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Exergy analysis has proven to be an effective approach for evaluating the performance of thermal power plants, offering insights beyond those 
provided by conventional energy analysis. The present work shows exergy-based performance analysis of the 250-MW unit of the total capacity 
500 MW Chandrapura Thermal Power Station in Jharkhand, India. An analysis was performed using Engineering Equation Solver (EES) soft-
ware to obtain the exergy destruction in major plant components. The results shows that the boiler is identified as the major source of exergy 
destruction resulting in approximately 80.71% whereas steam turbine and condenser contributes 10.9 % and 2.1 % respectively of total exergy 
destruction in the in the examined components. The remaining losses are distributed between the feed-water heater and the pump, which 
together account for less than 4% of the losses. Boiler pressure was varied to study exergy destruction, with optimal results at 167–178 bar, at 
which efficiency increased and exergy losses decreased; above this range, exergy losses increased. The influence of change in ambient tempera-
ture on exergy efficiency was also studied and it is found that, as the ambient temperature increases from 280 K to 310 K, the exergy efficiencies 
of both boiler and turbine decrease marginally. Whereas, a significant increase in the exergy efficiencies of condenser was detected at similar 
operating conditions. The exergy efficiency of the power plant as a whole was found to be 34.1%, indicating considerable scope for performance 
enhancement through optimizing the components and systems level-wise. The results also highlight the role of exergy analysis in detecting the 
inefficiencies as well as guiding of design trends in the thermal power systems.
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1. Introduction 

Energy consumption is a key measure of a country’s develop-
ment and living conditions. Population growth, urbanization, 
industrialization, and technological development directly in-
crease energy consumption. Now a days, fossil fuels (natural 
gas, coal, fuel oil and petroleum) provide about 75% of the 
world’s electricity generation. The other 25% is sourced from 
renewables, like solar, geothermal, biogas, hydro or wind [1]. 
Assessment for thermal power plants is generally performed 
using energetic performance indicators based on the first law of 
thermodynamics, such as electric power and thermal efficien-
cy. Over the past decades, an exergy based analysis in view of 
second law of thermodynamics has emerged as a powerful tool 
for designing, assessing and improving thermal power plants. 

Besides quantifying the size, location and causes of irrevers-
ibility within plants, exercise performance analysis provides 
greater context when assessing the relative efficiency of indi-
vidual plant components. The performance of a system’s com-
ponents is better characterized by both energetic and exergetic 
analysis. This helps to find out the areas where improvement 
is required. Bejan [2] was the first who used the tools of exer-
gy and entropy generation minimization methodologies, and 
showed the presence of irreversibility phenomena in closed 
and open systems. Tsatsaronis and Park [3] further enhanced 
this understanding with ideas like avoidable and unavoidable 
exergy destruction, enabling the creation of exergoeconomic 
approaches. Additionally, the work of Kotas [4], Ganapathy et 
al. [5], and Kamate and Gangavati [6] showed how the exergy 
could be utilized to quantify performance in operational steam 
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and cogeneration plants with a focus on boilers as large inefficient 
components. Similarly, Datta et al. [7] studied a 210 MW plant in 
India and showed that the boiler accounts for nearly 60% of total ex-
ergy destruction under varying loads and governing modes. Aljundi 
[8], in his work on the Al-Hussein plant in Jordan, confirmed that 
the boiler is the major site of irreversibility (≈77%) and analyzed the 
influence of reference environment conditions. Later, Naterer et al. 
[9] evaluated a 32 MW subcritical station and linked boiler–turbine 
losses to sustainability aspects. These studies, however, were limited 
in plant size and scope and therefore focused mainly on load vari-
ation and reference environmental conditions. Dincer and Rosen 
[10] found that the energy and exergy values provide the informa-
tion about sustainability of the system. Saidur et al. [11] measured 
both energy and exergy efficiency. In a boiler, the energy and exergy 
efficiencies are 72.46% and 24.89%, respectively. The exergy analy-
sis of gas turbine cogeneration system was analyzed by Bilgen [12]. 
Later, the first and second law efficiencies of an externally fired gas 
turbine cycle combined with biomass were presented by S. Datta et 
al. [13]. Exergy analysis signifies the irreversibility of thermal sys-
tems which leads to find the components that may limit the perfor-
mance of system. For combined organic Rankine cycle (ORC) and 
Brayton cycles, the heat exchangers have the highest share of exergy 
loss, whereas, turbines have the largest single destruction, provides 
information to optimize the components for better overall efficiency 
of plant [14]. Sue and Chuang [15] did an exergy analysis based on 
load variations and found that the exergy loss is more at part load 
conditions compared to full load. By adjusting the number of reheat 
processes, Khaliq and Kaushik [16] demonstrated the Second law 
efficiency of gas fire thermal power plants. Both number of reheat 
stages and the pressure ratio increase the exergy destruction in the 
reheat turbine. According to Habib et al. [17], the reheat pressure 
plays an important role for optimal efficiency.

In addition, exergy-based evaluations show that the boiler contrib-
utes the highest share of irreversibility within steam power plants, 
followed by notable losses in the low- and intermediate-pressure 
turbine stages [18]. Reddy and Mohamed [19] found that the main 
combustion chamber of gas turbines was the primary cause of the 
rate of exergy destruction. The exergy loss of the boiler is mainly in-
fluenced by two key factors: the temperature of the incoming air and 
the amount of excess air used during combustion [20]. Identifying 
losses and inefficiencies in wind, solar, and hybrid systems has made 
exergy analysis an important method for improving efficiency and 
sustainability of renewable energy system. According to Sunil et al. 
[21], using a venturi-based windmill helps the propeller rotate more 
efficiently. As a result, it can generate approximately 12% more pow-
er at low wind speeds, while also producing less noise and causing 
minimal impact on the environment. Further, Sunil Kumar et al. [22] 
conducted an experiment on wind turbine gearboxes and found that 
fluctuating wind speeds, high oil temperatures, and vibration-relat-
ed stresses were the main factors that reduced performance and af-
fected maintenance reliability. The three-stage wind turbine gearbox 
operated stably within the design of temperature limits. However, 
the sensor response was limited by the debris particle size, and it can 
be improved to prevent potential failures and proper analysis [23]. 

Sunil et al. [24] worked on solar field also and demonstrated that 
factors such as panel material, tilt angle, regular maintenance, and 
thermal storage play a significant role in efficiency and informed 
about government subsidies which help and encourage wider use. 
Access to modern, clean, and affordable energy is essential for im-
proving socioeconomic development and achieving universal ener-
gy access by 2030 [25]. In addition, recent progress in micro-lattice 
structures and microchannel heat sinks and exchangers (MCHX) 
has created new opportunities to improve the performance and ef-
ficiency of renewable energy systems. Microlattice structures offer 
a high strength-to-weight ratio, better heat management, and im-
proved energy absorption, so it can be used in turbine blades, heat 
exchangers, and support structures to reduce exergy losses and 
produce lighter, stronger, and more thermally efficient components 
[26]. Similarly, microchannel heat exchangers (MCHX) made from 
either polymer or from its composites provide compact and efficient 
thermal solutions and offer good corrosion resistance, cost-effective, 
and have high thermal conductivity, which helps improve heat dissi-
pation in small-scale energy and electronic systems [27]. With these 
improvements battery cooling in Formula Student Electric vehicles 
reduces peak temperatures and keeps the battery pack more even 
and provide smoother performance, better stability, improved safety 
and longer battery life [28]. Overall, these developments show that 
the better materials and improved heat management are key to make 
the next-generation renewable energy systems more efficient, reli-
able and sustainable. 

Optimizing the performance of thermal power plants has become 
an emerging research field with a special attention on the use of hy-
brid systems and smart energy management techniques. Systems 
that combine power-to-heat with thermal energy storage (P2H–
TES), solar-assisted setups and steam/water hybrid storage have 
shown the strong potential to improve the flexibility, reliability and 
overall efficiency of power plants. These approaches allow the boiler 
and turbine to operate more independently with minimum operat-
ing load and help to improve the plant’s ability to adjust in chang-
ing power demands while maintaining grid stability. For example, 
P2H–TES systems can deliver better round trip efficiency at a lower 
cost [29] and solar-assisted systems improve energy use when sup-
ported by proper control and reduce losses [30]. Steam/water hybrid 
storage can extend the operating range from approximately 30% to 
12.15% of the rated capacity while maintaining an efficiency of ap-
proximately 82.24% [31]. Simultaneously, tower-based solar systems 
help to reduce coal use and lower emissions significantly [32]. The 
hybrid systems that combine solid oxide fuel cells, solar collectors 
and coal have shown promising results and provides energy and ex-
ergy efficiency of approximately 69.72% and 34.93% respectively but 
the challenges remain there due to the high energy losses in parts 
like fuel cells and gasifiers. The type of fuel used has also influence 
the performance of power plant. For example, changing from lignite 
to anthracite can increase emissions but reduce the amount of solar 
support needed [33]. In traditional coal power plants, the studies 
have shown that the boiler is the largest source of energy and exer-
gy losses followed by the turbines and condenser. Whereas compo-
nents such as ejectors and heaters generally work more efficiently 
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due to less exergy losses. This shows that we need to improve the 
fuel burning process, use better materials, and recover more heat 
from the system to improve the overall performance of plant [34]. 
Methods such as parametric and exergoeconomic analyses help 
to improve the input control and make the system more efficient 
[35]. Simultaneously, data based models and digital twin technolo-
gies make the system more reliable and help in reducing the exergy 
losses [36]. Overall, these studies show that the use of hybrid sys-
tems, improvement of heat recovery and application of better con-
trol methods can make thermal power plants more efficient, flexible, 
and eco-friendly.

Earlier work on exergy analysis of thermal power plants have mainly 
focused on small systems, limited operating conditions or fixed en-
vironmental settings. There is very little research on large coal power 
plants operating under real conditions, especially on how changes in 
the outside temperature affect the efficiency of powerplant compo-
nents. Only a few studies have focused on power plants of 250 MW 
or larger and the effects of boiler pressure and weather conditions 
on performance are still not clearly understood. The novelty of this 
study lies in performing a detailed component-wise exergy anal-
ysis of a single 250-MW unit at the Chandrapura Thermal Power 
Station using actual plant data and analyzing the effects of ambient 
temperature and boiler pressure variation on the exergy and energy 
performance of each component. The objective of this work is to 
perform a detailed component wise exergy analysis of a coal fired 
power unit to identify major exergy destruction sites, evaluate com-
ponent efficiencies and sensitivities, and provide actionable insights 
for plant optimization, including retrofit strategies and operational 
improvements.

2. Methods

A steady-state exergy study was performed on a component of a 
thermal power plant at full- and part-load conditions. Data on 
steam pressure, temperature, and flow, feed water temperature, fuel 
use, and flue gas temperature were recorded at each point. Energy 
and exergy efficiencies of the components of the power plant were 

calculated with standard balance equations. Each component was 
treated as a steady-state system and therefore no energy or exergy 
was stored in the equipment during operation. The variations in 
kinetic and potential energies were considered negligible relative 
to the thermal and chemical exergy of the working fluid. Data was 
collected for analysis while the plant was running at a steady load, 
and temporary changes had little effect on the overall exergy bal-
ance. The chemical exergy of the fuel was calculated using its com-
position and higher heating value, based on the method proposed 
by Bilgen and Kaygusuz [37]. The procedure followed is similar to 
the methodology described by Kaushik and Singh [38] for thermal 
power plants. At first, the coal was carefully evaluated through prox-
imate and ultimate analyses before starting the exergy analysis of the 
Chandrapura thermal power station in India, as these assumptions 
are commonly used and well accepted in exergy-based thermody-
namic studies. Furthermore, the mass balance along with energy 
and exergy balances was applied to each component of the plant cy-
cle to assess exergetic efficiency and overall system performance. An 
uncertainty analysis was also carried out following the approach-
es given by Kilicarslan [39] and Holman [40]. Twice the standard 
deviation of each experimental measurement was taken as the un-
certainty interval; the overall uncertainty was determined using the 
root-sum-square (RSS) method. The uncertainties in the measuring 
instruments were ± 0.5 °C for temperature, ± 3 % for pressure, ± 3 % 
for mass flow rate, and ± 2 % for power.

2.1. An overview of the coal-fired power plant in chandrpura

The Chandrapura Thermal Power Station is run by Damodar Valley 
Corporation The plant currently has a capacity of 500 MW from its 
two units, each rated at 250 MW, and it operates on a reheat–regen-
erative Rankine cycle. The operating conditions are given in Table 1, 
and Figure 1 shows the layout of the Chandrapura Thermal Power 
Station cycle.

Table 1. Operating condition of power plant operations.

Power Plant’s Operational Condition Value
Energy production 250 MW
Coal mass flow rate 83.52 kg/s

Heat rate 10451.63 kJ/kWh
Mainline Steam flow rate 808.74 ton/h
Mainline Steam pressure 205 bar

Mainline Steam temperature 540°C
Reheat temperature 300°C

Steam flow rate in reheater 187.7Kg/hour
Condenser pressure 0.075bar

Volumetric flow rate of inlet gas 1848 ton/h
Induced and draft fans Number PA=2, F.D.=2 , I.D.=2
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2.2. Analysis of energy and exergy

The thermal power plant was assessed for operational efficiency us-
ing Engineering Equation Solver (EES). Thermodynamic data were 
collected at key nodes under defined design conditions (see Figure. 
1 and Table 2). Using these data, Engineering Equation Solver cal-
culated the plant’s total energy input and output, thereby supporting 
detailed energy and exergy analyses of the major components. En-
gineering Equation Solver was used to model the plant with directly 
measured operational data, including steam and reheat tempera-
tures and pressures, condenser conditions, inlet gas flow rate, and 
feed water heater configurations. The ambient conditions were also 
included to analyze the environmental effects on energy and exer-
gy efficiencies of components. The value of total exergy destruction 
was obtained from the EES software using input data like pressure, 
temperature, and mass flow rate, which is experimentally measured 
under steady-state operating conditions. All data were verified for 
unit consistency and correct scaling within the SI framework be-
fore calculations. The combined uncertainty of the component’s 
exergetic efficiencies was determined using the root-sum-square 
(RSS) method in the EES software. The uncertainties in the input 
parameters were ±0.5 °C for temperature, ±3 % for pressure, ±3 % 
for mass flow rate, and ±2 % for power. These uncertainties were 
propagated through the exergy equations to evaluate their effect on 
each component’s efficiency. The resulting combined uncertainty 
for the component exergetic efficiencies was within ±0.5–0.8 %, de-
pending on the component sensitivity to the input parameters. The 
thermodynamic properties were evaluated in Engineering Equation 
Solver with an accuracy of ±1% compared with standard steam ta-
bles which validates the simulation model.

This approach closely represents actual plant conditions and yields 
reliable and reproducible results. The calculation takes into account 
the energy produced by coal as well as any losses due to system in-
efficiencies and the results reflect the overall energy efficiency of the 
power plant. The energy equation for an open system (steady flow 
process) is given by [20].

( ) ( )Q m h C gz m h C gz W2 2i
i

i

2

0
0
2

0+ + + = + + + | | | |  	 (1)

Where, Q is the heat transferred to the system (J), W is the network 
output (J), C is the velocity of the working fluid (m/s), Z is the height 
of the fluid above sea level (m), m  ̇is the mass flow rate (kg/s), and 
h is the enthalpy (J/kg). The exergy input and output of the system 
cycle used in exergy analysis are calculated using the software Engi-
neering Equation Solver. The objective of this study is to understand 
the quality of energy and how effectively it can be used to do useful 
work. The results of the exergy analysis help in evaluating the plant’s 
performance more clearly and in identifying areas where improve-
ments can be made. 

The equation used for the exergy balance is given by [18] 

( ) )T
T Q m m I1 K w distroyed

0
1 1 0 0} } }- = = + + o o| || | 	 (2)

In this equation, Σ represents the sum of all heat, mass and work 
terms. T₀ is the surrounding (dead state) temperature, and T is the 
temperature at which heat transfer takes place. Qk shows the amount 
of heat transfer at temperature T and ṁ is the mass flow rate. The 
subscripts i and o in the equation indicate the inlet and outlet 
streams, respectively. ψ is the specific exergy, where ψ0 is the inlet 
specific exergy, ψi is the outlet specific exergy, and ψw is the exergy 
associated with shaft or electrical work. Finally, Idistroyed represents the 
exergy destroyed inside the system due to irreversibility.

Equations (1) and (2) are equivalent, and the specific flow exergy 
can be represented as:

( ) ( )h h T S Sψ − − − = 
					     (3)

In Eq. (3), ψ is the specific exergy; h is the specific enthalpy of the 
stream; ho is the enthalpy at the dead state; T0 is the ambient (dead-
state) temperature; S is the specific entropy of the stream; and So is 
the entropy at the dead state.

In contrast, the total exergy of the flow is equal to:

{( ) ( )}Ex m m h h T S So o0}= = - - -o o  			   (4)

Exergy destruction in a system is calculated as the difference be-
tween the total exergy input and the total exergy output, accounting 
for work interactions.

𝐸𝑥𝑒𝑟𝑔𝑦 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 = [𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑛 − (𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡 + 𝑤)] 	 (5)

Here, W represents the work interaction. Work done by the system 
is considered positive, while work done on the system is taken as 
negative. The percentage of exergy destruction in a component or 
system is defined as:

Exergy destruction Total Exergy Destruction
Exergy Destructionin the system

100~ $= 		
							       (6)
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Figure 1. Schematic diagram of chandrapura thermal power station cycle

Table 2. Thermodynamic properties of all node points at the specified reference environmental temperature T=298K (see Figure 1.)

Point. T 0[C] P [bar] m [Kg/s] h [KJ/Kg] s[KJ/Kg K] Exergy (KW)

1 253.14 205.37 205.80 1102.03 2.822 56816.202

2 538.23 189.29 203.8 3369 6.3269 303588.516

3 329.08 47.12 187.70 3016.76 6.3878 209364.516

4 539.12 42.84 187.70 3532.07 7.1655 262839.614

5 327.13 45.23 16.09 3017.01 6.4046 17989.943

6 473.48 26.03 8.65 3401.76 7.2257 10839.077

7 378.82 13.37 9.41 3212.88 7.2557 9927.223

8 289.88 6.589 9.39 3038.84 7.2925 8176.789

9 192.23 2.676 8.94 2851.08 7.3387 5992.531

10 96.7 0.9004 8.48 2667.35 7.3809 3992.504

11 62.22 0.2208 4.78 2475.13 7.4559 1222.452

12 40.32 0.075 138.1 2345.32 7.5226 15041.192

13 40.32 0.075 169.6 168.75 0.5766 259.467

14 40.25 15.105 171.7 169.8 0.5757 518.462
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15 58.31 14.69 171.7 245.26 0.8099 1489.710

16 63.31 0.8629 26.8 265.05 0.8726 256.025

17 45.25 0.2116 31.58 189.39 0.6418 85.708

18 90 14.278 171.7 378.06 1.1929 4703.787

19 95 2.565 18.32 398.19 1.2504 552.408

20 122 13.864 171.7 513.13 1.5493 9652.770

21 127 6.315 9.39 533.86 1.6028 571.227

22 154 13.45 171.7 650.17 1.8823 16112.187

23 185.98 13.45 205.8 789.87 2.1971 28728.9

24 196.47 24.95 24.74 837.32 2.2970 3892.394

25 191.47 206.2 205.8 823.55 2.2495 34072.899

26 218 205.79 205.8 940.73 2.4990 43129.4

27 223 43.35 16.09 958.56 2.5454 3297.481

28 25 1.0132 83.52 0 0 707674.06

29 26.55 1.0282 325.4 301.05 6.861 409.221

30 250 1.0207 304.2 527.4 7.43 18034.046

31 326.17 1.0207 397.2 347.47 8.2628 115980

32 179.37 1.0132 418.5 188.33 7.8957 83720

33 25 1.0132 8805.56 104.8 0.3669 0

34 35 1.0132 8805.56 146.7 0.5049 6833.11

35 25 1.0132 325.4 299.64 6.86 0

This formulation quantifies the irreversibility in each component 
and provides a clear measure of the system’s inefficiency. The second 
law efficiency, or exergy efficiency (ηII), of a system is defined as the 
ratio of the actual useful exergy output to the maximum possible 
(reversible) exergy output:

( )Maximum possible reversible exergy output
Actual useful exergy output

IIh = (7)

This formulation allows quantification of irreversibility, provides 
a measure of system inefficiency, and evaluates how effectively the 
system converts available exergy into useful work. For example, Ta-
ble S1 in the supplementary material summarizes the energy and 
exergy formulations for the boiler, steam turbine, and condenser, 
defined with respect to the points shown in Figure 1 and Table 2.

3. Result and discussions

The thermal power plant was analyzed using equations 1–4, which 
are provided in the Methods section. The initial environmental pres-
sure and temperature were 101.3 KPa and 298 K, respectively. Table

2. This provides a summary, calculated using Engineering Equa-
tion Solver software, of the thermodynamic properties of the var-
ious streams at the nodes depicted in Figure. 1. Table 3 displays the 
second-law efficiency, exergy in, exergy out, and exergy destruction 
for each component of the power plant. The condenser and boiler 
appear to have the lowest exergy efficiencies. The boiler has a low 
efficiency due to irreversible combustion and mixing processes. The 
condenser’s exergy efficiency is also low due to the large amount of 
heat released outside the cycle.

3.1. Component-wise exergy destruction

Figure 2 shows the percentage of exergy destruction of various com-
ponents of the power plant. The figure helps us to identify where 
useful energy is lost and which parts of the system are responsible 
for most of these losses because exergy destruction indicates a loss 
in energy quality and helps in finding areas where improvements 
can be made. As seen in the figure 2, the boiler is the main source of 
exergy loss which contributes about 80.71% of the total system loss-
es. This high loss is mainly due to combustion occurs at high tem-
peratures which creates large temperature differences and also due 
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to the chemical reactions occurring inside the boiler. The chemical 
reactions mainly occur due to the presence of coal, as coal contains 
various chemical elements and compounds.

The coal used in this study has the following composition: carbon 
25.32%, hydrogen 1.55%, oxygen 8.81%, nitrogen 0.58%, sulfur 
1.29%, moisture 46.38%, and ash 16.07%. Since coal is the main 
energy source for the plant, the chemical exergy associated with it 
needs to be quantified to represent the total exergy entering the sys-
tem. The fuel exergy rate released by coal combustion in the boiler 

can be calculated using the standard correlation reported by Celik 
and Aydemir [34], which relates the fuel’s heating value to its chem-
ical exergy. The chemical exergy was determined from the measured 
elemental composition, with the effects of moisture and ash ac-
counted for by the lower heating value calculated on an as-received 
basis. The lower heating value of the coal is 7773.4 kJ/kg. With a coal 
flow rate of 83.52 kg/s, the total fuel exergy supplied to the boiler is 
707674.06 kW, which corresponds to the values shown in Table 2 
and to the point marked in Figure. 1.

Table 3. exergy balance of the chandrapura thermal power station component

Components Exergy in (KW) Exergy out (KW) W (KW) Exergy destruction
(KW) hII (%) % Exergy destruction

Air fan 0 409.221 550 140.779 74.4 0.0367

Air pre-heater 116389.22 101754.04
6 0 14635.175 54.63 3.816

Boiler 991888.62 682408.13 0 309480.5 49.24 80.71

Steam turbine 566428.13 282546.22 242070 41811.78 85.27 10.9

Condenser 15126.9 7092.577 0 8034.323 46.887 2.095

FWH 6 1996.939 1575.418 0 421.516 69.735 0.107

FWH 5 6034.62 4959.812 0 1074.808 74.94 0.28

FWH 4 11267.545 10205.178 0 1062.367 82.32 0.277

FWH 3 17829.56 16683.341 0 1146.218 84.93 0.298

FWH 2 48209.457 47021.794 0 1187.663 88.41 0.309

FWH 1 61119.343 60113.68 0 1005.66 93.15 0.262

Deaerator 29931.804 28728.9 0 1202.91 95.98 0.3134

Condenser pump 259.467 480.95 430 208.467 51.5 0.054

Circulation pump 28728.9 34072.899 7365.4 2021.4 71.55 0.527

These factors collectively result in considerable entropy generation 
which shows the presence of thermodynamic irreversibility in the 
system. Moreover, the combustion process is inherently irreversible 
which increases the exergy losses in the boiler. In the present anal-
ysis, only the physical exergy associated with the temperature and 
pressure variations of the working fluid was considered for the boiler 
performance. The fuel’s chemical exergy and its corrections for hu-
midity and ash content were not incorporated because the focus was 
on evaluating the thermodynamic irreversibility within the power 
plant rather than on the combustion process. This method is consis-
tent with simplified component-level exergy analyses where the fuel 

composition data are not considered. There are several methods that 
can help to reduce these losses and for better heat transfer in compo-
nents like the economizer, air preheater, and combustion chamber, it 
should be designed in such a way that it improves their heat transfer 
efficiency. In addition, during the operation a proper fuel–air mix-
ing, maintaining the correct steam temperature and pressure, and 
effective feedwater preheating can also help in reducing the losses. 
Some advanced techniques can further improve their performance 
like real-time combustion control can adjust the fuel and air supply 
for better combustion. The better heat recovery systems use waste 
heat to preheat the air, which helps in more complete combustion 
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and reduces the heat needed for burning. The efficient heat transfer 
surfaces and variable-speed fans also help by adjusting the airflow 
according to the boiler’s requirements. These Advanced options 
were not included in this study, as the main focus was on identifying 
current exergy losses and can be considered in future work to reduce 
losses further. Overall, using a combination of these approaches can 
lower boiler losses and improve plant efficiency.

Figure 2. Exergy destruction in different component of power plant

The condenser shows the highest energy loss (approximately 53%) of 
the total energy input however, its exergy destruction remains limit-
ed to just 2.1%. This happens due to the basic difference between the 
energy and exergy analysis. In a condenser, a large amount of heat is 
rejected but this heat is low-grade as its temperature is very close to 
the surrounding condition and hence it cannot be used to produce 
useful work with these losses. This signifies that the exergy content 
is very low and even though the condenser shows a big energy losses 
it is not very important from an exergy point of view. On the other 
hand, the boiler has highest exergy losses and that is why more at-
tention should be given to the boiler, not the condenser. This idea 
is often misunderstood when we do the energy analysis. The other 
components like the turbine, air pre-heater and air fan also cause ex-
ergy destruction and each of them contributes around 2–5% of the 
total loss. These losses happen due to friction, expansion of fluid and 
heat transfer at small temperature differences. However, their effect 
is much smaller compared to the losses in the boiler. The remaining 
parts of the system, such as low-pressure heaters (LPH-1 to LPH-3), 
high pressure heaters (HPH-4 to HPH-6), the deaerator, boiler feed 
pump (BFP) and condensate extraction pump (CEP) usually cause 
less than 1% exergy loss compared to other components which shows 
that these units are working quite well in both thermal and mechan-
ical terms. These losses are small but still important and even small 
improvements in these parts can help to improve the overall per-
formance and exergy efficiency of the plant. A schematic flow chart 
(see Figure 3) shows how exergy destruction is distributed among 

the main parts of the power plant. It also highlights the areas where 
efficiency can be improved. The chart makes it easier to understand 
how each part is performing and helps to increase the overall system 
efficiency. One important aspect in this study is that the dependence 
of exergy losses on the surrounding conditions. The exergy values 
change with temperature, pressure, elevation, speed, and chemical 
composition. If these conditions do not change then no useful work 
can be obtained and this state is known as dead state. For example, 
if the dead-state temperature changes from 280 K to 310 K while 
the pressure stays at 101.3 kPa, the exergy values change a lot but 
this change does not affect energy analysis. This again shows that 
exergy analysis is better for finding where losses really happen in 
the system. In the whole cycle, almost all the exergy is destroyed and 
in which the boiler alone be responsible for more than 85% of this 
destruction. This large amount of irreversibility clearly shows that 
the boiler is the most important part to improve the performance 
of plant. If we improve the boiler design, control the combustion 
process and improve heat transfer, the losses can be reduced and 
the overall exergy efficiency of the power plant can increase. At the 
same time, small improvements in the turbine and condenser can 
also help in improving the overall efficiency of the system. 

Figure 3. Component-wise exergy losses and optimal operational 
windows

Figure 4 shows how exergy efficiency changes in the main parts of 
the plant at 100% load and 80% load. The full details are given in 
Table S2 which helps to clearly see how the values change at both 
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conditions. The boiler shows the highest exergy destruction at both 
loads but its efficiency does not change much with load of the plant 
(49.24% at 100% load and 49.43% at 80% load). The turbine efficien-
cy decreases from 85.27% at 100% load to 83.33% at 80% load. The 
possible reason for this is that the turbine is not working at its best 
condition, so the steam expansion becomes less efficient and exergy 
loss increases. Most of the feedwater heaters show a small drop in 
efficiency at lower load. This may be occurred due to more irrevers-
ibilities causes when flow rate of the feedwater is lower. However, 
the condenser shows a different trend. Its exergy efficiency increas-
es from 46.89% at full load to 55.20% at 80% load. This is because 
less heat is rejected and heat transfer becomes more effective under 
these conditions. The auxiliary components, like feedwater pumps, 
also show a decrease in efficiency when working at off-design condi-
tions. Overall, the total exergy efficiency of the plant decreases from 
34.10% at full load to 31.06% at 80% load. This behavior is normal 
for thermal power plants when they do not operate at full load.

Figure 4. Exergy efficiency of plant components at 100% and 80% 
load

3.2. Effect of ambient temperature 

Figure 5 shows how exergy destruction and exergy efficiency of 
the three main components i.e. boiler, condenser, and turbine are 
changing with reference temperature. The condenser shows a clear 
decrease in exergy destruction when the ambient temperature in-
creases from 280 K to 310 K. This means it is highly affected by envi-
ronmental conditions. This happens because the temperature of the 
condensing steam becomes closer to the cooling medium and due 
to this the temperature difference becomes smaller. As a result, the 
heat transfer losses are reduced. In contrast, the boiler shows very 
high exergy destruction, and it remains almost constant even when 
the ambient temperature changes. This is because the losses in the 
boiler mainly come from combustion and heat transfer, which do 
not depend much on the surroundings. 

Figure 5. Exergy destruction (a) and exergetic efficiency (b) of main 
system components with respect to environmental temperature.

However, the turbine works in a stable way. Its exergy efficiency 
stays above 90%, and there is very little change in its performance 
with changes in ambient temperature. The overall cycle efficiency 
shows only a small decrease as the reference temperature increases. 
This means that higher dead-state temperature reduces the total use-
ful work that can be obtained. The condenser, which has the lowest 
efficiency at first, improves its efficiency as the reference tempera-
ture increases. This shows that its performance can be improved by 
better use of environmental cooling conditions. These results show 
that environmental conditions must be considered for proper ex-
ergy analysis and it also show that exergy gives a clearer and more 
practical understanding of system performance compared to energy 
analysis. The reference temperature of 298 K was chosen because 
it represents the plant’s average ambient conditions and is widely 
used as a standard dead state in exergy studies. A sensitivity check 
shows that varying the ambient temperature from 280 to 310 K has 
a negligible effect on the results. As shown in Figure. 5a, only the 
condenser shows a small change with temperature, while the major 
components remain almost constant. The total exergy destruction 
changes by less than 0.2%, which shows that the overall cycle be-
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haviour remain unaffected. This justifies the use of a fixed reference 
temperature for the analysis. Future work should focus on using 
adaptive design strategies that leverage ambient conditions to min-
imize irreversibility and enhance system efficiency. The uncertainty 
analysis was carried out using the root-sum-square method in EES 
software. The calculated uncertainty in exergy destruction is ap-
proximately ±350 kW, which mainly

This arises from measurement variations in temperature, pressure, 
and mass flow rate. When this absolute uncertainty is normalized 
against the total exergy input to the system (of the order of several 
hundred megawatts), it results in a relatively small uncertainty of 
about ±0.7% in exergetic efficiency. The error bars are not visibly 
distinguishable in Figure 5. due to their negligible scale compared 
with the plotted data range.

3.3. Boiler pressure sensitivity

Figure 6 shows how exergy destruction in the boiler changes with 
boiler pressure. It helps to understand how irreversibility changes 
when the operating pressure is varied. The data shows an opposite 
trend between pressure and exergy destruction. As the boiler pres-
sure increases from 100 bar to about 200 bar, the exergy destruction 
decreases from around 297 MW to about 292.8 MW. This means 
that increasing pressure improves performance from a thermody-
namic point of view. At higher pressure, heat is added to the working 
fluid at a higher average temperature, which reduces irreversibility 
and improves overall efficiency. Increasing the mean temperature 
reduces thermal gradients during combustion and heat transfer, 
thereby minimizing entropy generation and associated irreversibili-
ties. The uncertainty in the calculated boiler exergy destruction was 
estimated to be ±300 kW, which is very small compared with the to-
tal magnitude of exergy loss. Therefore, the error bars are not visible 
in the figure 6. due to their negligible scale.

Figure 6. Exergy destruction in boilers varies with boiler pressure

The best operating condition is found when the boiler pressure is 
between 167 and 178 bar. In this range, the plant gives maximum 
efficiency and minimum exergy loss. This pressure range is already 
used in modern supercritical and ultra-supercritical power plants. 

For example, the Noshiro Thermal Power Station in Japan operates 
at about 241 bar, and the Alholmens Kraft Power Station in Finland 
operates at around 165 bar. These powerplants show that such high 
pressures are practical and achievable. The advanced materials like 
ferritic steels and nickel-based alloys are used to safely handle under 
these high pressures and temperatures because these materials have 
high strength, good corrosion resistance, long life, and can perform 
well under repeated heating and cooling, which makes them suitable 
for reliable boiler operation. The exact optimum value may change 
slightly if we consider economic factors like fuel cost, material limits, 
and auxiliary power use. However, the best pressure range will still 
stay close to 167 to 178 bar because at this pressure range, the exergy 
efficiency is highest and losses are lowest. Operating the plant in this 
pressure range can improve overall performance and it can increase 
efficiency, reduce fuel use, lower operating cost and decrease exergy 
losses. Hence, for better plant efficiency, the boiler should operate 
at the optimum pressure range aligned with suitable materials. It is 
also important to consider environmental conditions which helps in 
reducing maintenance and supports long-term reliable operation. If 
the boiler pressure goes above about 178 bar, the exergy destruction 
starts to increase again. This happens because with the increase in 
pressure increases the temperature and friction inside the boiler and 
heat exchanger surfaces. As a result the irreversibility increases and 
there is more stress on materials and pumping systems which reduc-
es the performance of the components. So, the upper limit of around 
178 bar is decided by both material strength and flow resistance. At 
higher pressures, more pump work is needed to overcome pressure 
losses and long-term reliability can also become a problem. The re-
sults show that the best operating range is between 167 and 178 bar. 
In this range, exergy losses are minimum and the system works ef-
ficiently without creating extra load on operation and maintenance. 
This gives a good balance between efficiency and reliability for both 
design and operation. This analysis shows that careful selection of 
boiler pressure is very important in design. Using the right pressure 
improves thermal performance and reduces irreversibility, which 
increases the overall exergy efficiency of the power plant. In the next 
part, the study looks at how exergy is destroyed in different compo-
nents and gives practical suggestions to improve plant performance 
and overall operation. 

3.4. Practical implications and recommendations for plant 
optimization

As we already discussed that the boiler is the biggest source of exer-
gy destruction and this mainly happens due to combustion and large 
temperature differences. These losses can be reduced by preheating 
the combustion air, controlling the air–fuel ratio properly and im-
proving heat recovery using the economizer and air preheater. The 
best boiler pressure range is in between 167 to 178 bar where the 
plant gives maximum efficiency and minimum exergy loss. Mod-
ern plants like the Noshiro Thermal Power Station and the Alhol-
mens Kraft Power Station operate in this range, which shows that 
it is practical for real use. In this range, the plant works efficiently 
uses less fuel and avoids extra losses and material stress that come 
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with very high pressure. Advanced materials such as ferritic steels 
and nickel-based alloys ensure reliable performance under these 
high-pressure and high-temperature conditions.

Table 4. The component-wise exergy efficiencies are compared with similar studies

S.no Parameter Present
Investigation

Celik and
Aydemir [34]

Maghsoudi
et. al [41]

Kumar et.
al [42]

Mitra &
Ghosh [43]

1 Boiler 49.24 53.19 46.24 32.90 59.47

2 Turbine 85.27 86.12 87.78 90.81 84.99

3 Condenser 46.887 42.70 NA 54.764 40.61

4 FWH 1 88.41 64.03 89.71 91.59 44.35

5 FWH 2 93.15 88.16 96.46 90.003 70.47

6 FWH 5 69.735 87.80 97.64 95.839 83.03

7 FWH 6 74.94 96.01 93.52 97.385 92.32

Turbine performance can also be improved by several methods like 
better reheat conditions, improved blade design and proper sealing. 
However, the performance of condenser can be improved by main-
taining good cooling water flow and stable vacuum. The improve-
ment in feedwater heaters and pumps can be increased by reducing 
heat and mechanical losses. At the operating level using real-time 
monitoring and control of pressure, temperature and flow helps the 
plant work in the best efficiency range. This keeps the system stable 
and improves overall exergy performance. The component-wise ex-
ergy efficiencies in this study are compared with those reported in 
similar investigations are given in Table 4. The comparison shows 
that the exergy efficiencies of the main components in this study 
fall within the typical range reported for thermal power plants and 
confirming that the model accurately represents real operating per-
formance. The minor

Variations occurs due to the differences in plant design and oper-
ating conditions but remain consistent with global trends. The ob-
tained component exergy destruction percentages were also com-
pared with published analyses of similar coal-fired plants in India. 
The boiler continues to be the dominant source of irreversibility, 
although its destruction percentage is lower than the 93.07% report-
ed by Kumar et al. [42] and also below the level indicated by Mitra 
& Ghosh [43], who reported a boiler exergy efficiency of 59.47%, 
reflecting comparatively improved combustion and heat-transfer 
conditions. Turbine destruction remains lower than the values doc-
umented by Kumar et al. [42] (HPT 1.32%, IPT 0.64%, LPT 2.08%) 
and closely follows the Mitra & Ghosh [43] turbine exergy efficiency 
of 84.99%. The condenser shows slightly higher destruction than the 
54.76% efficiency reported by Kumar et al. [42] and yet still per-

forms better than the 40.61% value provided by Mitra & Ghosh [43]. 
The most significant deviation appears in the feedwater heaters. 
While the high-pressure heaters remain near the published rang-
es (Kumar et al. [42] 97.38% and 95.83%), the low-pressure heaters 
show higher destruction when compared to the LPH-2 and LPH-3 
efficiencies of 90.00% and 95.54% respectively reported by Kumar et 
al. [42]. These comparative findings help translate thermodynamic 
performance into clear operational improvement pathways, which 
supports higher efficiency and sustainable operation of thermal 
power plants.

4. Conclusion

A comprehensive study on exergy analysis was carried out for a 250 
MW unit at the Chandrapura power plant (total capacity 500 MW). 
The study showed how ambient temperature and boiler pressure af-
fect the performance of the unit and gives following outcomes:

•	 The condenser was responsible for about 53% of the total en-
ergy loss, but it caused only about 8 MW of exergy destruc-
tion, which is around 2.1% of the total. This is because the 
heat rejected in the condenser is of low quality and cannot be 
used for useful work.

•	 The boiler and turbine are the main sources of irreversibility. 
The boiler alone causes about 309 MW of exergy destruction, 
which is around 80.7% of the total. The turbine contributes 
about 41.8 MW, or 10.9%. This shows that these two compo-
nents need more attention for improvement.

•	 The total exergy loss in the cycle is about 383 MW, and the 
overall exergy efficiency of the plant is 34.1%. This indicates 
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that there are large inefficiencies and a good chance to im-
prove performance.

•	 When the ambient temperature changes from 280 K to 310 K, 
the boiler and turbine show only small changes in efficiency, 
less than 1%. However, the condenser efficiency increases a 
lot, by more than 50%. This happens because the tempera-
ture difference becomes smaller, which reduces irreversibility 
during heat transfer.

•	 Increasing boiler pressure was found to reduce exergy de-
struction and enhance exergy efficiency because it increases 
the mean temperature of heat addition, thereby reducing en-
tropy generation.

•	 An optimal pressure range (167–178 bar) was identified, in 
which exergy losses are minimized without introducing ex-
cessive operational complexity, making it a valuable design 
target for systems engineers.
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