
Thermodynamics of Earth systems

Lecture 5:

Entropy,the Second Law 
of Thermodynamics 

(continued)



Material covered in Lecture 5
Part 2: Framework

First Law of thermodynamics

• Basic concepts & processes

• Work; expansion work

• Heat: heat capacity, basics of heat transfer mechanisms

• First law: internal energy, enthalpy, specific heats, heat capacity.

• Applications of first law to ideal gases

Entropy and the 2nd law 

• Entropy: reversible and irreversible processes; Clausius inequality; 

Boltzmann-Gibbs statistical picture of entropy

• Heat engines, Carnot Cycle and the maximum efficiency

• Applications of heat engines and Carnot Efficiency to atmosphere, 

ocean and deep earth

• 2nd Law of thermodynamics

• First and second laws combined

• Energy functions; Maxwell Equations



Heat engine

• external combustion engines 

(e.g. steam or Stirling engine)

• internal combustion engine 

(e.g. petrol or diesel engine, jet engine)

• refrigerators

• Clouds and weather systems

(convective clouds, hurricanes)

• Many other types

device which extracts work as thermal energy 

flows from a hot reservoir to a cold reservoir.



Efficiency of a heat engine

The efficiency of a

Heat engine depends

on the temperatures

of the hot and cold

reservoirs (Carnot)



Carnot cycle: Maximum 
efficiency

proposed by Carnot in 1824.

• most efficient cycle for an engine, 

converting a given amount of 

thermal energy into work 

• most efficient cycle for a 

refrigerator, creating a ΔT (pumping 

the maximum heat) by doing a 

given amount of work.

It is the cycle for which ΔSuniverse = 0. It cannot get better than that. 

Other cycles tend to have ΔSuniverse > 0 so are less efficient.



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Carnot cycle: Maximum efficiency



Hurricanes as a Carnot Engine

Manuscript in reading material   (2 pages)



Hurricanes as a Carnot Engine
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 E  = q + w

The Laws of Thermodynamics

0.  Two bodies in thermal equilibrium are at same T

1.  Energy can never be created or destroyed.

2.  The total entropy of the UNIVERSE 

( = system plus surroundings) MUST INCREASE

in every spontaneous process.

 STOTAL =    Ssystem +  Ssurroundings >  0

3.   The entropy (S) of a pure, perfectly crystalline

compound at T = 0 K is ZERO. (no disorder)

ST=0 = 0 (perfect xll)



Life and the second law
Schrodinger (1943) What is life? 

‘Life’s ability to maintain itself, expand, and reproduce in a world 

subject to the second law is a paradox explained by the fact that 

live beings, open to and dependent upon energy via light or 

chemical reactions, release heat and other thermodynamic 

wastes into their environment. … Their high organisation and 

low entropy is made up for by pollution, heat, and entropic 

export to their surroundings.’ E Schneider & D Sagan (2005) 

Into the Cool: Energy flow, thermodynamics and life

‘Metabolism’ [Greek: meta, after + bole, change]



Sustaining life & entropy production

‘Gradients can be of pressure, chemical concentration, temperature 

or any work-related potential. As gradients move systems away 

from equilibrium, the systems shift states so as to oppose the 

applied gradients. In general, as systems move away from 

equilibrium, increasingly more energy is needed to keep them 

there.’ 

E Schneider & D Sagan (2005) 

Into the Cool: Energy flow, thermodynamics and life

i.e.: Life helps bring more disorder to the universe. 

A consequence of the second law? 
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Gibbs Free Energy

Suniv = Ssurr +  Ssys

Suniv =  
−Hsys

T
 +  Ssys 

Go =  Ho - TSo

Multiply through by -T

-TSuniv = Hsys - TSsys

-TSuniv =  change in Gibbs free energy

for the system = Gsystem

Under standard conditions —

The Gibbs

Equation
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Go <   0 for all SPONTANEOUS processes

Sign of ΔG for Spontaneous processes

STOTAL =   Ssystem + Ssurroundings >  0

2nd LAW requirement for SPONTANEITY  is :

Multiply by T TSsystem + TSsurroundings >  0

and Ssurroundings = Ho
system/T

Thus TSsystem - Ho
system >  0

Multiply by -1 (->reverse > to <), drop subscript “system”

Ho -TS  < 0        and  Go = Ho -TS 
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Go = Ho - TSo

• change in Gibbs free energy =

(total free energy change for system - free energy lost in 
disordering the system)

• If reaction is exothermic (Ho is -ve) and

entropy increases (So is +ve), then

Go must be -ve and reaction CAN proceed.

• If reaction is endothermic (Ho is +ve), and
entropy decreases (So is -ve), then

Go must be +ve; reaction CANNOT proceed.

Sign of Gibbs Free Energy, G
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Gibbs Free Energy changes for reactions

Ho So Go Reaction

exo   (-) increase(+) - Product-favored

endo(+) decrease(-) + Reactant-favored

exo   (-) decrease(-) ? T dependent

endo(+) increase(+) ? T dependent

Spontaneous in last 2 cases only if

Temperature is such that Go < 0

Go =  Ho - TSo



Thermodynamic functions

See notes for more details


