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Current research :
Characterization and modelling of energy transfer in microfluidic fuel cells using multiphysic imaging techniques
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OUTLINES

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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BRIEF HISTORY

Q Invention of fuel cell
Scientific curiosity

l

R,

I
<\ Reinvention
Industrial curiosity
ox hy [- }
Space program

Entrepreneural phase

i) 2-‘.‘-45'

In 1839, William Grove, a British jurist and amateur physicist, first discovered the

Birth of new industry
principle of the fuel cell. Grove utilized four large cells, each containing hydrogen [o) TR ;‘%

L
Buth S5
and oxygen, to produce electric power which was then used to split the water in
the smaller upper cell into hydrogen and oxygen.

1839 1939 1960’s 1990’s




HYDROGEN ENERGY OF THE FUTURE?

En librairie le 3 octobre 2002

Chydrogene: c'est possible !

Une ressource énergétique révolutionnaire

lors que nows pensions il y a peu pouvoir bénéficier encore de quarante années et plus de réserves de
pétrole brut, les geologues les plus éminents prévoient que [a production pétrofiére mondiale pourrait
Cheistian connaitre un fort declin des la fin de la décennie. Dans cet ouvrage documenté et visiomnaire, Jeremy
Bréchot : Rifkin explique qul existe une alternative inépuisable et « propre » : hydrogéne. Un nouveau régime
;'ee\:ra‘le_tili'zsref =4 énergétique apparait, susceptible de reconstruire la civilisation sur d'autres fondements.

de fpercheur

www.larecherche.fr «
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HYDROGEN ENERGY OF THE FUTURE?

¢ It is possible to produce H, by methods that do not induce greenhouse
gases.

¢ Its use does not cause emission of greenhouse gas.

¢ It is virtually inexhaustible...




HYDROGEN ENERGY OF THE FUTURE?

Electricity can be used (V > 1.23 V) to break water molecules H,O and to
produce hydrogen and oxygen gases at room temperature

= Water electrolysis Michael Faraday (1791-1867)
H,O0(l) »>H, (g) + /2 0, (g) : AH = enthalpy

Vo)

anode cathode

H,O

+
Pile a : I o
combustible electricity

AG : free enthalpy

AG = AH-TAS (S:entropy)

242.000 -44,47]

Quantitatively :

AG=-nF E (Walter Nernst 1864-1941)



FIRST FUEL CELL
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H, (g) + 2 0, (g) = H,0(9)

Phil. Mag. Ser.314-127 (1839) : « On voltaic series and the combination of gases with platinum »



FIRST FUEL CELL
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Pt sheets
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Diluted sulfuric acide
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Phil. Mag. Ser.314-127 (1839) : « On voltaic series and the combination of gases with platinum »



THE GROVE EXPERIENCE...
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Fuel Cell Origins

I cannot but regard the

experiment as an important one.*
William Grove writing

to Michael Faraday, October 1842

William Grove's drawing of an experimental
"gas battery” from an 1843 letter

Image from Proceedings of the Royal Society

The two figures above appear on page 272 of the

W. R. Grove,

Pl]ilf’j753l~ (:;1) 86, with William Grove's letter "On the Gas Voltaic Battery."
27(1839).

Philosophical Magazine and Journal of Science, 1843,

* Je ne peux pas ne pas considérer |'expérience comme importante.



... AND THE SAME ONE IN THE XXI| CENTURY
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Today, the present demonstration set-up, is very close to the Grove experience
(the water electrolysis is suppling the fuel cell).

T

H-TEC




... AND THE SAME ONE IN THE XXI| CENTURY
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SOME ADVANTAGES OF FUEL CELLS
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No noise pollution (except for the auxilary pumps).

Very low level of chemical pollution (NO,, SO,) and water as effluent.

Rejets (kg/mwh)

BN so,

NO,

10

- Hydrocarbures
8

- Particules

14

12

Charbon Fuel Moteurs lv Turbines Pile / Gaz
Centrales Thermiques Gaz Naturel Naturel




FUEL CELL SYSTEMS
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Fuel cell engine75 kW PEMFC
(Ballard Power System)

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

FC vehicle available:
* Honda FCV

* Hyundai ix35

* Toyota Mirai

Currently 1000 vehicles sold in US

GENEPAC project: collaboration CEA/ Peugeot Citroen (France)



FUEL CELL SYSTEMS
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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

2008 model fuel cell stack New fuel cell stack (MIRAI)

200 cells xdual-line stacking = 400 cells

e

Constant pressure fastening

370
cells }

Single-line stacking

Constant distance fastening

“ Spring
2008 FC —advanced MIRAI FC stack
Maximum Power 90kwW 114kW
Volumetric power density  1.4kW/L, 0.83kW/kg 3.1kW/L, 2.0kW/kg
Cell number of cells 400 cells, dual line stack 370 cells, single line stack
thickness of cell  1.68mm 1.34mm
flow channel straight channel 3D fine-mesh flow field
c—
Conventio

Cylindrical section

Boundary section

Jome sectian (

Boss

als in hydrogen)
Carbon fibersenforced plastic layer
(ensures pressute resistance)

Glass fiber-reinforced plastic layer

(protects surface)



FUEL CELL SYSTEMS
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Progresses and performance increase made by Toyota for its fuel cell car (between 2008 and 2016):

2008 model

-

mall amount of
back-diffusion water

Electrolyte
embrane

Proton

uolle|nali) |eudaix3

ir Humidifier

M

-Air Compressor

/

Removal
Volume -15L
Weight -13kg

To transport
product vapor
to down stream
(Air upstream)

transported vapor

Humidifies Air upstream

o

To keep lower temperature
and to suppress water evaporation




FUEL CELL SYSTEMS
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Progresses and performance increase made by Toyota for its fuel cell car (between 2008 and 2016):




FUEL CELL SYSTEMS
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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

2008 model fuel cell stack New fuel cell stack (MIRAI)

200 cells xdual-line stacking = 400 cells

e

Constant pressure fastening

370
cells }

Single-line stacking

Constant distance fastening

“ Spring
2008 FC —advanced MIRAI FC stack
Maximum Power 90kwW 114kW
Volumetric power density  1.4kW/L, 0.83kW/kg 3.1kW/L, 2.0kW/kg
Cell number of cells 400 cells, dual line stack 370 cells, single line stack
thickness of cell  1.68mm 1.34mm
flow channel straight channel 3D fine-mesh flow field
c—
Conventio

Cylindrical section

Boundary section

Jome sectian (

Boss

als in hydrogen)
Carbon fibersenforced plastic layer
(ensures pressute resistance)

Glass fiber-reinforced plastic layer

(protects surface)



FUEL CELL SYSTEMS
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Heat exchanger
Residential heat

Steam generation

Air blower
Control systems
e _Electric equipment
N Inverter

Desulphurisation
Pre-reformer
Fuel cell module

Cogeneration plant 250 kW
With low temperature fuel cell PEMFC
(Ballard Power Systems)

Installed in Berlin in 2000.

Cogeneration plant 100 kW
With high temperature fuel cell SOFC
(Siemens Power Generation)

BALLARE

powt il
Rens




MATERIALS FOR PEMFCs
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Type de pile Anode Electrolyte Cathode Température | Applications
(catalyseur) (catalyseur)
Proton H, > 2H* + 2e Perfluored 20, + 2H* + 2e 60-90°C Portable
Exchange (Pt) polymer (H*, SO5) - H,0 Transport
Membrane Fuel (Pt) Stationnary
Cell (PEMFC) H+ =
Direct CH;0H + H,0- Perfluored /20, + 2H* + 2e” 60-90°C Portable
Methanol fuel cell | €O, + 6H* + 6e” | polymer (H*, SO3) - H,0 Transport
(DMFC) (Pt) H+ ™ (Pt)
Phosphoric Acid H, > 2H* + 2e- | H3PO,4 (58-100%) | 72 0, + 2H* + 2e- 160-220°C Transport
Fuel Cell (PAFC) (Pt) H+ ™ — H,0 Stationnry
(Pt)
Alcaline Fuel Cell H, + 20H > KOH (8-12N) 120, + H,0 + 2e" 50-250°C Spatial
(AFC) 2H,0+ 2e OH- — 20H Transport
(Pt,Ni) - (Pt-Au, Ag)
Molten Carbonate H, + CO32 > Li,CO3/Na,C053/K, | /2 0, + CO; + 2e 650°C Stationnary
Fuel Cell H,0+ CO, + 2e" CO; — CO52
(MCFC) (Ni+10%Cr) = CO;2 (NiO,+Li)
Solid Oxide Fuel H, + 02 > Zro, -Y,0; 20, + 2e -5 02 | 750-1050°C | Stationnary
Cell H,0+ 2e =02 Perovskites
(SOFC) (cermet Ni-Zr0,) (La,Sr, ,MnO,)
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FUEL CELL PHYSICS
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MAIN PHYSICAL PHENOMENA 24

0)—  PEM Fuel Cell

2e-

).

I
Anodic Cathodic
catalyst PEN catalyst

Overall reaction: H, + 2 0, - H,0

Half reaction at the anode (oxidation):
H, » 2H" + 2e~

Half reaction at the cathode (reduction):

1
2H+ +28_ +§02 — H20

[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.



MAIN PHYSICAL PHENOMENA 25

0)—  PEM Fuel Cell

2e-

).

I
Anodic Cathodic
catalyst PEN catalyst

Overall reaction: H, + 2 0, - H,0

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)

[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.



MAIN PHYSICAL PHENOMENA 26

0)—  PEM Fuel Cell

2e-

).

I
Anodic Cathodic
catalyst PEN catalyst

Overall reaction: H, + 2 0, - H,0

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

where E"¢/ is the reference potential of
the reaction:

AH —T. A
E™ = AS:—G:1,23v
n.F n.F

=>» [H,] and [0,] can be taken equal their respective
partial pressure
=>» [H,0] is the solvent, so taken to 1

[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.



MAIN COMPONENTS IN PEMFC
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MAIN COMPONENTS IN PEMFC
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Homer Simpson jouant de la guitare. La PaC alimente Membrane

des amplis miniatures situés directement a l'intérieur de GDL
cette guitare nouvelle génération.

b, Bl
ANODE CATHODE

Plaques bipolaires

Grain de platine



MATERIALS FOR PEMFCs
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Electrolyte (NAFION®)

Diffusion area (feutre)
Active area (Pt/C)



TRIPLE PHASE BOUNDARY
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The percolation of three different phases is required to produce the reaction
1. Gas phase =>» porous electrodes
2. Electrons =>» graphite or carbon particles

3. lonic conductor = membrane (solid or liquid)



TRIPLE PHASE BOUNDARY
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Porous cathode poreuse for Alkaline Fuel cell

T R———] .
C—F*—=}>' 1 = ;l —

- ®
Z

8T 7l

—“P) .| Liquidel ectrolyte
0, /K H,O / OH-
Gas 7
OH
T 4aphite particules

Platinum catalysor

~1/20,(g) +2 e + H,0(l) > 20H",



TRIPLE PHASE BOUNDARY
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7 Solid
//?/ electrolyte

/

/! NAFION

H,O //
7/, membrane
R

TCB

! Platinum
Graphite particules

Porous cathode for PEMFC



ACTIVATION LOSSES
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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, n
=>» The bultler-Volmer law link the overpotential to the current

Energie potentielle
A

T’:E_EI‘E'V

. . Cred e a.n.F COX e (1 - a) .n.F
= Ip. X . ——exp| — :
A T A% L AT RT

red oxX

Y

Abscisse le long du chemin réactionnel

")




ACTIVATION LOSSES 34

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

=>» Modeled by an overpotential, n
=>» The bultler-Volmer law link the overpotential to the current

—=— Bulter-Volmer

A E'ref

--------------------------------------------------------------------------------------- —e— Tafel

T’:E_EI‘EV

| cred . o.n.F Cox . (1-—a).n.F
= 10. X . — —— X — .
A T A% L AT RT 1

red oxX

Tension (V)

Epile

T e

Courant (A)




OHMIC LOSSES
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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

—_ —

j=—-0.V an
o, = (0,005139.4 —0,00326) .exp (1268. (3%3 - %)) c. E

Electrolyte (NAFION®)

Diffusion area (feutre)
Active area (Pt/C)

Capacité



MASS TRANSPORT LOSSES

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)

Membrane aC
— —DVéc =0
ot
// —
7 au —- e = — . ——
/ —+u.Vu = f+Vp+div(v,.Vu)
e- dt
a . —_
i AL op +div(pp.u) = 0

ANODE CATHODE

p—




POLARIZATION CURVE
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OCV : Open Circuit Voltage
Tension E (V)

Charge transfert
(electrodes)

Ohmic drop

(électrolyte) Mass transfert

diffusion of the species)
(electrodes)

Current

‘E(i)=Ei=o'Rei‘ZhﬂJ

The fuel cell produces not only electricity but also heat



POLARIZATION CURVE
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A Eref = 1,23V

Zone de forts potentiels

A

Zone intermediare

Tension (V)

y

Zone de faibles potentiels

Courant (A)

The fuel cell produces not only electricity but also heat



FUEL CELL EFFICIENCY
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Exercice : calcul du rendement théorique

. AG(T
PaC: Op,c = (7)
AH(T)
. Tr
Moteur Thermique : Our =1 — - (Carnot)
Thermodynamic value for the Value
oxygen/hydrogen reaction

AH (333 K) 285 kI
AH (1073 K) 251 k!
AG (333 K) 237 k!
AG (1073 K) 169 kJ
T 295 K

1. Calculer les rendements a 60 °C puis a 800 °C.
2. Quel est le systeme le plus performant ?



FUEL CELL EFFICIENCY
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Temp (K) 333 1073

Pac 83% 67%
MT 11% 73%




FUEL CELL EFFICIENCY
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Efficiency limit (%)

90

80

70 7

60

50

40

Fuel cell, liquid product

\/ FC thermodynamic efficiency:

el

Fuel cell, steam product

AG  237(kJ)
O=—""=""-"/-0,83
AH ~ 285(k])

Carnot limit, 50°C exhaust

30

0

For

I [ | I |
200 400 600 800 1000

Operating temperature (°C)

the temperature lower then 700°C the FC have a better efficiency

compared to the classical thermal engine



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

_E(j) _ 1_(\113(1')\ + M|+ Re)) _

Eqq Eqq

€ 1

N, and n. are the anode and cathode overpotential
R, 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 !



MASS CONSERVATION

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

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

_I
~ nF

N

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. q, = N/V,,.
= V,, = RT/p = 22,4 |/mol in standard pressure and temperature.



ENERGY CONSERVATION
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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

-

Ph ot is the heat release power (W)
EVis the reference potential (V)

E is the cell potential (V)

I is the cell current (A)

Pozpheat‘l'Pout

Phear = (EO — E)I



OPERATING POINT

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. E;,qq = Rql

1,00
Roh m 0,90
0,80
0,70
_ Ey
I = 0,60
Q
A % 0,50
S 0,40
- 0,30
~+ Iy
0,20
0,10
FC
‘ 0 0,5 1 1,5 2 2,5
Current density (A/cm2)

=>» Ey and I are both the operating potential and current
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FUEL CELL SIZING
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POWER OUTPUT OF A STACK
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A fuel cell stack is composed of several single cells (from a dozen to a hundred)

Interconnect and
picture frame

Completed cell

Completed Stack Assembling



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

Compresseur Cellules

Systéme
électronique



POWER OUTPUT OF A STACK
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The cell are connected in series : Rl Rz

—| e

Current produced by a fuel cell stack : Istack — Icell

Voltage obtained by a fuel cell stack : Vstack = N X Vcell

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

Qv,stack = N X v cell

ADstack = APcelr



POWER OUTPUT OF A STACK
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The power of the stack is simply the sum of the individual power of each cell in the
stack

N

Pstack = lceur 2 Ei = lceuEstack
=1

=>» 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



AIR STOICHIOMETRY
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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 :

Ncell

Qv tot = A Z Qun =~ ANcellCIv,cell

n=1

=>» Usually a stoichiometry, A, between 3 and 5 is used
=>» Increasing the air stoichiometry also increase the power consumption of the compressor



NET EFFICIENCY
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The net efficiency is given by the fuel cell power minus the consumption of the
auxiliaries, divided by the theoretical power of the system

Compresseur Cellules

net power

Nstack =
SHACR T reference power

_ Estack! — Paux
nStCle Bl N X EO X I

Systéme
électronique
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MAIN OUTPUTS 54

Fuel cells main physical phenomena governing the performances :
* Activation
e 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
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« I think that one day, hydrogen and dxygen'will' be .thef

mexhaustlbles sources providing heat and [ ight
| Jules Verne, L I/& m ysterleuse, 1874\ W
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