
3/11/25

1

Outline of Part 1: Thermo

• 1st Law of Thermodynamics
– Internal energy
– Work
– Enthalpy

• 2nd Law of Thermodynamics
– Entropy
– Reversible and irreversible processes
– State functions

• Heat to work conversion
– T-S diagrams
– Idealized systems (Carnot cycle)

• Real heat to work and work to heat conversion systems
– Rankine cycles
– Refrigeration cycles and heat pumps
– Engines

• Exergy: calculating the maximum work that can be produced/recovered

• Electrical systems
– Electrical machines
– Fuel cells

Objective: Derive and understand the physical laws that characterize and limit 
energy conversion systems
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Exergy
Exergy (Wex): the maximum amount of useful work obtainable for a given process (= 
a system going from state 1 to state 2).

For the calculation, we need: State 1, State 2 and the environment (State 0)

Wex,1→2 =Wex,2→0 −Wex,1→0

The exergy of this change is 
equal to the difference of the 
exergies of each state:
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Calculating ground state Exergy

Is this just a Carnot Cycle? 

All energy has to be accounted for as we bring our system to the ground state. This includes:

1. 2.
3.

4.
TH=T

TC=T0

No! Ep, Ek  and dWsh are included as well.
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Calculating ground state Exergy
1st Law:

dE = dQ0 − dW
Includes 
dU, dEp 
and dEk

Is the heat 
released to 
ground state

Includes all 
dW=dWsh + 
dWpV + dW0

dQ0 = T0dS

We know that the heat released by a 
Carnot engine is reversible and is at T0:

dE = T0dS − dWsh − dWpV − dW0 = T0dS − dWsh − p0dV − dW0

dWEx = dWsh + dW0 = −dE +T0dS − p0dV
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dWEx = −dE +T0dS − p0dV

We integrate (with E0= U0) :

WEx,1→0 = −(U0 −E1)+T0 (S0 − S1)− p0 (V0 −V1)

Assuming no changes in potential or kinetic energy:

WEx,1→0 = −(U0 −U1)+T0 (S0 − S1)− p0 (V0 −V1)

For a fuel that starts out at T0 and P0 (and G=U-TS+PV):

WEx,1→0 = −ΔG0

For a change from State 1 to State 2:

WEx,1→2 =WEx,1→0 −WEx,2→0 = −(E2 −E1)+T0 (S2 − S1)− p0 (V2 −V1)

Calculating ground state Exergy

140

Exergy in steady-state/flow systems

Starting with:

By using enthalpy:

WEx,1→0 = −(H0 − H1 +Ep +Ek
#$ %&)+T0 (S0 − S1)

Assuming that there is no change in kinetic and potential energy:

WEx,1→2 = −(H2 −H1)+T0 (S2 − S1) = −ΔG0

𝑊!",$→& = − 𝑈& − 𝑈$ + 𝑇& 𝑆& − 𝑆$ − 𝑝&𝑉& − 𝑝$𝑉$
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Work lost in a real process

ΔE1→2,ideal = T0ΔS −Wsh,ideal − p0 (V2 −V1) = T0ΔS −WEx,1→2 − p0 (V2 −V1)

ΔE1→2,ideal = ΔE1→2,actual = T0ΔSsurr. −Wsh,actual − p0 (V2 −V1)

1st law for a change from State 1 to State 2:

E is a state function! à the path does not matter.

Wsh,lost =WEx,1→2 −Wsh,actual = T0 (S2 − S1)+T0ΔSsurr. = T0 (ΔSsys. +ΔSsurr. )
Setting these two equations equal, we have:

= T0ΔStot.

ΔSsys.

Important points:

is independent of whether or not the change is ideal (S is a state function).
ΔStot. = 0 for an ideal change (no lost work).

The ideality of the transformation only affects the total entropy and the entropy of the surroundings!
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Outline of Part 1: Thermo

• 1st Law of Thermodynamics
– Internal energy
– Work
– Enthalpy

• 2nd Law of Thermodynamics
– Entropy
– Reversible and irreversible processes
– State functions

• Heat to work conversion
– T-S diagrams
– Idealized systems (Carnot cycle)

• Real heat to work and work to heat conversion systems
– Rankine cycles
– Refrigeration cycles and heat pumps
– Engines

• Exergy: calculating the maximum work that can be produced/recovered

• Electrical systems
– Electrical machines
– Fuel cells

Objective: Derive and understand the physical laws that characterize and limit 
energy conversion systems
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Electric motors
DC motors
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Electric motors
DC motors
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Electric motors
AC induction motors
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Electric motors
AC induction motors
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Electric motors
AC induction motors
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Electric motors
AC motors

A classic induction motor. Tesla’s model 3 rotor 
with permanent magnets.

Source: Wikimedia
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Electric motors

Due to the lack of friction or significant waste heat generated, 
electric motors are very efficient….

Typical efficiencies are usually above 90%.

• Best AC induction motors have reached 94% 
efficiencies

• Tesla’s AC permanent magnet Model 3 motor has 
reportedly reached 96% efficiencies

Why are we even considering other types of motors? 
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Electric motors: limitations

Wood
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Electric motors: limitations

Wood
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Outline of Part 1: Thermo

• 1st Law of Thermodynamics
– Internal energy
– Work
– Enthalpy

• 2nd Law of Thermodynamics
– Entropy
– Reversible and irreversible processes
– State functions

• Heat to work conversion
– T-S diagrams
– Idealized systems (Carnot cycle)

• Real heat to work and work to heat conversion systems
– Rankine cycles
– Refrigeration cycles and heat pumps
– Engines

• Exergy: calculating the maximum work that can be produced/recovered

• Electrical systems
– Electrical machines
– Fuel cells

Objective: Derive and understand the physical laws that characterize and limit 
energy conversion systems
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Basics of fuel cells
The idea of fuel cells is to combine the energy density of fuels with 
electricity generation.

Fuel oxidation involves the exchange of electrons:

𝐻' +
1
2𝑂' ⇌𝐻'𝑂

This reaction can be separated into two half reactions:

𝐻' ⇌ 2𝐻( +2𝑒)

1
2𝑂' +2𝐻

( +2𝑒) ⇌𝐻'𝑂

A fuel cells is made by spatially separating these two reactions and forcing 
the flux of electrons through a conductor to generate a current.
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Basics of fuel cells
A simple fuel cell:

𝐻' ⇌ 2𝐻( +2𝑒)
1
2𝑂' +2𝐻

( +2𝑒) ⇌𝐻'𝑂
A 

6 INTRODUCTION

1.2 A SIMPLE FUEL CELL

In a fuel cell, the hydrogen combustion reaction is split into two electrochemical half reac-
tions:

H2 ⇌ 2H+ + 2e− (1.2)
1
2
O2 + 2H+ + 2e− ⇌ H2O (1.3)

By spatially separating these reactions, the electrons transferred from the fuel are forced
to flow through an external circuit (thus constituting an electric current) and do useful work
before they can complete the reaction.

Spatial separation is accomplished by employing an electrolyte. An electrolyte is a mate-
rial that allows ions (charged atoms) to flow but not electrons. At a minimum, a fuel cell
must possess two electrodes, where the two electrochemical half reactions occur, separated
by an electrolyte.

Figure 1.4 shows an example of an extremely simple H2–O2 fuel cell. This fuel cell
consists of two platinum electrodes dipped into sulfuric acid (an aqueous acid electrolyte).
Hydrogen gas, bubbled across the left electrode, is split into protons (H+) and electrons
following Equation 1.2. The protons can flow through the electrolyte (the sulfuric acid is like
a “sea” of H+), but the electrons cannot. Instead, the electrons flow from left to right through
a piece of wire that connects the two platinum electrodes. Note that the resulting current,
as it is traditionally defined, is in the opposite direction. When the electrons reach the right
electrode, they recombinewith protons and bubbling oxygen gas to producewater following
Equation 1.3. If a load (e.g., a light bulb) is introduced along the path of the electrons, the
flowing electrons will provide power to the load, causing the light bulb to glow. Our fuel cell

H2 O2

e–

H+

Figure 1.4. A simple fuel cell.

Platinum 
electrodes

Electrical conductor: lets e- through 
but not ions.

H2SO4 solution: lets ions through but 
not e-.
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Fuel cells
A real fuel cell:

16 INTRODUCTION

For a hydrogen–oxygen fuel cell:

• The anode is the electrode where the HOR takes place.
• The cathode is the electrode where the ORR takes place.

Note that the above definitions have nothing to do with which electrode is the positive
electrode or which electrode is the negative electrode. Be careful! Anodes and cathodes
can be either positive or negative. For a galvanic cell (a cell that produces electricity,
like a fuel cell), the anode is the negative electrode and the cathode is the positive elec-
trode. For an electrolytic cell (a cell that consumes electricity), the anode is the positive
electrode and the cathode is the negative electrode.

Just remember anode= oxidation, cathode = reduction, and you will always be right!

Figure 1.10 shows a detailed, cross-sectional view of a planar fuel cell. Using this figure
as a map, we will now embark on a brief journey through the major steps involved in pro-
ducing electricity in a fuel cell. Sequentially, as numbered on the drawing, these steps are
as follows:

1. Reactant delivery (transport) into the fuel cell
2. Electrochemical reaction
3. Ionic conduction through the electrolyte and electronic conduction through the exter-

nal circuit
4. Product removal from the fuel cell

2 23

3

4

1

4

Figure 1.10. Cross section of fuel cell illustrating major steps in electrochemical generation of
electricity: (1) reactant transport, (2) electrochemical reaction, (3) ionic and electronic conduction,
(4) product removal.

1. Fuel transport
2. Electrochemical reaction

3. Ionic/electronic conduction

4. Product removal
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Fuel cells

© Ballard fuel cells

A commercial H2 fuel cell:

Schematic:

Actual appearance:
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Thermodynamic potentials

𝑑𝑈 𝑆, 𝑉,𝑁 =
𝜕𝑈
𝜕𝑆 !,#

𝑑𝑆 +
𝜕𝑈
𝜕𝑉 $,#

𝑑𝑉 +
𝜕𝑈
𝜕𝑁 $,!

𝑑𝑁

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉

Previously, we had explored the first law in an isolated system and expressed it as:

𝑈(𝑆, 𝑉)

Mathematically, we can understand this as describing U as a function of S and V:

which, in a non isolated system would also 
depend on N (the total number of moles):

𝑈(𝑆, 𝑉,𝑁)

Thinking of U purely as a mathematical function depending on these variables, we can write:

Comparing both definitions of U, we can write:

𝜕𝑈
𝜕𝑆 !,#

= 𝑇
𝜕𝑈
𝜕𝑉 $,#

= −𝑃and

Finally, the partial derivative of U by N 
is often defined as the chemical 
potential μ:

𝜕𝑈
𝜕𝑁 $,!

= 𝜇
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Thermodynamic potentials

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉

Measuring or describing U as a function of of entropy and volume is 
difficult in the lab: 

This:

Entropy 
controller

J/

Does not 
exist…
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Thermodynamic potentials

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉

Measuring or describing U as a function of of entropy and volume is 
difficult in the lab: 

This:

In general extensive properties (which depend on the size of the system) 
are more difficult to change than intensive properties (that are 
independent of the size of the system)…

Temperature 
controller

Does exist!
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Thermodynamic potentials

𝑑𝑈 = 𝑇𝑑𝑆 −𝑃𝑑𝑉

Can we describe another thermodynamic potential (a state function that 
contains the same amount of mathematical information as U) that depends 
on simpler variables to modify?

Starting with:

A mathematical transformation exists that allows us to do this: Legendre 
transformations.

𝑑 𝑃𝑉 = 𝑃𝑑𝑉 +𝑉𝑑𝑃
We use the differential of the variables we want to change and apply the 
chain rule:

−𝑃𝑑𝑉 = −𝑑 𝑃𝑉 +𝑉𝑑𝑃Rearranging:

Which we can substitute into the definition of dU:

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑑 𝑃𝑉 +𝑉𝑑𝑃

Considering the variation of U with N: 𝑑𝑈 = 𝑇𝑑𝑆 − 𝑑 𝑃𝑉 +𝑉𝑑𝑃 + 𝜇𝑑𝑁
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Thermodynamic potentials

Rearranging, we can make the definition of enthalpy appear:

𝑑𝑈 = 𝑇𝑑𝑆 −𝑑 𝑃𝑉 +𝑉𝑑𝑃 +𝜇𝑑𝑁

𝑑 𝑈+𝑃𝑉 = 𝑑𝐻 = 𝑇𝑑𝑆 +𝑉𝑑𝑃 +𝜇𝑑𝑁

Enthalpy emerges from a mathematical transformation…

𝑑 𝑇𝑆 = 𝑇𝑑𝑆 +𝑆𝑑𝑇
We can do a further transformation using de differential of TS: 

𝑇𝑑𝑆 = 𝑑 𝑇𝑆 −𝑆𝑑𝑇

Which rearranges to:

Applied to dH, we can get the definition of Gibbs free energy (G):

𝑑 𝑈+𝑃𝑉 −𝑇𝑆 = 𝑑𝐺 = −𝑆𝑑𝑇 +𝑉𝑑𝑃 +𝜇𝑑𝑁
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Thermodynamic potentials
Starting with the original definition of dU:

We can directly apply the transformation using TS:

𝑑 𝑇𝑆 = 𝑇𝑑𝑆 +𝑆𝑑𝑇 𝑇𝑑𝑆 = 𝑑 𝑇𝑆 −𝑆𝑑𝑇

Which leads to the definition of Hemholtz energy (F):

PV can be interpreted physically as the work needed to create volume for 
the system to exist.

𝑑𝑈 = 𝑇𝑑𝑆 −𝑃𝑑𝑉

or

𝑑 𝑈−𝑇𝑆 = 𝑑𝐹 = −𝑆𝑑𝑇 −𝑃𝑑𝑉 +𝜇𝑑𝑁

Similarly, TS can be interpreted as the energy required to be exchanged 
with the environment by the system.
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Thermodynamic potentials32 FUEL CELL THERMODYNAMICS

U Internal
energy

H Enthalpy

F Helmholtz
free energy

G Gibbs 
free energy

U = energy needed to 
create a system

H = energy needed to create 
a system plus the work 
needed to make room for it

H = U + pV G = U + pV –TS

F = U –TS

G = total energy to create a 
system and  make room for 
it minus the energy provided 
by the environment

F = energy needed to create 
a system minus the energy 
provided by the environment

–TS

+pV

Figure 2.3. Pictorial summary of the four thermodynamic potentials. They relate to one another by
offsets of the “energy from the environment” term TS and the “expansion work” term pV. Use this dia-
gram to help remember the relationships. Copyright © 2000 by AddisonWesley Longman. Reprinted
by permission of Pearson Education, Inc. (Figure 5.2, p. 151, fromAn Introduction to Thermal Physics
by Daniele V. Schroeder [2]).

2.1.6 Molar Quantities

Typical notation distinguishes between intrinsic and extrinsic variables. Intrinsic quantities
such as temperature and pressure do not scale with the system size; extrinsic quantities
such as internal energy and entropy do scale with system size. For example, if the size of a
box of gas molecules is doubled and the number of molecules in the box doubles, then the
internal energy and entropy double, while the temperature and pressure remain constant.
It is conventional to denote intrinsic quantities with a lowercase letter (p) and extrinsic
quantities with an uppercase letter (U).

Molar quantities such as û, the internal energy per mole of gas (units of kilojoules per
mole), are intrinsic. It is often useful to calculate energy changes due to a reaction on a
per-mole basis:

Δĝrxn,Δŝrxn,Δ𝑣̂rxn

The Δ symbol denotes a change during a thermodynamic process (such as a reaction),
calculated as final state–initial state. Therefore, a negative energy change means energy is
released during a process: A negative volume change means the volume decreases during
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Fuel cell efficiency

𝑑𝑈 = 	𝑑𝑄 + 𝑑𝑊*+*,-./, −𝑑𝑊01

Let’s rewrite the first law for fuel cells. In the case of the fuel cell, all non-PV 
work will end up as electrical work:

In the best case, we will have:

𝑑𝑄 = 𝑑𝑄.*2 = 𝑇𝑑𝑆

Which would lead to:

𝑑𝑈 = 	𝑇𝑑𝑆 − 𝑑𝑊*+*,-./, −𝑃𝑑𝑉

Using the definition of free energy (𝐺 = 𝑈 + 𝑃𝑉 − 𝑇𝑆 ):

𝑑𝐺 = 𝑑𝑈− 𝑆𝑑𝑇 − 	𝑇𝑑𝑆 +𝑃𝑑𝑉 +𝑉𝑑𝑃 = −𝑆𝑑𝑇 +𝑉𝑑𝑃 −𝑑𝑊*+*,-./,
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Fuel cell efficiency

At constant T and P:

Therefore, in an ideal transformation for a given oxidation, we have:

With this result, we can now think of calculating an efficiency:

𝑑𝐺 = −𝑆𝑑𝑇 +𝑉𝑑𝑃 −𝑑𝑊*+*,-./,

𝑑𝐺 = −𝑑𝑊*+*,-./,

𝑊*+*,-./, = −∆𝐺345

𝜂 =
𝑊*+*,-./,	

𝑇𝑜𝑡𝑎𝑙	 𝑒𝑛𝑒𝑟𝑔𝑦	

Assuming the input is the full calorific value of the fuel, the efficiency becomes:

𝜂 =
−∆𝐺345	
−∆𝐻345	
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Fuel cell efficiency

𝜂 =
−∆𝐺345	
−∆𝐻345	

𝐻' +
1
2𝑂' ⇌𝐻'𝑂

For example, if we take hydrogen oxidation: 

∆𝐺345 = −237	 k ⁄J mol

∆𝐻345 = −286	 k ⁄J mol
83%
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Fuel cell efficiency
𝜂 =

−∆𝐺%&#	
−∆𝐻%&#	

This efficiency is not always appropriate to use. To understand why, let’s 
introduce enthalpy in the definition of free energy:

𝐺 = 𝑈 + 𝑃𝑉 − 𝑇𝑆 = 𝐻 − 𝑇𝑆 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆

𝜂 =
−∆𝐺%&#	
−∆𝐻%&#	

=
∆𝐻%&# −𝑇∆𝑆%&#	

∆𝐻%&#	
= 1 −

𝑇∆𝑆%&#	
∆𝐻%&#	

For the rare cases where entropy is positive, we will have an efficiency over 
100%!*

*A fuel oxidation’s enthalpy will always be negative, otherwise it will not be a fuel… 

𝜂 =
𝑊'(')*+,)	

𝑇𝑜𝑡𝑎𝑙	 𝑒𝑛𝑒𝑟𝑔𝑦	 =
𝑊'(')*+,)	

𝐸𝑛𝑒𝑟𝑔𝑦	𝑓𝑟𝑜𝑚	𝑅𝑋 + ℎ𝑒𝑎𝑡	𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑	

−∆𝐺%&#	
−∆𝐻%&# +𝑇∆𝑆%&#

=
∆𝐻%&# −𝑇∆𝑆%&#	
∆𝐻%&# −𝑇∆𝑆%&#	

= 1

In cases where heat is being received from the surroundings, this should be 
included in the efficiency and, by definition, the maximum efficiency will be 100%.

à There must be something else!
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Fuel cells: reversible voltage
The electric work of moving a charge q is proportional to the voltage or electrical 
potential (E):

When such a charge is carried by electrons, we have:

𝑊'(')*+,) = 𝑞𝐸

𝑞 = 𝑛𝐹

Number of moles of 
electrons

Faraday’s constant

Since we have: 𝑊'(')*+,) = −∆𝐺%&#

𝐸- = −
∆𝐺%&#-

𝑛𝐹

We can calculate the maximum reversible voltage for a single fuel cell:

170



3/11/25

18

Fuel cells

Ballard fuel cell

Toyota Mirai
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