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ARTICLE
Energy and exergy analysis of the XYZ
ultra-supercritical steam power plant

Fadhlin Nurul I1zzah*(>, Berkah Fajar Tamtomo Kiono*”, and Khoiri Rozi

Department of Mechanical Engineering, Faculty of Engineering, Diponegoro University, Semarang,
Central Java, Indonesia

Abstract

The increasing electricity demand, propelled by economic expansion and population
growth, underscores the critical need for dependable power generation. Steam
power plants (SPPs) remain a cornerstone of Indonesia’s electricity production,
particularly those fuelled by coal. Energy conservation in SPPs is paramount, focusing
on enhancing energy efficiency. However, the current performance assessment,
solely based on energy efficiency, overlooks crucial aspects of energy utilization,
necessitating a combined approach integrating exergy analysis. This study aims
to identify the energy and exergy efficiencies in ultra-supercritical (USC) SPPs,
providing management guidelines to prioritize improvement efforts for enhancing
thermodynamic efficiency in the XYZ USC SPP system. Previous research has
highlighted significant exergy destruction in boilers and turbines. Hence, this study
aimed to evaluate the energy and exergy analyses at 100%, 75%, and 50% loads on
the XYZ USC SPPs unit. The Engineering Equation Solver software was used for the
analysis. The power plant efficiencies were 46.94%, 47.01%, and 47.03% at 50%, 75%,
and 100% loads. The largest exergy destruction occurred in the boiler, with 1,918
MW at 50% load, 1,609 MW at 75% load, and 1,416 MW at 100% load. The smallest
exergy destruction occurred in the condensate extraction pump, with 1.441 MW at
50% load, 1.457 MW at 75% load, and 1.544 MW at 100% load. These findings from
the XYZ USC SPP demonstrate that, although the plant achieves competitive energy
efficiency levels, substantial opportunities remain for thermodynamic enhancement.
The exergy analysis identifies the boiler as the principal source of exergy loss, largely
due to inefficiencies in combustion and heat transfer processes. In addition, turbines
- particularly the low-pressure turbine - also contribute to significant exergy
destruction, warranting targeted optimization efforts.

Keywords: Energy; Exergy destruction; Efficiency; Steam power plants; Engineering
equation solver

1. Introduction

Electric demand rises annually due to population and economic growth, societal welfare
improvements, and technological advancements.! Reliable power plants are crucial to
meet this increasing demand. In Indonesia, steam power plants (SPPs), primarily coal-
based, play a key role in electricity generation. The Electricity Supply Business Plan
2021 - 2030 predicts coal will remain dominant until 2030, accounting for 59.4% of
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the energy sector. Coal-fired power generation is expected
to increase from 194, 558 GWh in 2021 to 264, 260 GWh
in 2030.> SPPs convert thermal energy from steam into
electrical energy using boilers, turbines, generators,
condensers, pumps, and heaters.

In this context, the ultra-supercritical (USC) SPP
technology emerges as a promising solution. USC
technology operates at higher pressures and temperatures
than conventional coal-fired power plants, enabling
improved thermal efficiency and reduced carbon
emissions.” Eguchi et al.,' Zhang and Wang,> Nikam
et al., and Rocha et al” state that the thermal efficiency
of USC power plants can reach up to 50%, significantly
reducing fuel consumption and carbon dioxide (CO,)
emissions. However, despite the considerable potential of
USC technology, it is essential to conduct a comprehensive
energy and exergy performance analysis of the system to
identify opportunities for further optimization.

Currently, power plant performance is assessed
primarily based on energy efficiency, grounded in the first
law of thermodynamics. However, this approach does not
adequately reflect critical aspects of energy utilization, as
it only measures the quantity of energy consumed without
considering its quality.® Therefore, an exergy-based approach,
grounded in the second law of thermodynamics, is necessary
to understand a power plants efficiency better. Energy
assessments should consider both quantity and quality. In
recent decades, exergy analysis, based on the second law, has
emerged as a practical approach for designing, evaluating,
optimizing, and improving coal-fired power plants. Exergy
analysis allows for a comprehensive evaluation of each
component’s performance and contribution to system
irreversibility, enabling precise identification of energy
losses.” Therefore, assessing energy and exergy efficiency
is critical for comprehensively understanding power plant
performance. Combining energy and exergy efficiency
analysis provides deeper insights into the performance of
various machine components.

Several researchers have assessed energy and exergy
in various power plants. Studies by Han et al'® and
Chen et al'' showed that energy and exergy analyses
reveal performance declines and significant losses due to
exergy destruction, causing inefliciencies in power plants.
Khaleel et al.'? compared energy and exergy analyses of
coal and gas-fired thermal power plants, highlighting
that combustion chambers significantly contribute to
exergy destruction due to their irreversible nature. Their
findings showed an exergy efficiency of around 20% for
the entire system, with significant losses in the boiler
and steam turbine. Adibhatla and Kaushik" analyzed
the energy and exergy of a 660 MW supercritical power

plant in India and noted substantial exergy destruction in
the boiler and turbine. They found that sliding pressure
operation can reduce exergy destruction, especially under
partial load conditions. Pambudi et al."* performed exergy
analysis and optimization of a geothermal power plant
using Engineering Equation Solver (EES) software based
on thermodynamic laws. The analysis results show that
the exergy of the discharged geothermal fluid generates
21.71 MW of electricity with a second-law efficiency of
36.48%. Optimization was performed by reducing the
separator pressure, resulting in a power increase of 20 kKW.
Kaushik et al.”” detailed methodologies for energy and
exergy analyses of thermal power plant components and
concluded that the most significant exergy losses occur in
the boiler. Kumar et al.'® investigated coal-fired thermal
power plants, emphasizing a 210 MW unit, finding
substantial energy losses in the condenser (64.24%) and
significant exergy destruction in the boiler (88.91%).
Abuelnuor et al.'” focused on energy and exergy aspects in
Khartoum North Power Plant, identifying the chimney as
a significant energy disposal source (18% of total energy
input) and the combustion chamber as a substantial
energy loss contributor (39.8%). Khaleel et al."* modeled
and analyzed the optimal performance of coal-fired
power plants based on energy evaluation, examining the
effects of steam extraction pressure and feedwater heater
configuration on plant performance. They determined the
optimal steam extraction pressure for feedwater heaters to
maximize energy and exergy efficiency. They found that
increased deaeration pressure improves thermal and exergy
efficiency, albeit with decreased net power generation.

Building on this research, this study provides a
comprehensive energy and exergy analysis of the 1,070
MW XYZ USC SPP. The novelty of this work lies in its
detailed investigation of this specific plant, including
a component-level analysis of exergy destruction and
efficiency across three different load conditions (100%,
75%, and 50% of normal continuous rating). A model was
developed using the EES software to perform these energy
and exergy analyses. By identifying the components with
the highest exergy destruction and analyzing the efficiency
trends, this study provides specific recommendations for
optimizing the plant’s thermodynamic performance.

2. Data and methods
2.1. Description of the XYZ SPP

USC power plants offer significant operational advantages,
including improved efficiency and adaptability to sliding
pressure operations. These capabilities allow them to
respond quickly to load changes, reducing startup times
and enhancing operational flexibility.'*® Integrating
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advanced materials and control technologies enables
USC plants to handle high temperatures and pressures
effectively, ensuring consistent performance under variable
operating conditions.” This paper focuses on the XYZ SPP,
which has a capacity of 1,070 MW. We selected three load
conditions: 100% (1,070 MW), 75% (802.5 MW), and 50%
(535 MW) of the plant’s normal continuous rating.

The continuous mass flow diagram for a USC, as
described in this study, includes key components such as
the high-pressure turbine (HPT), intermediate-pressure
turbine (IPT), low-pressure turbine (LPT), boiler (B),
condensate extraction pump (CEP), boiler feed pump (BFP),
low-pressure heater (LPH), high-pressure heater (HPH),
deaerator (D), and generator, as depicted in Figure 1. The
boiler in this power plant produces superheated steam at
a pressure of 250 bar (250 x 10° Pa) and a temperature of
600°C (873.15 K) at the superheater outlet, with a steam
flow rate of 806.86138889 kg/s. The system features a single
reheating stage at 600°C (873.15 K). The cold reheat steam
is reheated to prevent high moisture content in the final
stages of the LPT. Steam extraction from the last stage of the
HPT is utilized for feedwater regeneration in the final HPH.

2.2, Work parameters data

Work parameters data used for the energetic and exergetic
analysis of the XYZ supercritical SPP are obtained from

testing and the heat balance diagram of the plant. The
temperature-entropy diagram is shown in Figure 2, and
the operational data can be seen in Table 1.

The results of the coal analysis are shown in Table 2. The
higher heating value is 4,541.88 kcal/kg (18,991 kJ/kg).

The specific heat, mass flow, and temperature of the flue
gas and air supply to the boiler are tabulated in Table 3.

2.3. Energetic calculation equations

In an open flow system, energy transfer across the control
volume can occur in three forms: Work transfer, heat
transfer, and energy associated with mass transfer. This
relationship is mathematically expressed by applying the
first law of thermodynamics to a steady-flow process in an
open system, as follows in Equation I,

V2
2

. v? :
ch+Zimi(hi+71+gzi):mv+26me(he+ +gze)

@

Where ch is heat transfer rate (kW), Ww is work
(kW), #1 is the mass flow rate (kg/s), is enthalpy (kJ/kg),
V = velocity (m/s), g is acceleration of gravity (m/s?), and z

@

is elevation (m). The subscript “i” indicates the state of the
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inlet fluid, and “¢” indicates the state of the exiting
destruction rate of fluid (kW).
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Figure 1. Simplified schematic view of 1,070 MW XYZ supercritical steam power plant
Abbreviations: BFP: Boiler feed pump; CEP: Condensate extraction pump; D: Deaerator; HPH: High-pressure heater; HPT: High-pressure turbine;
IPT: Intermediate-pressure turbine; LPH: Low-pressure heater; LPT: Low-pressure turbine.
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Figure 2. The temperature-entropy diagram of the process

The energy balance for the boiler is given in Equation II,
0=Q, —rit, (b, —hy,)—rir (hs—h,) (In)

Where 11, is the mass flow rate of feedwater entering
the boiler, 7, is the mass flow rate of steam entering the
reheater, and Q, the rate of heat transfer to the boiler.

The energy balance for the HPT is given in Equation III
W,y =i, (B, —hy )+ (i, —1in, ) (h, = hy) (111)

The energy balance for the IPT is given in Equation IV.
WIPT = ms (hs _hs )+ (ms - l’i’ls )(he _h7 )
+(rin; —rin —rin, )(, —hy )+ (ring - i, -1, -1 )(hy - hy ) (IV)

The energy balance for the LPT is given in Equation V.

WLPT = m9 (h9 _h10)+(m9 _mlo )(hlo _hu)

+(m9 _mlo _mn)(hn _hIZ) (V)
+(m9 _mlo _mn _m12)(h12 _h13)
+(m9 _mlo _mu _mu _mls (h13 _h14)

The energy balance for the condenser is given in
Equation VI.

m h de m . h vD

147714 15°°15

The energy balance for the CEP is given in Equation VIL

0=y, (h15 —h, )+ Wcu) (VII)

The energy balance for the BFP is given in Equation VIIL

0=1in,, (hy —h, )+W

BFP

(VIID)

The energy balance for the LPH-1 is given in
Equation IX.
0 :mB (h13 _h17)_ml6 (h17 _hlé) (IX)
The energy balance for the deaerator is given in
Equation X.

0=mh, +m,h,, +m,h, —m,h (X)

26 26

The energy balance for the HPH-8 is given in
Equation XII.

0=rin, (h,—h,,)-

2.4. Exergetic calculation equations

my, (h32 - hao ) (XI)

The exergy calculation at each point can be analyzed based
on the fluid type at that specific point. An open system,
or control volume, is a system where mass can flow
across boundaries. The equation for the balance of exergy
in a control volume and the steady state is as follows in
Equation XTI,

+Zme Zmeefe

T .
0= 0210 W, . (xm
J J
where Q is the rate of energy transfer (kW), T is the

dead state (K) T is the temperature at the system boundary
(K),and E, is the exergy destruction rate (kW).

e, accounts for the exergy per unit of mass entering
the inlet 7, and e, accounts for the exergy per unit of mass
exiting at exit e. These terms, known as the specific flow
exergy, are expressed as Equation XIII,

e:h—h—T(s—s) (XIII)
Where e, is the specific flow exergy (kJ/s or kW), and s
is entropy (l/<]/kg K).

In Equation XIV, the rate of exergy destruction of exergy
due to irreversibilities within the system is symbolized by
E, . That s,

E, =Tg (XIV)

where is gthe rate of entropy production (kJ/K)

The exergy balance for the boiler is given in Equation XV,

0= Zme Zme (XV)
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Table 1. Flow stream data of XYZ ultra-supercritical steam power plant at different loads

Stream ID Mass flow rate (kg/s) Temperature (°C) Pressure (x10° Pa)

100% 75% 50% 100% 75% 50% 100% 75% 50%
1 806.9 590.7 384.6 600 600 600 250 207 137.4
2 46.1 28.24 16.02 391.1 391.9 391.9 67.1 50.5 33.9
3 81.61 52.08 28.06 345.4 345.6 345.6 48.8 36.8 33.9
4 679.2 509.4 340.5 346.7 346.1 353.4 50.3 37.7 253
5 679.2 509.4 340.5 600 600 600 47.1 35.3 236
6 53.95 39.17 23.79 487.5 489 489 22.6 17.1 11.3
6i 53.95 39.17 23.79 317.1 289.3 263.2 22.6 17.1 113
7 34.4 15.71 10,3 3439 348.4 356.8 8.75 6.52 4.56
8 45.03 29.13 12.61 343.7 348.3 356.2 8.22 6.39 4.45
9 545.8 425.4 293.8 342.5 346.3 356.3 0.0731 6.7 4.66
10 32.44 23.33 14.4 244.2 248.3 254.8 3.71 2.87 2.02
11 22.12 16.55 10.34 144.5 148.3 153.7 1.444 112 0.785
12 29.86 20.44 9.078 88.3 81.4 82 0.675 0.495 0.346
13 25.27 26.09 9.378 69 63.4 55.8 0.299 0.233 0.164
14 436.1 339 250.6 39.8 38.2 36.9 0.0731 0.0671 0.0625
15 545.8 4254 293.8 39.8 382 36.9 0.07307 0.0671 0.06248
16 590.8 454.5 306.4 40.5 39.1 38.2 14.51 15.03 12.32
17 590.8 454.5 306.4 88.5 61.8 55.1 15.49 15.58 12.32
18 109.7 86.4 9.378 69.02 63.4 55.83 0.299 0.233 0.164
19 590.8 454.5 306.4 85.5 79.5 71.7 13.14 12.84 13.96
20 84.42 60.32 9.378 88.98 81.07 7241 0.675 0.495 0.346
21 590.8 454.5 306.4 107.6 101.3 92.3 16.82 12.41 12.23
22 590.8 454.5 306.4 107.6 101.3 92.3 16.82 12.41 12.23
22a 54.56 39.88 24.74 110.2 102.8 92.98 1.444 1.12 0.785
23 32.44 23.33 14.4 140.9 132 120.5 3.71 2.87 2.02
24 590.8 454.5 306.4 138.2 130.5 119.8 11.93 12.85 15.3
25 45.03 29.13 12.61 41.2 38.9 37.4 0.0731 0.0671 0.0625
26 806.9 590.7 384.6 172.8 162.1 148.4 8.472 6.52 4.561
27 806.9 590.7 384.6 178.1 166.4 150.9 317.7 245 167.3
28 806.9 590.7 384.6 2185 205.2 186.8 300.6 249.9 168.5
29 181.7 120.5 67.87 218.6 204.6 185.3 22.6 17.1 11.3
30 806.9 590.7 384.6 262.4 245.9 223.3 284.2 247.6 169.2
31 127.7 81.32 44.08 262.4 245.5 223.3 48.8 36.8 24.7
32 806.9 590.7 384.6 285 267.2 243 324.5 247 152.1
33 46.1 29.24 16.02 283 264.6 240.7 67.1 50.5 33.9
34 806.9 590.7 384.6 285 267.2 243 324.5 247 152.1
35 242.05 177.2 1154 3015 286.2 263.4 302.3 244.2 163.2
36 806.9 590.7 384.6 290 273 279.2 299.6 240.5 160.1

Where zcmce . is the sum of exergy fuel, air, Zprhpe » is the sum of exergy produced by the boiler in

feedwater, and cold reheater that enters the boiler, while the form of main steam, hot reheat, and flue gas.
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Table 2. Coal analysis of the steam power plant

Parameters Percentage of parameters (%)
Carbon 47.06
Hydrogen 3.42
Nitrogen 0.84
Sulfur 0.271
Oxygen 13.44

Table 3. Specific heat and temperature of a flue gas and air
supply to the boiler

Parameters  Specificheat  Temperature (°C)  Mass flow (kg/s)
(kJ/kg)

Flue gas 1.078 144.56 (417.71 K) 629.48

Air supply 1.045 28 (301.15 K) 629.48

The exergetic efficiency of the boiler is defined in
Equation XVI.
T,

8boiler = G (XVI)

Z Cmc fe

The exergy balance for the HPT is given in
Equation XVII,

Wipr =111, (e, e, )+ (1it, = 1it, ) (e, —e,) - T, (XVID)

and the exergy destruction is given in Equation XVIII,
i)+ (vt =iy )(s, ~

is the rate of exergy destruction in the HPT.

By o = Ty6 =T, (i, (5, — 5,)) (XVIID)

Where E

d,HPT

The second law of efficiency for HPT can be expressed
as Equation XIX.

€

E
=1-—— L (XIX)
Her ml(el—ez)+(ml—m2)(e2—e3)

The exergy balance for the IPT is given as Equation XX,
I/VIPT = ms (es _es)+(m5 _ms)(es _67)
+(riy =i, —1in, )(e, —¢)
+(ring —1ing —1in, — 1) (e, — e, )~ T,0 (XX)

0

and the exergy destruction is given in Equation XXI,

-s )+(n'15—n'16)(s7—58)

s, )+ (ring —ring —rin, —1in ) (s, — s, )

E, , =Tyo = Tm(

+(m5 —m6 —m7)(58 —

(XXI)

where E . is the rate of exergy destruction in the IPT.

d,IPT

The exergetic efficiency for IPT 1is defined as
Equation XXII.

Ed,IPT
i, (e, — e )+ (rin, —1in;) (e, —e, )

+(rin, —rirg —1in,) (e, — e, )

&

pr — 4T

(XXII)
+H(rh, — i, —m, —m)( e, — )

The exergy balance for the LPT is given as
Equation XXIII.

WLPT = m9 (39 _elo)+(m9 _mlo)(elo _eu)
0 _mn )(611 _elz)
+(7h9 _mlo _mll _mlz)(elz _613)

e

—m, —m, _mls) 13 _614)_Too-

+(rin, — 1,

+ (1, — iy, (XXIID)

where the flow exergy in the LPT is given in
Equation XXIV,

€pr = m9 (69 —€ ) + (i’i’l9 — iy, )(elo —€, )

- mll )(611 —€, )

+(rh9 - ml() - mn - mlz )(612 —€5 )

- m13 )(el3 —€y ) - To
and the exergy destruction is given in Equation XXV.
=T,0c =T,m ( 59)+(rh9—rhm)(s“—sw)
0o mu )(512 - 511)

- mlz )(513 S )

- mlS (514 —Si3 ))

The second law of efficiency for LPT can be expressed
as Equation XXVI.

+(ri, —riny, (XXIV)

+(m9 —my, —my, —mp,

dLPT
+(rin, —1in,
+(m9 —my, —my,

+(m9 - mlO - mn - mlz (XXV)

E

—1_ Zdrer
Cier (XXVT)

The exergy balance for the condenser is given as
Equation XXVII.

E =m,e, —m.e.—( (XXVII)

d,cond 14714 15715

T .
1--2%
T; )chnd

The second law of efficiency

) T, .
E 15615 F)and for the condenser

9

d,cond m14el4 e _(1_

is given in Equation XXVIIIL.
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Ed,cond
=l
Con

€ (XXVIII)

m14el4 _mlseIS
The exergy balance for the CEP is given as
Equation XXIX.

Ed,CEP = T()d = mls (615 —€5 ) +Wepp = m16T0 (515 - 515)
(XXIX)
The second law of efficiency for CEP is:
Ed,CEP
Ecpp = 1—W— (XXX)

CEP

The exergy balance for the BFP is given as
Equation XXXI.

Ed,BFP =T,0c =m,, (626 —€y ) + Wy =y, T, (527 — Sy )

(XXXI)

The second law of efficiency for BFP is given in
Equation XXXII.

(XXXII)

The exergy balance for the deaerator is given as
Equation XXXIII.
Ed,deaeratur =T,0 =e, +1my,e,, +1i,e, —rie, (XXXIID)
The second law of efficiency for the deaerator is given
in Equation XXXIV.

E
— 1 _ d,deaerator (XXXIV)

m7e7 + m24eZ4 + m29629

gdeaemtor

The exergy balance for the LPH-1 is given as
Equation XXXV.

Ed,LPHl = TOd = m13 (el3 —éy ) - mls (617 - elé) (XXXV)
The second law of efficiency for LPH-1 is given in
Equation XXXVIL.
E

d,LPH1
1

PH1 — T . _
m (613 617)

€ (XXXVT)

The exergy balance for the HPH-8 is given as
Equation XXXVIL

Ed,HPHS =Tio =m, (ez —é5 ) -y, (332 —é ) (XXXVII)

The second law of efficiency for HPH-8 is given in
Equation XXXVIIIL.

1 Ed,HPHS

Eppys =17
m, (62 —€5 )

(XXXVIII)

2.5. Energy and exergy simulation using the EES
software

The energy and exergy analyses of the USC SPP
were conducted using the EES software (Professional
V10.561-3D [12.20.2018]).22 EES was used to model
the thermodynamic processes within the power plant
and calculate energy and exergy flows and destruction.
The thermodynamic properties of water and steam were
obtained from the built-in property functions within
EES. The software was selected for its capability to solve
complex thermodynamic equations, perform iterative
calculations, and handle multi-variable systems efficiently.
The input parameters, such as mass flow rates, temperature,
pressure, and specific enthalpy, were derived from the
plant’s operational data. A reference condition of standard
pressure 1 bar or 100 kPa and temperature 25°C or 298.15
K was employed to perform the analysis. The results of
the analysis were visualized using graphs and tables to
highlight the efficiency trends and exergy destruction
in key components, such as the boiler, turbines, and
condenser.

2.6. Error analysis and assumptions

The results presented in this study are subjected to potential
sources of error and are based on several simplifying
assumptions. These include:

2.6.1. Operational data uncertainties

Errors may arise from uncertainties inherent in the
measured operational data (e.g., pressure, temperature,
mass flow rates) obtained from the plant. While specific
measurement uncertainty values are proprietary and
cannot be disclosed, these measurements are subjected to
instrumentation accuracy and calibration limitations. To
mitigate the impact of these uncertainties, we utilized data
derived from comprehensive plant testing and heat balance
diagrams, which represent integrated plant performance
under specific operating conditions.

2.6.2. Thermodynamic modeling assumptions

Assumptions in thermodynamic modeling, such as ideal
component behavior or simplified equations, can also
affect the results.
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2.6.3. Component simplifications

Simplifications in the representation of power plant
components (e.g., neglecting minor heat losses or non-
uniform flow distributions) can contribute to discrepancies
between the model and the actual plant behavior.

2.6.4. Steady-state assumption

The model assumes steady-state operation, neglecting
dynamic effects and transient behavior of the power plant.

2.6.5. Neglected pressure drops

Minor pressure drops in pipes are not considered in the
model. This simplification may affect the accuracy of the
results at specific locations within the plant.

2.6.6. Fouling effects

The model does not account for the effects of fouling on
component performance. Fouling can significantly impact
heat transfer rates and efficiencies over time, but the
analysis does not include these effects.

While a formal uncertainty propagation analysis
was not performed due to the unavailability of detailed
measurement uncertainty data, the validation of the model
against the plants heat balance data, where the deviation
of calculated versus real parameters was consistently
below 5% (as detailed in Section 2.7), provides a level of
confidence in the overall accuracy and trends identified in
the exergy analysis. Future work could explore applying
uncertainty quantification techniques, such as Monte
Carlo simulations, if detailed measurement uncertainty
data becomes accessible.

2.7. Model validation

The models accuracy was rigorously assessed by
comparing its predictions with actual operational data
obtained directly from the plant’s heat balance diagram.
Table 4 compares key thermodynamic parameters for the

Table 4. Deviation simulation result

XYZ USC power plant at 100% load (1,070 MW) between
the simulation results and the plant’s operational data. The
deviation between the calculated and actual parameters
for critical variables, such as boiler enthalpy, reheat steam
mass flow, feedwater enthalpy, and turbine extraction mass
flows was consistently below 5%.

3. Results and discussion
3.1. Energetic analysis

The efficiency of an SPP is influenced by the load applied
to the power plant. The net energetic efficiency of an SPP is
depicted in Figure 3, showing a comparison between actual
and isentropic processes across various load percentages
(50%, 75%, and 100%). The overall power plant efficiencies
achieved in this study (46.94% at 50% load, 47.01% at
75% load, and 47.03% at 100% load) are comparable
to those reported by Hasti et al.”* for other USC power
plants, which ranged from approximately 42 to 45% for
the plants they analyzed. However, Braimakis et al.**
reported slightly higher efficiencies (up to approximately
49%) for USC biomass-fueled plants, suggesting that fuel
type and system configuration can significantly impact
performance. Our study focuses on a 1,070 MW USC coal-
fired plant, and variations in capacity and specific design
parameters will also influence the achievable efficiency.
On the other hand, the isentropic efficiency demonstrates
a more pronounced increase, starting at 51.25% at 50%
load and reaching 52.19% at 100% load. An isentropic
process is defined as one that is both adiabatic (no heat
exchange with the surroundings) and reversible (no
internal entropy generation). The increase in isentropic
efficiency also reflects an improvement in global isentropic
efficiency, which considers the cumulative performance
of multiple components, such as turbines, compressors,
and pumps, rather than isolated elements. A higher global
isentropic efliciency at increased loads suggests that the
system as a whole operates more optimally, reducing

Parameter Unit Plant operational data Simulation result Deviation (%)
Boiler enthalpy kJ/kg 3,493.7 3494 0.008
Reheat steam mass flow kg/s 683.83 679.2 0.68
Feedwater enthalpy (to boiler) kJ/kg 1,278.5 1,279 0.04
High-pressure heater extraction mass flow kg/s 800.37 806.91 0.82
Intermediate-pressure heater extraction mass flow kg/s 687.81 679.18 1.25
Low-pressure heater extraction mass flow kg/s 556.24 545.79 1.87
Condenser mass flow kg/s 458.33 436.1 4.85
Net power output MW 1,070 1,035 3.27
Overall plant efficiency % 48.61 47.03 3.25
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exergy destruction and approaching ideal thermodynamic
behavior. This discrepancy can be attributed to the inherent
thermodynamic efficiencies of the idealized isentropic
process, which does not account for real-world losses
such as friction and heat dissipation. The improvement
in efficiency with increasing load for both conditions is
consistent with findings that higher loads typically enhance
thermodynamic efficiency due to better utilization of the
system’s capacity and reduced relative losses.?*

Additionally, Figure 4 illustrates the net plant heat rate
(NPHR) for both actual and isentropic conditions at the
same load percentages. The NPHR of an SPP is a crucial
indicator of its efficiency, representing the amount of
heat required to generate one kilowatt-hour of electricity.
Analyzing the provided data for three load levels (50%,
75%, and 100%) reveals distinct patterns in efficiency. At
50% load, the actual NPHR is 3,690 kcal/kWh compared
to the isentropic NPHR of 3,491 kcal/kWh. This indicates
that the plant’s actual performance is less efficient than the
theoretical ideal by 199 kcal/kWh, or approximately 5.7%.
The higher NPHR at this lower load is expected due to
increased inefficiencies when the plant operates below its
optimal capacity. At 75% load, the actual NPHR improves
to 2,527 kcal/kWh, while the isentropic NPHR is 2,286
kcal/kWh. The gap between actual and isentropic NPHR
is now 241 kcal/kWh, translating to a 10.5% difference.

54.00%

g 52.00% Bl 200 AR —
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g & o o
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Figure 3. Comparison graph of efficiency with different loads
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Figure 4. Comparison of net plant heat rate in actual and isentropic
conditions

The reduction in NPHR from 50% to 75% load highlights
the plant’s improved efficiency as it operates closer to
its optimal range. At full load (100%), the actual NPHR
further decreases to 1,932 kcal/kWh, with the isentropic
NPHR at 1,755 kcal/kWh. The difference of 177 kcal/
kWh, or about 9.2%, represents the smallest gap between
actual and theoretical performance across the load levels,
demonstrating that the plant operates most efficiently at
tull capacity.

These discrepancies between actual and isentropic
NPHR across different loads can be attributed to several
factors, such as mechanical losses, thermodynamic
inefficiencies, operational practices, and equipment
conditions. Lower efliciency at partial loads is common
due to suboptimal use of the plant’s design capacity, leading
to increased heat losses and mechanical inefficiencies.
Conversely, operating near full load maximizes efficiency
by minimizing these losses.

As the load increases, the NPHR decreases,
demonstrating that higher loads enhance plant efficiency
by optimizing energy conversion and minimizing losses.”
This relationship underscores the importance of operating
SPPs near full capacity whenever possible to achieve
economic and environmental benefits.

3.2. Exergetic analysis

Exergy analysis provides detailed insight into a system’s
inefficiencies by quantifying the destruction of useful
energy. By examining the exergy destruction and exergetic
efficiency of various components under different load
conditions, we can identify areas for improvement and
enhance overall plant performance. Table 5 shows the
exergy analysis results for a 1,070 MW USC power plant
at 100%, 75%, and 50% unit loads. These results are crucial
for understanding how each component contributes to
the plant’s overall efficiency and identifying optimization
opportunities.

The data indicates significant variations in exergy
destruction across the SPP’s components, with the boiler
consistently exhibiting the highest values. Specifically, the
boiler shows exergy destruction of 1,416 MW at 100%
load, 1,609 MW at 75% load, and 1,918 MW at 50% load.
This high level of destruction is due to irreversibilities
associated with the combustion process and heat transfer
within the boiler. Several studies support this observation.
One analysis highlights that the boiler is the largest source
of exergy destruction in USC systems due to the high-
temperature gradients and inefficiencies in fuel combustion
and heat exchange processes.”*

The turbines, especially the LPT, also show significant
exergy destruction, with values reaching 37.31 MW at 100%
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Table 5. Results of exergetic analysis

Component Exergy destruction Exergetic efficiency (%)
(MW)

100% 75% 50% 100% 75% 50%
Boiler 1,416 1,609 1,918 49.56 38.73 25.41
HPT 17.25 20.81 13.40 95.25 92.56 93.13
IPT 11.09 8.11 5.40 96.84 96.92 92.12
LPT 37.31 26.09 17.29 91.14 91.99 96.89
Turbine 65.65 55.02  36.09 94.41 93.82 94.04
Condenser 5.05 4.60 3.98 88.98 85.54 82.92
CEP 1.54 1.46 1.44 37.82 37.04 2543
LPH-1 2.80 1.70 0.54 88.98 92.64  97.25
LPH-2 3.97 2.92 0.47 89.24 90.75 97.43
LPH-3 1.60 1.31 0.84 93.81 93.87 9431
LPH-4 3.30 2.21 1.38 93.95 94.59 94.82
Deaerator 37.93 2923 20.11 91.75 90.76  89.36
BFP 3.08 2.44 0.89 90.48 87.4 89
HPH-6 6.34 3.68 1.87 64.04 79.85 81.51
HPH-7 5.65 3.11 2.26 87.77 91.36  90.46
HPH-8 11.39 10.48 8.61 75.21 67.39 66.56
Net 44.5 35.32 25.57

Abbreviations: BFP: Boiler feed pump; CEP: Condensate extraction
pump; HPH: High-pressure heater; HPT: High-pressure turbine;
IPT: Intermediate-pressure turbine; LPH: Low-pressure heater;
LPT: Low-pressure turbine.

load, decreasing to 26.09 MW at 75% load, and 17.29 MW
at 50% load. These losses are primarily due to friction, heat
losses, and non-ideal expansion processes. Among the
turbines, the HPT shows a unique trend where its efficiency
initially decreases as the load decreases but then increases
again. This behavior can be attributed to variations in steam
inlet conditions. At lower loads, the reduction in steam
pressure and temperature leads to suboptimal expansion,
resulting in higher exergy destruction. However, as the
load increases, steam parameters improve, allowing for
a more efficient thermodynamic expansion process and
contributing to the recovery of HPT efficiency. On the
other hand, the IPT demonstrates an opposite pattern,
where its efficiency initially increases before experiencing
a decline. This fluctuation is closely linked to the reheating
process. Steam reheating is more effective at moderate
loads, reducing irreversibilities and improving efficiency.
However, as the load decreases, the steam flow rate and
temperature differentials become less favorable, increasing
energy losses and leading to lower IPT efficiency. The
LPT exhibits a consistent decline in efficiency across
all load levels. This can be attributed to the increasing
moisture content in the steam during expansion. As the
steam expands, its quality deteriorates, leading to higher

aerodynamic losses and blade erosion. At lower loads,
reduced steam flow exacerbates these effects, further
decreasing LPT efficiency.*

The CEP displays notably low efficiency across all
operating conditions. This is primarily due to significant
throttling and pressure losses within the system, which
contribute to high exergy destruction. Furthermore, as a
supporting component in the feedwater cycle, a significant
portion of the work done by the CEP is used to overcome
hydraulic resistance rather than directly contributing to
power generation. These factors collectively result in the
observed low-efficiency values for the CEP.

A Sankey diagram was developed to provide a visual
representation of the exergy flow and destruction within
the XYZ USC SPP at 100% load, as shown in Figure 5.

As depicted in the Sankey diagram (Figure 5), the total
exergy input to the system at 100% load is 2,807 MW.
The width of the arrows in the diagram is proportional
to the magnitude of the exergy flow. The diagram clearly
illustrates the exergy flow through the major components
of the power plant, including the boiler, HPT, IPT, LPT,
condenser, and auxiliary components such as pumps and
heaters. Consistent with the quantitative results in Table 5,
the Sankey diagram visually emphasizes the significant
exergy destruction in the boiler (1,416 MW), represented by
the widening arrow leading to “Des. Ex Boiler” Conversely,
the narrow arrow indicating exergy destruction in the
condenser (1.54 MW) confirms its lower contribution to
overall exergy losses. The net power output of 1,035 MW is
shown as the useful exergy leaving the system.

While a detailed Sankey diagram is presented for
the 100% load condition, the general flow path and
the components with the highest and lowest exergy
destruction remain consistent across the 75% and 50% load
conditions. The primary difference in the Sankey diagrams
for these partial loads would be the reduced magnitudes
of the exergy input, internal flows, exergy destruction
in each component, and the net power output, roughly
proportional to the reduction in load. The distribution
of exergy destruction among the components follows a
similar trend, with the boiler consistently exhibiting the
largest irreversibilities.

Figure 6 shows the variation in the exergetic efficiency
of all major power plant components. The analysis reveals
that the boiler consistently exhibits the lowest exergetic
efficiency, with a significant decline as the load decreases:
49.56% at 100% load, 38.73% at 75% load, and 25.41%
at 50% load. This substantial inefficiency is attributed
to high irreversibilities in the combustion process and
heat transfer within the boiler, which become more
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Figure 5. Exergy flow at 100% load
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Figure 6. Exergetic efficiency of all major power plant components
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pronounced at lower loads. In contrast, the turbines,
including the HPT, IPT, and LPT, maintain relatively
high exergetic efficiencies, indicating efficient thermal to
mechanical energy conversion with less variation across
different loads. The condenser also shows high efficiency,
with values of 88.98% at 100% load, 85.54% at 75% load,
and 82.92% at 50% load due to effective heat rejection
processes. LPH-1 to LPH-4 consistently demonstrates
high exergetic efficiencies, efficiently recovering and
utilizing waste heat. While exhibiting high efficiency, the
deaerator shows a slight decrease at lower loads, indicating
increased irreversibilities in removing dissolved gases
from the feedwater. HPH-6 to HPH-8 have lower exergetic
efficiencies than LPHs due to higher irreversibilities in the
heat exchange processes at higher pressures.

Overall, this analysis underscores the need for targeted
improvements in the boiler to enhance the overall
exergetic efficiency of the SPP, while highlighting the
relative stability and efficiency of the turbines, condenser,
and heaters across varying load levels.

3.3. CO, emissions analysis

The potential CO, emissions from the XYZ USC SPP are
estimated based on the assumption that the electricity
generated is connected to the “Jamali” electricity system.
The emission factor applicable to the “Jamali” system
in 2021 was 0.87 kg CO, per MWh, as stipulated in the
Decree of the Minister of Energy and Mineral Resources
of the Republic of Indonesia’. This analysis estimates
the monthly emissions at three different operating load
conditions: 50%, 75%, and 100% of the nominal capacity.

The monthly calculations assume that the power plant
operates continuously at the specified load for 720 h
(representing the average number of hours in a month).
At a 50% load, with an approximate power output of
541.946 MW, the estimated monthly electricity generation
reaches 390,201.12 MWh. Utilizing the “Jamali” emission
factor, the monthly CO, emissions associated with electricity
production at this load are estimated to be 339,474.97 kg.
When the power plant operates at a 75% load, generating
approximately 791.281 MW, the monthly electricity
production is estimated at 569,722.32 MWh, potentially
resulting in CO, emissions of 495,658.42 kg/month. At full
capacity (100% load) with a power output of 1,035 MW, the
monthly electricity production reaches 745,200 MWh, and
the estimated monthly CO, emissions are 648,324 kg.

These estimation results indicate that the amount
of CO, emissions is directly proportional to the power
plant’s operating load. Operation at higher loads results
in more electricity potentially supplied to the grid and,
consequently, higher estimated CO, emissions. It is
important to emphasize that this analysis is based on the
assumptions of continuous operation at a constant load
for an entire month and the use of the average emission
factor for the “Jamali” system. In actual operational
conditions, the power plant’s load will vary, and the actual
emissions may be influenced by other factors, such as the
plant’s efficiency at different load levels and the fuel mix
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utilized within the overall grid system. Nevertheless, this
estimation provides a crucial overview of the potential
CO, emission contribution of the XYZ USC SPP within the
context of its connected electricity system. While offering
higher thermal efficiency compared to conventional
SPP technologies, USC technology still generates CO,
emissions due to the combustion of fossil fuels. The
magnitude of these emissions is directly linked to the
quantity of electricity produced and the carbon intensity of
the electricity system.

4, Future work and challenges

In light of our findings, future research should focus on
further optimizing the boiler design to reduce exergy
destruction, exploring the integration of renewable
energy sources with USC plants, and investigating the use
of advanced materials to enable even higher operating
temperatures and efficiencies. Challenges associated with
USC technology include the high capital costs, the need
for advanced materials and manufacturing techniques, and
the requirement for specialized training for plant operators
and maintenance personnel.

5. Conclusion

The results of the energy and exergy analyses, aligned
with the research objectives, provide insights into the
performance of the XYZ 1,070 MW USC coal-fired SPP.
This power plant utilizes a working fluid (usually water)
heated by burning coal to rotate a turbine and generate
electricity. The analysis employed the first and second
laws of thermodynamics to assess both energy efficiency
and exergy destruction. The results indicate that the
generator efficiency exhibits minimal variation across
different load conditions, with values of 46.94% at 50%
load, 47.01% at 75% load, and 47.03% at 100% load. The
analysis also revealed significant exergy destruction
within the system. The boiler consistently showed the
highest exergy destruction, with values of 1,918 MW at
50% load, 1,609 MW at 75% load, and 1,416 MW at 100%
load. This highlights the boiler as a key area for potential
improvement in overall plant efficiency. In contrast, the
CEP exhibited the lowest exergy destruction, with values
of 1.441 MW at 50% load, 1.457 MW at 75% load, and
1.544 MW at 100% load.

Considering the environmental implications of coal-
fired power generation, a simplified estimation of potential
CO, emissions was conducted, assuming a connection to
the “Jamali” electricity system (emission factor: 0.87 kg
CO,/MWh). While not the core focus of this study, the
estimates indicate a load-dependent trend in emissions:
339,474.97 kg/month at 50% load, 495,658.42 kg/month at

75% load, and 648,324 kg/month at 100% load. Based on
continuous operation assumptions, these values highlight
the substantial CO, output associated with the plant’s
operation.
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