the multi-objective optimization of influential parameters through the employment of the
TOPSIS method. To achieve this, the power plant was examined under three conditions:
low load (QH = 214), intermediate load (QH =311), and high load (QH =423). In each of
these scenarios, optimization was carried out for ambient temperature and inlet pressure
into the high-pressure turbine. The most significant findings of this study are as follows:

e Ambient temperature has a greater impact on intermediate and low loads compared
to high loads;

e Inoptimal conditions, the highest exergy efficiency of 42.15% occurs at the intermediate
heat load;
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e  The power plant’s output at a high thermal load stands at 145 MW, and after optimiza-
tion this value escalates to 151 MW;
The greatest improvement in power plant output is 16.37% for low thermal loads.
The lowest cost reduction is related to the intermediate thermal load.
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Nomenclature

C cost per exergy (USD-kJ 1)
EXD exergy destruction (kW)

ex specific exergy (k]-kg 1)

i interest

m mass flow rate (kg-sfl)

n operating years

P pressure (MPa)

Q heating power (kW)

s specific entropy (k] - kg ~1-K™1)
h specific enthalpy (k] - kg™ 1)

T temperature (°C)

W shaft power (kW)

V4 purchase cost of the component (USD)
Subscripts

b boiler

c condenser

en energy

ex exergy

in inlet

out outlet

RSH re-super heat

SH super heat

Greek letters

U calorific value of fuel (kW - kgfl)
Nth energy efficiency

Tex exergy efficiency

0% maintenance factor

T operating hour per year
Acronyms

HPH high-pressure heater

LPT high-pressure turbine

IPT intermediate-pressure turbine
LPH low-pressure heater

BFP boiler feed pump

CRF capital recovery factor

CI capital investment

OM operating and maintenance
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