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Fuel Cell Context



Why is Hydrogen Interesting as a Fuel?

Difficult to obtain in 
practice due to 
storage weight 
(pressurised 

cylinders)

Alternative storage 
systems (storage in 

metal hydrides)



Recall Lecture 1, Part 1: 2050 – Options for CO2



Market Examples



Recent Fuel Cell Vehicles
• Honda FCX Clarity 2017

− 130kW motor
− 589km range
− ~67mpg-e (approx. 28.5km/l)

• Toyota Mirai 2016
− 113kW motor / 335Nm
− 502km range
− 66mpg-e (approx. 28km/l)
− 1.6kWh [NiMH] battery
− 70MPa 87.5kg (5kg cap)



Toyota’s Fuel Cell Developments



Fuel Cell Buses



Toyota’s Heavy-Duty Fuel Cell Truck Prototype
200 mile range (322km)
12kWh battery

⇒ Prototype vehicle

⇒ Compare with others



Nikola One Heavy-Duty Fuel Cell Truck
1200 mile range (1900km)
320kWh battery



Fuel Cell Requirements (Typical)



Fuel Cell Basics



Fuel Cell Electric Vehicle Powertrain



Different Types of Fuel Cell



Fuel Cell Reactions (Proton Exchange Membrane)
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GDL: Gas Diffusion Layer



Fuel Cell Chemical Background
• The energy produced in the reaction of the fuel cell can be written 

as the change in Gibbs free energy:

In a reversible process, the change in Gibbs free energy is 
converted to electrical energy:

Where:
n is the number of electrons transferred in the reaction
F is 96495 coulombs per mole (Faraday constant)
Vr is the reversible voltage of the cell



Fuel Cell Chemical Background
• In standard conditions, we can re-write this as:

We can also be reminded that:

Where 
ΔH is the change in enthalpy
ΔS is the change in entropy
T is the absolute temperature

(see right)

We can also define an ideal efficiency:



Fuel Cell Chemical Background
• When ΔS is zero (no change in gas moles), the ηid is 100%; such as:

• When is positive, the change in enthalpy ΔH, will generate heat TΔS, to 
convert to electrical energy

• In this situation, the cell voltage depends on the reactants and products:

• Where R is 8.31[J/mol K], T is the temperature [K]. 



Fuel Cell Chemical Background
• This can be re-written:

• Where,
pi

0 is the standard pressure (usually 1 atm)
pi is the non-standard pressure
Vr

0 is the standard voltage at standard pressure
vi is the number of moles of species i (positive for products, negative for reactants)



Fuel Cell Modelling



Fuel Cell Polarisation Curve
• Area A:

− Activation losses 
dominate at low 
currents

− Voltage causes back 
diffusion of protons 
(+ageing)

• Area B:
− ‘Normal operation’
− Ohmic losses dominate

• Area C:
− Concentration losses 

dominate
− Power decreases => Area B is the most important part to model



Fuel Cell Ohmic Losses
21

The stack voltage can be modelled as an ideal 
voltage source and ohmic drop:

Where, we can likewise define the power:

This can therefore have the solution for current:



Fuel Cell Ohmic Losses
22

Given,

We can define the mass flow of hydrogen:

Where
MH2 is the molar weight of hydrogen
NFC are the number of cells within the stack

Lastly we can limit the power range 
(typ. 10-100%):



Comparison Against Measured Data
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• Comparison between modelled 
and measured relationship 
between fuel rate and stack 
power using simplified model 
presented



We’ve Seen This Before?
24

• Modelling looks similar to batteries… same principles apply



Beyond the Stack



Modelling the Air Compression
26

There are a number of auxiliaries, although the air 
circulation pump takes up the most power (~10%). 
We can model the power requirement via:

Where gamma is the ratio of specific heats (=1.4)

This is driven by an electric motor, which we can 
assume to have a fixed efficiency (ηap)

It should also be noted that the acceleration of the 
speed compressor is often limited.



More Auxiliaries!
27

• For PEM fuel cells, water management 
is an issue:
− Water helps the proton exchange (must not 

dry out)
− Too much water will flood the cell 

− Thermal management is therefore also 
important

− In some systems management of CO and 
Sulphur components is required (to prevent 
cell poisoning)



Electrically Coupling
28

• As with batteries, you will note that the 
power and voltage of the fuel cells are 
variable

• Additionally, to manage the condition of the 
cell (particularly during start-up), a battery is 
normally required

• As such, power electronics once again 
plays a key role in integrating such systems

• How much of this can you already model?



Hydrogen Storage



Hydrogen Storage
30

When compressed, the amount of energy required 
to (reversibly) compress can be determined by:

Where WH is the molecular weight of hydrogen

Another option is storage in a metal hydride

Recall Toyota 2016 model @70MPa 87.5kg (5kg cap)



Example Study

Example

Energies | Free Full-Text | A Review of Fuel Cell 
Powertrains for Long-Haul Heavy-Duty Vehicles: 
Technology, Hydrogen, Energy and Thermal Management 
Solutions (mdpi.com)

https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557
https://www.mdpi.com/1996-1073/15/24/9557


Generic Topology



2022/2023 FCEV HD Overview



Energy Expenditures



Regional Delivery Cycle

Implemented control strategy ECMS –
Equivalent Consumption Minimisation Schedule



Multi-Level Optimisation



Summary
37

We covered:
• Fuel Cell Context
• Example Applications
• Fuel Cell Basics
• Fuel Cell Modelling
• Fuel Cell Systems
• Hydrogen Storage
• Example



38

Questions
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