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Abstract :  This paper presents a complete thermodynamic analysis of a typical subcritical steam thermal power plant operating 

on a regenerative Rankine cycle. Applying both the First and Second Laws of Thermodynamics, an energy and exergy evaluation 

is conducted to determine the individual component performance and identify the sources of system inefficiencies. Conventional 

energy analysis indicates that the major energy loss occurs in the condenser due to massive latent heat rejection to the cooling 

medium. However, exergy analysis reveals that the utmost thermodynamic destruction occurs within the steam generator 

assembly due to highly irreversible chemical combustion and high-temperature differences occurring during heat transfer. This 
quantitative analysis of the thermodynamic system establishes that the thermal efficiency of a typical subcritical thermal power 

plant varies around 32%–40% while its exergy efficiency remains structurally lower. Key strategies such as regenerative feed 

water optimization and transitioning to ultra-supercritical parameters are discussed as pathways to minimize exergy destruction 

and also to curtail greenhouse gas emissions. 

 

Index Terms –Rankine Cycle, Energy Analysis, Exergy Destruction, Thermal Efficiency, Steam Generator, Steam Turbine.  

 

I. INTRODUCTION 

The sudden rise and fall in the need of energy makes obligatory to improve the performance of the every equipment and optimize 

the operation of thermal power plant equipments. Since the thermal power plants depend mostly operate on fossil fuels, their 

combustion residue impact on the environmental issues. As the economic growth of India depends upon the power sector, the 

electric energy demands in the last two decades have increased at enormous space (Rupam, 2016).The thermal power plants 

remain a fundamental pillar of global electrical grids generating around, transforming chemical or thermal energy into mechanical 

work and subsequently electrical power via the classic Rankine cycle. .Energy use increase leads to several environmental 
problems (Alhuyi Nazari M et al, 2018, Amin TE et al, 2015). Several studies have focused on more environmentally benign 

energy systems to reduce greenhouse gas emissions (Ahmadi MH et al, 2015). As environmental standards constrict and fuel 

costs fluctuate, maximizing the conversion efficiency of these facilities becomes paramount.  

 

II.THERMODYNAMIC MODELING OF THE SYSTEM  
The system under consideration models a typical subcritical regenerative steam power plant, comprising four primary control 

volumes: a Steam Generator - Boiler, a Steam Turbine, a Condenser, and Feed water Pumps (Ravindra Kumar. P, Ravi Kumar, N, 

2024). 

To systematically analyze any plant performance, engineers depend on the two corresponding analytical hypotheses: Energy 

Analysis and Exergy Analysis. Energy Analysis focuses strictly on the conservation of energy. It evaluates the quantity of energy 

transfers across system boundaries but fails to differentiate between the quality or work-producing potential of different energy 

streams.  

A coal-fired thermal power plant operates upon the law of conservation of energy by converting the chemical energy stored in the 

coal into electrical energy. It operates on a modified Rankine Cycle, to continuously transfer and convert into electrical energy.  

 

      III.THERMODYNAMIC FORMULATION 
The mass and energy balances are applied to each open system assuming as below: 
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1. The mass and energy within open system remain constant with time. 
𝑑𝑚

𝑑𝑡
= 0; 

𝑑𝐸

𝑑𝑡
= 0  

 

2. The changes in the kinetic and potential energy flow through components are negligible compared to the changes in 

enthalpy. ∆𝐾. 𝐸 ≈ 0; ∆𝑃. 𝐸 ≈ 0  

 

3. The mass flow rate of the working fluid is uniform throughout the closed cycle.  𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡̇  

 

4. A standard Rankine cycle is analysed with 4 main states as shown in Fig.1. below. 

 

 

State 1 -Pump Inlet 

  State 2 -Boiler Inlet 

  State 3 -Turbine Inlet 

  State 4 -Condenser Inlet 
 

 

 

 

 

 

 

 

 

Fig.1. Schematic diagram of a thermal power plant operating on a Rankine cycle. 

 

3.1 Boiler 
 The coal is burnt in the combustion chamber called as furnace and the chemical energy created is converted to thermal 

energy. The heat energy Qinwith a temperature TH  transferred to liquid water to get converted to high temperature steam from the 
boiler outlet.  

 

Mass Balance:                                    𝑚2      ̇ =      𝑚3̇    =      𝑚̇                   (3.1) 

 

Energy Balance:                                𝑄̇𝑖𝑛       =          𝑚̇ (ℎ3 − ℎ2)            (3.2) 
 

Exergy Balance:                 𝐸𝑥 ℎ𝑒𝑎𝑡,𝑖𝑛 +  𝑚̇𝑒𝑥,2       =    𝑚̇𝑒𝑥,3 + 𝐼1              (3.3)      
   

Where                                             𝐸𝑥 ℎ𝑒𝑎𝑡,𝑖𝑛          =    𝑄𝑖𝑛  (1 −
𝑇0

𝑇𝐻
)   (3.4) 

 

Exergy Destruction:             𝐼̇𝑏𝑜𝑖𝑙𝑒𝑟  
̇    =     𝑚𝑇𝑜(𝑆3 − 𝑆2) −  𝑄̇𝑖𝑛

𝑇1

𝑇𝐻
     (3.5) 

. 

 

3.2 Steam Turbine 

 The high temperature steam expands in the steam turbine adiabatically 𝑄̇ = 0 and the rotor in the turbine rotates 

producing work 𝑊̇𝑡   and hence the mechanical energy created is coupled to a generator to produce electrical energy. 
 

Mass Balance:                                    𝑚3      ̇ =      𝑚4̇    =      𝑚̇                   (3.6) 

 

Energy Balance:                                𝑊̇𝑡        =          𝑚̇ (ℎ3 − ℎ4)            (3.7) 
 

Exergy Balance:                    𝑚̇𝑒𝑥,3       =    𝑊̇𝑡 +  𝑚̇𝑒𝑥,4 + 𝐼𝑡̇𝑢𝑟𝑏𝑖𝑛𝑒      (3.8)̇  

   

Exergy Destruction:             𝐼̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒  
̇    =     𝑚𝑇𝑜(𝑆4 − 𝑆3)                   (3.9) 

 

3.3 Condenser 
 The exhaust steam after expansion from various stages in turbine is condensed in the condenser by releasing latent heat 

Qout to cooling water system at a temperature  TL . The pressure and temperature of the steam is reduced considerably.  
. 

Mass Balance:                                    𝑚4      ̇ =      𝑚1̇    =      𝑚̇                   (3.10) 
 

Energy Balance:                                𝑄̇𝑜𝑢𝑡        =          𝑚̇ (ℎ4 − ℎ1)            (3.11) 
 

Exergy Balance:    𝑚̇𝑒𝑥,4 =  𝑚̇𝑒𝑥,1  + 𝐸𝑥 ℎ𝑒𝑎𝑡,𝑜𝑢𝑡     +    𝐼𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟               (3.12)      
   

3 
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Where                                      𝐸𝑥 ℎ𝑒𝑎𝑡,𝑜𝑢𝑡           =       𝑄𝑜𝑢𝑡  (1 −
𝑇0

𝑇𝐿
)      (3.13) 

 

Exergy Destruction          𝐼̇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟  
̇ =     𝑚𝑇𝑜(𝑆1 − 𝑆4) −   𝑄̇𝑜𝑢𝑡

𝑇0

𝑇𝐿
     (3.14) 

 

3.4 Feed  water Pump 
 

The liquid water is compressed adiabatically Q̇ = 0 up to the boiler pressure, requiring an external work input Ẇp 

 

Mass Balance:                                    𝑚1      ̇ =      𝑚2̇    =       𝑚̇                   (3.15) 
 

Energy Balance:                                𝑊̇𝑝       =          𝑚̇ (ℎ2 − ℎ1)             (3.16) 

 

Exergy Balance:                  𝑚̇𝑒𝑥,1   +    𝑊̇𝑡 =     𝑚̇𝑒𝑥,2 + 𝐼𝑝̇𝑢𝑚𝑝              (3.17)̇  

   

Exergy Destruction:             𝐼̇𝑝𝑢𝑚𝑝  
̇    =     𝑚𝑇𝑜(𝑆2 − 𝑆1)                        (3.18) 

 
3.5 Overall Plant Performance Metrics 

 
By aggregating the component balances, the macro thermodynamic behavior of the plant is formulated as below:  

 
Total Net Work is given by 

                              Ẇnet=Ẇt − Ẇp =m [̇ (h3 − h4)-ṁ(h2 − h1)]        (3.19)               

 

Total Exergy Destruction is given by 

 İtotal=İboiler + İturbine + İcondenser + İpump           (3.20)  

 

The Exergy flow in a thermal power plant is shown below in Fig.2. 

 
Fig.2. Exergy flow in thermal power plant 

 
3.6 Efficiency Metrics 

 
The quantity of energy is evaluated by applying the First law of Thermodynamics. It evaluates how much of the thermal energy 

input from coal (Qin)  is successfully converted into net work (Wnet).  

The performance of the power plant is evaluated by its thermal efficiency, which is the ratio of net work output to the total heat 

input: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦)ƞ             =              
𝑊𝑛𝑒𝑡  

𝑄𝑖𝑛
                   (3.21) 

 
The quality of energy is evaluated by applying the Second-Law of thermodynamics.  
 

The irreversibilities during energy transfer are evaluated by the following equation:  
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑞𝑢𝑎𝑙𝑖𝑡𝑦)ƞ               - =        
 𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
         (3.22) 

IV. RESULTS AND DISCUSSIONS 
In an actual thermal power plant, the ideal cycles aren't fully achievable due to irreversibilities, primarily fluid friction and 

unwanted heat loss to the surroundings. Friction causes the entropy to increase during expansion in a turbine. The pump requires 

more work input to overcome fluid friction thus causing increase in entropy.  

 Friction in the boiler and condenser tubes causes minor pressure drops, which account to heat loss and reduction in plant 

efficiency. Heat rejected from the condenser is low grade energy. Regeneration from this energy is not possible. Heat dissipiation 

from boiler due to irreversibilites are huge compared with heat loss form condenser. Exergy mapping shows that the boiler 

routinely accounts for 70% to 85% of total plant exergy destruction (Gungor Celik, A, Aydemir, U, 2025). 

 
V. EFFICIENCY ENHANCEMENT STRATEGIES 

The common way of increasing the efficiency is by regenerative feed water heating and increasing the outlet temperature of steam 

from boiler. 

 

5.1 Regenerative Feed water Heating 

 
Some part of steam is extracted from different points  during expansion from turbine and this s extracted steam is used to pre-heat 

the liquid feed water before it reaches the boiler, dramatically reducing the amount of fuel energy required to boil the water. 

The Extraction of small fractions of bled steam from various turbine expansion stages to preheat feed water before it returns to the 

boiler will enhance the net thermal efficiency. This curtails the massive thermal differential across the steam generator, elevating 

net thermal efficiency by roughly 0.55% per heat exchanger added (Bruno Miskic, Paolo Blecich, 2021).  

 
5.2 Transitioning to Ultra-Supercritical States 

 
Operating cycles above water's thermodynamic critical point and raising parameters to advanced levels shifts gross thermal 

efficiency from subcritical baselines up toward 45%–47%, substantially dropping localized fuel consumption and corresponding 

carbon intensity(Vladimir Glazar et al.,2026) as shown below in Fig.3. 

 

  

 
Fig.3. Efficiency variation - Transition from subcritical to Ultra-supercritical 

 
 

VI. CONCLUSION 
Thermodynamic profiling proves that evaluating a power plant solely on First Law energy balances yields incomplete conclusions 

regarding system optimization. From the analysis, it is concluded that the condenser acts as the primary dumping place for spent 

energy quantity and the steam generator acts as the primary destroyer of energy quality. 

By this analysis we understand about the energy losses and exergy flow in a thermal power plant and hence can find the ways of 

reducing the irreversibilities and optimize the heat consumption patterns. The usage of the burning of fuel can also be minimized 

reducing the carbon emission considerably. 
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