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Thermal Power Plants
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Agenda: Thermal Power Plants

• Operational principle of cyclic thermodynamic engines
 Entropy, heat, and work in Carnot cycle 

• Reciprocating (piston) engines
 Steam cylinder
 Otto internal combustion cycle
 Stirling engine

• Steam power plants
 Isotherms of real gases
 Steam and air as working media
 S-T cycles for Carnot, Rankine, and Brayton cycles

• Gas turbine power plants
 Combined-cycle plants

• Chemistry of complete & incomplete combustion
 Examples

• Carbon (CO2) capture processes

________________________________

Next: Power from nuclear transmutation
Andrew & Jelley Chs. 9 & 10
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Real Substances (Different Phases: s, , g, sc)

---Maxwell Construction

p V n R T   

5000C

H2O Equation of State

All real substances have distinct physical phases: 
  solid (T<Tfreeze), liquid (Tfreeze<T< Tboil) and gas (Tboil<T)
Phase transitions occur upon changes in internal energy by characteristic 
amounts: latent heat (-enthalpy) of fusion or latent heat of vaporization 
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Using Real Gases/Vapor Working Media

Since 18. century: thermal engines work fluid
steam=water vapor, water droplets (wet steam). 
Real gas molecules interact → viscous motion 
depending on , T. → Several phases. 

( )Ideal Gas EoS per mole

Vir n

p V R T

ial expansio of

− → = 

compression factor

Non-monotonic EoS → liquid-gas instability. 

Increasing compression: vdW model gas 
temporarily collapses (p decreases with decreasing 
V) but reconstitutes again.  
Real gases aggregate, form droplets → progressive 

liquefaction @ 

Combine vdW EoS with isobar in instability domain 
            Maxwell Construction
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Useful Parameterizations

Van der Waals Parameters
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Steam Tables

p = 1 bar= 101.33 kN/m2 

1) Water @ 00C → 1000C. 
→ 419 kJ/kg  
hwater(1000C) = 419 kJ/kg.

2) Water @1000C → steam 
@1000C. Specific enthalpy 
of evaporation (latent 
heat): 
hevap(1000C) =2,257kJ/kg 

3) Water @00C → steam 
@1000C. Specific enthalpy 
hsteam(1000C)=2.676MJ/kg

Latent Heat
Heat required to 
initiate phase 
transition. 
T const. until 

entire sample mass 
has transitioned.
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Water as a Working Power Medium 

To use steam as driving gas for thermal 
engines, heat energy has to be transferred 
to water at Tl (e.g., 250C)

Heat transfer
T=const

Liquid

Phase Diagram H2OT

S
After Andrews & Jelley

p = 1 atm (bar)= 101.33 kN/m2 
 → Water boils @ at 1000C
 → Need 419 kJ/kg H2O to heat water 

from 00C to T= 1000C.

→ @ p=101.33 kN/m2 and 1000C 

Specific enthalpy H2O: 
           hwater(1000C) = 419 kJ/kg.

Specific enthalpy of evaporation (latent 
heat): hevap(1000C)= 2,257 kJ/kg 
          (not applicable to ideal gas)

Total heat required at p=const. to convert H2O to steam @1000C : 

hsteam(1000C) = (419 + 2,257)kJ/kg = 2,676 kJ/kg = 2.676 (MJ/kg) = 0.74 kWh/kg

L-G mixture hs (x) = (1-x)· hwater + x· hsteam                 Extensive variables

Similar:             us(x) = (1-x)·uwater + x· usteam  (U, H, S,..)

0x =

0x = 1x =

1x =

A) heat 1mol liquid H2O to 1000C
B-C) evaporate all H2O (@ 1000C) 

D) heat vapor beyond 1000C→Th  

S q·T

Liquid Steam

B C
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S-T Diagram for Steam Carnot Process

Enthalpy, entropy extensive→ Scale w/ x

T1

T2< T1
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After Andrews & Jelley

x=1

T

S

ccx=0

Liquid Steam1
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S q·T

Turbine 
Work

T2 
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Carnot cycle: highest possible work output per q for 
→T=const. processes.
Works well for ideal gases (simple molecules, high T)

Disadvantage for real gases and moderate T because 
phase coexistence region limits gas Th per qin

q= T∙S in Carnot process, i.e., Th is limited → low 

Rankine cycle: (Thermodynamically robust)

e→ f Compressor (pump) injects H2O under p 
f → a Economizer heats H2O under pressure.
a→ b Evaporator boils H2O under p = const.
b→ c Superheater heats steam @high p = const.
c→ d Turbine produces work, expands steam 

d→ e  condenser liquifies vapor @ p < pat. 

Heating and cooling occur at p=const.

Efficiency:
 

W. Udo Schröder, 2025

T
h
e
rm

al
 P

PT
8

Rankine Steam Cycle

T

S

T

S

( ) ( .)
d

Turbine c d
c

w H H U p V V dp S const= − =  +  =  =

3
Turbine Compressor

Rankine

in

w w
0. - 0.5

Q


−
= =

Super heating → 
T>Tc=374.20C

Carnot Cycle

Rankine Cycle

f-
a
-b

-c

e

c-d
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Steam Turbines

Low/Medium Pressure 
Reaction Turbine
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Agenda: Thermal Power Plants

• Operational principle of cyclic thermodynamic engines
 Entropy, heat, and work in Carnot cycle 

• Reciprocating (piston) engines
 Steam cylinder
 Stirling engine
 Otto internal combustion cycle

• Steam power plants
 Isotherms of real gases
 Steam and air as working media
 S-T cycles for Carnot, Rankine, and Brayton cycles

• Gas turbine power plants
 Gas turbine operation, enthalpy balance 
 Combined-cycle plants

• Chemistry of complete & incomplete combustion
 Examples

• Carbon (CO2) capture processes

________________________________

Next: Power from nuclear transmutation
Andrew & Jelley Chs. 9 & 10
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Gas Power Turbine: Parts & Operation (GE)

Air intake at turbo 
compressor stage.
Fuel/air mix injected 
in annular combustion 
chambers.
Combustion gas 
drives turbine power 
stage (4).  

Turbo compressor 
raises air pressure 
(x20) & temperature.

Fuel/air mix is ignited 
in combustion 
chambers. → Super 

heated compressed 
fuel/air mix drives 
power rotors. Hot gas 
exhaust.

Combustion 

Chamber

Compressor 

Stage

Power Stage Exhaust Nozzle

Shaft

In Operation
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Turbine for Gas Power Plants

SGT-800 Power generation 
47.00MW(e)
Fuel: Natural gas*, Frequency: 
50/60Hz
Electrical efficiency: 37.5%
Heat rate:   9,597kJ/kWh       

(9,096Btu/kWh)
Turbine speed: 6,608rpm
Compressor pressure ratio: 19:1
Exhaust gas flow: 131.5kg/s 
Exhaust temperature: 544°C (1,011°F)
NOx emissions (with DLE, corrected to 
15% O2 dry): ≤ 15ppmV

Available for different power 
outputs (5-375 MW), revolutions 
3,000-17,000 rpm, 50/60 Hz 
electric.
Efficiencies 0.35- 0.60
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Combined Cycle Power Plants (CCGT)

Primary Stage

Secondary Stage W2

W1

Q2

Q1

Air

E
x

h
au

st

Water E
x

h
au

st

W1

W2

Q1

Q2
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Combined Cycle Power Plants (CCGT)

HRSG Boilers
Heat Recovery Steam Generators Waste Heat Recovery Systems

http://www.indeck-keystone.com/boilers/heat-recovery-steam-generators/
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General Electric Combined-Cycle Power Plant
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Agenda: Thermal Power Plants
• Operational principle of cyclic thermodynamic engines

 Entropy, heat, and work in Carnot cycle 

• Reciprocating (piston) engines
 Steam cylinder
 Otto internal combustion cycle
 Stirling engine

• Steam power plants
 Isotherms of real gases
 Steam and air as working media
 S-T cycles for Carnot, Rankine, and Brayton cycles

• Steam & Gas turbine power plants
 Combined-cycle

• Chemistry of combustion (complete & incomplete)
 Examples

• Carbon (CO2) capture techniques
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Currently, in most thermal power plants:  Combustion of hydrocarbons 

→ Heat → Mechanical Energy→ Electrical Energy  

Combustion = reversible chemical rxn 

oxidizes fuel & releases heat energy.

Combustion of Hydrocarbons

Adiabatic
Combustion 

Chamber

2 2

@ ,

, ,

P P

x

Products T P

CO H O NO

Heat( )

2 2

2 2

@ ,

,

R R

n m

Reactants T P

C H

Air O N

+

Insulation

( ) ( )

( ) ( )

, , 0

, ,

= − 

= −

R R P R

P R P R

R R

P R

q h p pT T

ThT

h

h p p

( )2 2 2( 4) 2+ +  + + n m

stoichiometric ratio

C H n m O nCO m H O H

reversible

0, 0q w= =

4 ( 55 )→ −CH H MJ kg

,

→

→

Excess enthalpy in rxn products kineticenergy gas p

heat extern l

articles

Plus potentiall lyusefua

.→PAdiabatic combustion tempera Reversibu e le prr T ocesst

-h

T

hR

hP

TR TP

R

P

pR= pP= 
const

Continuous Flow
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Fossil Fuel Combustion in Power Plants

( ) ( )2 2 2

8 18 2 2 2

:

(n 4) 2

( ) :

12.5 8 9

+ + → + +

+ →



+

n m

stoichiometric ratio

Hydrocarbons

C H m O nCO m H O

Octane complete combustion

C H O

H

O C H O

Complete combustion in 
    theoretical air  ath≈ 21%O2+79%N2  
Ratio N2/O2 = 79/21=3.76 

Complete combustion in oxygen 

( )8 18 2 2 2 2 2

( ):

12.5 3.76 8 9 47

Octane complete combustion in air

C H O N CO H O N+  + → + +

( )

( )

8 18

8 18

,

( )

12.5 1 3.76#
: 59.5

# 1

28.97
: 59.5 15.12

8 12 18 1

th

m th

Theoretical balanced for C H

moles air
AF

moles fuel

Theoretical for C H

g mole air g
AF

g mole f

air fuel

air fuel mass rati

l g

o

ue

→

+
= = =

= =  =
 + 

In practical applications 
(ICE, or power plants),  
air amount available for 
combustion is mostly

( )2 2
3.76

th
a O N= +

th
a a
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Heating Values for Fossil Fuels

Thermodynamic Properties of Fuel Combustion in Air (1atm, 250C)

FHV

CRC Handbook of Chemical Properties
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Post-Combustion CO2 Capture: Amine Scrubbing Process

Efficiency of amine process: 90% of CO2 in the flue gas, 

energy intensive (steam: 2GJ/tCO2), =30% of the plant power generation. 
CO2 product purity >99% 
(CC Cost: E.S. Rubin et al., Int. Jour. Greenhouse Gas Control 40, 382 (2015) )

Post-combustion CO2 capture (Coal & nat gas CC plants)
 At combustion site!

10% 
CO2

CO2 (l)

1100C-1200C
500C

Amine

MEA-CO2

110bar
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Since 1980s: Sleipner Field 
NW Norway, North Sea 
Oil/Gas fields



Other CO2 Sequestration Concepts
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In preparation (testing): Separate CO2 from flue gases, transfer via pipelines or ships to geological 
depositories (old oil/gas wells, saline aquifers, salt mines) for extended time periods ~ 103 a.

IGCC Pre-
combustion

Post-combustion or oxyfuels

Exhausted 
oil/gas well 

Exhausted 
coal bed

By tanker

CO2 capture

CO2 transfer

CO2 storage

Temp Storage
Coal 

Delivery



CO2 Direct Air Capture (Trials)
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