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OUTLINES 3

1. Fuel cell technologies

- main parts : from materials to system

- PEM fuel cells

- Membraneless fuel cells

- Tripple point

2. Fuel cell physics

- polarization curve

- power output & efficiency

- energy balance during the hydrogen conversion

- main equations

3. Fuel cell sizing

- first tools to estimate the fuel cell power output

- examples and calculation of fuel cell power.



LEARNING OUTCOMES

By the end of the course, the student must be able to:

1. Classify the different fuel cell technologies

2. Understand the main physical phenomena occurring during the energy conversion

3. Do a basic modelling of the fuel cell polarization curve

4. Design an electrical chain powered by a fuel cell
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FUEL CELL TECHNOLOGIES
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HYDROGEN ENERGY OF THE FUTURE? 7
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FIRST FUEL CELL 10
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THE GROVE EXPERIENCE… 12



… AND THE SAME ONE IN THE XXI CENTURY 13
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SOME ADVANTAGES OF FUEL CELLS 15



FUEL CELL SYSTEMS 16

GENEPAC project: collaboration CEA/ Peugeot Citröen (France)

Fuel cell engine75 kW PEMFC
(Ballard Power System)

Made of PEMFC stack, humidification, pump, AC/DC 
convertor, compressor

stack

FC vehicle available:
• Honda FCV
• Hyundai ix35
• Toyota Mirai

Currently 1000 vehicles sold in US
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Vehicule being sold by Toyota (2016)
Engine Output = 114 kW (150 hp)
H2 storage = 2 tanks at 700 bars
Mileage = about 500 kms.

FC cost in 2016: €45/kw
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Progresses and performance increase made by Toyota for its fuel cell car (between 2008 and 2016):
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Progresses and performance increase made by Toyota for its fuel cell car (between 2008 and 2016):



FUEL CELL SYSTEMS 20

Vehicule being sold by Toyota (2016)
Engine Output = 114 kW (150 hp)
H2 storage = 2 tanks at 700 bars
Mileage = about 500 kms.

FC cost in 2016: €45/kw
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Cogeneration plant 100 kW
With high temperature fuel cell SOFC

(Siemens Power Generation)

Cogeneration plant 250 kW
With low temperature fuel cell PEMFC

(Ballard Power Systems)

Installed in Berlin in 2000.



MATERIALS FOR PEMFCS 22



FUEL CELL PHYSICS

23

Version 2021/2021



MAIN PHYSICAL PHENOMENA 24

[1] C. Lamy, From hydrogen production by water electrolysis to its utilization in a PEM fuel cell or in a SO fuel cell: Some 
considerations on the energy efficiencies, Int. J. Hydrogen Energy. 41 (2016) 15415–15425. https://doi.org/10.1016/j.ijhydene.2016.04.173.

Half reaction at the anode (oxidation):
𝐻2 → 2𝐻+ + 2𝑒−

Half reaction at the cathode (reduction):

2𝐻+ + 2𝑒− +
1

2
𝑂2 → 𝐻2𝑂
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[1] C. Lamy, From hydrogen production by water electrolysis to its utilization in a PEM fuel cell or in a SO fuel cell: Some 
considerations on the energy efficiencies, Int. J. Hydrogen Energy. 41 (2016) 15415–15425. https://doi.org/10.1016/j.ijhydene.2016.04.173.

The anode is the electrode where the 
oxydation reaction takes place (electrons 
doner)

The cathode is the electrode where the 
reduction reaction takes place (electrons 
acceptor)
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[1] C. Lamy, From hydrogen production by water electrolysis to its utilization in a PEM fuel cell or in a SO fuel cell: Some 
considerations on the energy efficiencies, Int. J. Hydrogen Energy. 41 (2016) 15415–15425. https://doi.org/10.1016/j.ijhydene.2016.04.173.

The reference potential (measured at OCV) 
is given by the Nernst law:

where 𝐸𝑟𝑒𝑓 is the reference potential of 
the reaction:

➔ [H2] and [O2] can be taken equal their respective 
partial pressure

➔ [H2O] is the solvent, so taken to 1



MAIN COMPONENTS IN PEMFC 27



MAIN COMPONENTS IN PEMFC 28



MATERIALS FOR PEMFCS 29



TRIPLE PHASE BOUNDARY 30

The percolation of three different phases is required to produce the reaction

1. Gas phase            ➔ porous electrodes

2. Electrons              ➔ graphite or carbon particles

3. Ionic conductor   ➔membrane (solid or liquid)
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ACTIVATION LOSSES 33

In any chemical reaction, the change of the chemical potential is sources of entropy generation, and 
energy losses.

➔ Modeled by an overpotential, 𝜂
➔The bultler-Volmer law link the overpotential to the current
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In any chemical reaction, the change of the chemical potential is sources of entropy generation, and 
energy losses.

➔ Modeled by an overpotential, 𝜂
➔The bultler-Volmer law link the overpotential to the current



OHMIC LOSSES 35

The transport of charges in a resistor make an ohmic losses in in it. 
➔ It is governed by the Ohm’s Law
➔A capacity is also present at the interface between the electrolyte and the fiber



MASS TRANSPORT LOSSES 36

The mass transport is governed by two phenomena:
1. By diffusion in the fibrous media (Fick’s Law)
2. By pressure in the channel (Navier-Stokes equations)

𝜕𝑐

𝜕𝑡
− D∇2𝑐 = 0



POLARIZATION CURVE 37



POLARIZATION CURVE 38



FUEL CELL EFFICIENCY 39

Exercice : calcul du rendement théorique

Thermodynamic value for the 
oxygen/hydrogen reaction

Value

Δ𝐻 (333 K) 285 kJ

Δ𝐻 (1073 K) 251 kJ

Δ𝐺 (333 K) 237 kJ

Δ𝐺 (1073 K) 169 kJ

TF 295 K

PàC :

Moteur Thermique :

ΘPaC =
Δ𝐺(𝑇)

Δ𝐻(𝑇)

ΘMT = 1 −
𝑇𝐹
𝑇

(Carnot)

1. Calculer les rendements à 60 °C puis à 800 °C.
2. Quel est le système le plus performant ?
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Temp (K) 333 1073

Pac 83% 67%
MT 11% 73%



FUEL CELL EFFICIENCY 41

For the temperature lower then 700°C the FC have a better efficiency 
compared to the classical thermal engine

FC thermodynamic efficiency:



The fuel cell efficiency can also be calculated from the potentials as

𝜂𝑎 and 𝜂𝑐 are the anode and cathode overpotential
𝑅𝑒 is the electrolyte resistance

➔ The fuel cell voltage is the image of the efficiency, i.e. it keeps decreasing as 
long as the cell produce more current

➔ The grail of the fuel cells is to produce a lot of current at high voltage !
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MASS CONSERVATION 43

Rien ne se perd, rien ne se crée, tout se transforme

𝑁 =
𝐼

𝑛𝐹

The creation of current has to be linked to an equivalent consumption of hydrogen and oxygen : it is the 
charge and mass conservation.

In electrochemistry, it is given by the so-called Faraday law as

𝑁 is the molar rate (mol/s)
𝐼 is the current (A)
𝑛 is the number of electron involved in the half reaction
𝐹 is the Faraday constant (C/mol)

➔ To convert it in volumetric flow rate, we use the molar volume, i.e. 𝑞𝑣 = 𝑁/𝑉𝑚. 
➔ 𝑉𝑚 = 𝑅𝑇/𝑝 ≈ 22,4 l/mol in standard pressure and temperature.



ENERGY CONSERVATION 44

Rien ne se perd, rien ne se crée, tout se transforme

From the energy point of view also, there is also a conservation. It is more convenient to 
expressed it in terms of electrical power as

𝑃0 = 𝑃ℎ𝑒𝑎𝑡 + 𝑃𝑜𝑢𝑡

𝑃ℎ𝑒𝑎𝑡 = 𝐸0 − 𝐸 𝐼

𝑃ℎ𝑒𝑎𝑡 is the heat release power (W)
𝐸0is the reference potential (V)
𝐸 is the cell potential (V)
𝐼 is the cell current (A)



What happen when a fuel cell is connected to a load ?

➔The operating point is determined when the load curve meet the fuel cell polarization 
curve

➔Example of load curve, i.e. 𝐸𝑙𝑜𝑎𝑑 = 𝑅Ω𝐼

➔𝐸𝑁 and 𝐼𝑁 are both the operating potential and current

OPERATING POINT 45

𝐸𝑁

𝐼𝑁



FUEL CELL SIZING
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POWER OUTPUT OF A STACK 47

A fuel cell stack is composed of several single cells (from a dozen to a hundred)



POWER OUTPUT OF A STACK 48
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Current produced by a fuel cell stack :

Voltage obtained by a fuel cell stack :

The cell are connected in series :

𝐼𝑠𝑡𝑎𝑐𝑘 = 𝐼𝑐𝑒𝑙𝑙

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑁 × 𝑉𝑐𝑒𝑙𝑙

In contrast, the hydrogen and air are connected in parallel in each cells, so

𝑞𝑣,𝑠𝑡𝑎𝑐𝑘 = 𝑁 × 𝑞𝑣,𝑐𝑒𝑙𝑙

Δ𝑝𝑠𝑡𝑎𝑐𝑘 = Δ𝑝𝑐𝑒𝑙𝑙



The power of the stack is simply the sum of the individual power of each cell in the 
stack

➔If all the cells have roughly the same power, it is just the multiplication of an 
average single cell power to the number of cells

➔Increasing the number of cells increase the stack power

POWER OUTPUT OF A STACK 50

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝐼𝑐𝑒𝑙𝑙෍

𝑖=1

𝑁

𝐸𝑖 = 𝐼𝑐𝑒𝑙𝑙𝐸𝑠𝑡𝑎𝑐𝑘



AIR STOICHIOMETRY 51

Since the oxygen from air is considered as free reactant, it is usually sent in excess in the fuel 
cell to:

➔Remove the water generated by the reaction
➔Cool the cell
➔Limit the mass transport losses at the cathod

From the fluidic point of view, the cell are connected in parallel, so the total flow rate is :

➔ Usually a stoichiometry, 𝜆, between 3 and 5 is used
➔ Increasing the air stoichiometry also increase the power consumption of the compressor

𝑞𝑣,𝑡𝑜𝑡 = 𝜆 ෍

𝑛=1

𝑁𝑐𝑒𝑙𝑙

𝑞𝑣,𝑛 ≈ 𝜆𝑁𝑐𝑒𝑙𝑙𝑞𝑣,𝑐𝑒𝑙𝑙



NET EFFICIENCY 52

𝜂𝑠𝑡𝑎𝑐𝑘 =
𝑛𝑒𝑡 𝑝𝑜𝑤𝑒𝑟

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑤𝑒𝑟

𝜂𝑠𝑡𝑎𝑐𝑘 =
𝐸𝑠𝑡𝑎𝑐𝑘𝐼 − 𝑃𝑎𝑢𝑥
𝑁 × 𝐸0 × 𝐼

The net efficiency is given by the fuel cell power minus the consumption of the  
auxiliaries, divided by the theoretical power of the system
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MAIN OUTPUTS 54

Fuel cells main physical phenomena governing the performances :
• Activation
• Charge transport
• Mass transport

• Fuel cell consumption and efficiency

• Fuel cell material needed to make it work

• Fuel cell operating point when plugged on a circuit

• Fuel cell sizing and design tools to answer a specific need




