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Fuel Cells: The Electrochemical and 
Thermodynamical Models
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Outline

It is a device that converts chemical energy into electrical enIt is a device that converts chemical energy into electrical energy ergy 

First demonstrated by sir William Grove (1839)First demonstrated by sir William Grove (1839)

Used in the 50Used in the 50’’s by NASAs by NASA

A fuel cell is characterized by what separates the anode from tA fuel cell is characterized by what separates the anode from the he 
cathode (electrolyte)cathode (electrolyte)

It conducts ions from the anode to the  cathode to form water It conducts ions from the anode to the  cathode to form water 
and heat as byand heat as by--productsproducts

Uses a catalyst to speed the reaction (Pt, Ni)Uses a catalyst to speed the reaction (Pt, Ni)

The operation temperature depends on the fuel cell type (from The operation temperature depends on the fuel cell type (from 
about 50about 50ooC to 1000C to 1000ooC)C)

What is a Fuel Cell?

Major Components:Major Components:

anode:          anode:          fuel oxidationfuel oxidation
cathode:      cathode:      oxidant reductionoxidant reduction
electrolyte:electrolyte: ion transportion transport
catalyst:catalyst: reaction speedreaction speed

What is a Fuel Cell?
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Oxygen (air)Oxygen (air)HydrogenHydrogen

LoadLoad

MembraneMembrane

ee__

AnodeAnode CathodeCathode

Basic Operation of a Fuel Cell

Anode reaction (oxidation):Anode reaction (oxidation):

Cathode reaction (reduction):Cathode reaction (reduction):

2 2 2H H e+ −→ +

2 2
1 2 22 O H e H O heat+ −+ + → +

Overall reaction:Overall reaction:

2 2 2
1

2H O H O+ →

Basic Operation of a Fuel Cell

Single cell: 0.6 V (dc), 0.7 A/cmSingle cell: 0.6 V (dc), 0.7 A/cm22

55--10 kW for residences10 kW for residences

Multiple cells for  higher powerMultiple cells for  higher power

Connect in series:  VConnect in series:  VSS = nV= nVFCFC

Connect in parallel: IConnect in parallel: ISS = nI= nIFCFC

+ - + - + - + -

L

Fuel Cell Stacks

CharacteristicCharacteristic PEMFCPEMFC DMFCDMFC AFCAFC PAFCPAFC MCFCMCFC SOFCSOFC

ElectrolyteElectrolyte
ProtonProton

ExchangeExchange
MembraneMembrane

ProtonProton
ExchangeExchange
MembraneMembrane

PotassiumPotassium
HydroxideHydroxide

PhosphoricPhosphoric
AcidAcid

MoltenMolten
CarbonatesCarbonates
(Li, K, Na)(Li, K, Na)

Solid OxideSolid Oxide
ZrOZrO22--Y2OY2O33

Temperature (Temperature (ooC)C) 5050--9090 5050--130130 5050--250250 180180--200200 650650 750750--10501050

Charge CarrierCharge Carrier HH++ HH++ OHOH-- HH++ COCO33
22-- OO22--

CatalystCatalyst PtPt PtPt Pt, NiPt, Ni PtPt Ni, LiNiNi, LiNi NiNi

FuelFuel HH22 (Pure or(Pure or
Reformed)Reformed) CHCH33OHOH

HH22

(Pure)(Pure)
HH22

(Reformed)(Reformed)
HH22 and COand CO
reformed &reformed &

CHCH44

HH22 and COand CO
reformed &reformed &

CHCH44

PoisonPoison CO>10ppmCO>10ppm AdsorbedAdsorbed
intermediatesintermediates CO, COCO, CO22

CO>1%CO>1%
HH22S>50ppmS>50ppm HH22S>0.5ppmS>0.5ppm HH22S>1ppmS>1ppm

MainMain
ApplicationsApplications

Portable,Portable,
TransportationTransportation

Portable,Portable,
TransportationTransportation SpaceSpace

Power gener.,Power gener.,
CoCo--generation,generation,
TransportationTransportation

Power gener.,Power gener.,
CoCo--generationgeneration

Power gener.,Power gener.,
CoCo--generationgeneration

Fuel Cell Types
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11 1010 100100 1k1k 10k10k 100k100k 1M1M 10M10M

PortablePortable
electronicselectronics
equipmentequipment

Cars, boats,Cars, boats,
and domesticand domestic

CHPCHP

Distributed powerDistributed power
generation,generation,

CHP, also busesCHP, also buses

Higher energyHigher energy
density than batteries.density than batteries.

Faster rechargingFaster recharging

Potential for zeroPotential for zero
emissions,emissions,

higher efficiencyhigher efficiency

Higher efficiency,Higher efficiency,
less pollution,less pollution,

quietquiet

AFCAFC MCFCMCFC

PEMFCPEMFC

SOFCSOFC

PAFCPAFC

P (W)P (W)

Fuel Cell Types

SafetySafety

HH22 generationgeneration

reformation of natural gasreformation of natural gas
electrolysis of Helectrolysis of H22OO
controlled COcontrolled CO22 productionproduction

HH22 deliverydelivery

pipelinespipelines
tankstanks
compressorscompressors

Energy densityEnergy density
FuelFuel Wh/gWh/g kWh/LkWh/L
HydrogenHydrogen 3333 ??????
Diesel FuelDiesel Fuel 13.213.2 21.121.1
GasolineGasoline 8.48.4 12.612.6
MethanolMethanol 6.26.2 5.05.0

Energy requirementsEnergy requirements

Power: 0.7 kW averagePower: 0.7 kW average
Energy: 0.7 x 30 x 24 = 504Energy: 0.7 x 30 x 24 = 504

kWh/monthkWh/month
HH22: 33 Wh/g : 33 Wh/g ⇒⇒ 15.28 kg15.28 kg

*Volume depends on the pressure and temp.**Volume depends on the pressure and temp.*

Hydrogen as a Fuel

Electrical energy generation with PEM stacks:Electrical energy generation with PEM stacks:

fuel cell stackfuel cell stack

POWER CONVERTERPOWER CONVERTER

++ __

airair

HH22

cooling cooling 
waterwater

reformerreformer

exhaustionexhaustion

waterwater
pumppump

heatheat
exchangerexchanger

fanfan

SS

waterwater
storagestorage

airair

coolingcooling
waterwater

HH22
purgepurge

airair
exhaustionexhaustion

HH22 solenoid valvesolenoid valve

pressure regulatorpressure regulator

water water 
excess excess 

dede--ionizedionized
waterwater

dede--ionizedionized
reservoirreservoir

blowerblower

VVSS

IIFCFC

water     airwater     air

hydrocarbon  hydrocarbon  
fuelfuel

SS

SS

Fuel Cell Power Plants
Combined Heat and Power Combined Heat and Power –– Cogeneration:Cogeneration:

HH22
pumppump

Blower for Blower for 
reactant airreactant air

HumidifierHumidifier

Supply of Supply of 
HH22

Trap Trap 
for for 
dirtdirt

Blower for Blower for 
cooling aircooling air

Cooling air Cooling air 
inin

Cooling air Cooling air 
outout

To the heatTo the heat
recovery systemrecovery system

anodeanode

electrolyteelectrolyte

cathodecathode

Reactant airReactant air
inin

Reactant air + Reactant air + 
water outwater out

Fuel Cell Power Plants
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The fuel cell electrical efficiency can be defined as:The fuel cell electrical efficiency can be defined as:

η =
electrical energy produced per mol of fuel

change in the enthalpy of formation

FC FC

f

V .i .t /
- h /

⎛ ⎞η = ⎜ ⎟Δ ⎝ ⎠

J mol
J mol

ΔΔhhff ==--241.83 kJ/mol (water 241.83 kJ/mol (water ⇒⇒ steam steam –– LHV)LHV)
--285.84 kJ/mol (water 285.84 kJ/mol (water ⇒⇒ liquid  liquid  –– HHV)HHV)

Fuel Cell Performance

The fuel cell maximum efficiency can be The fuel cell maximum efficiency can be 
defined as:defined as:

max
change in the Gibbs free energy of formation

change in the enthalpy of formation
η =

FC electrical work FC electrical work ⇒⇒ change in the Gibbs free change in the Gibbs free 
energy of formationenergy of formation

f
max

f

g
h

Δ
η =

Δ

Fuel Cell Performance

Reversible OCV for a hydrogen fuel cell:Reversible OCV for a hydrogen fuel cell:
2

−Δ
= f

o
gE

.F

Δgf
(kJ/mol)State of water Temp

(oC)
Eo
(V) ηmax

LiquidLiquid 2525 --237.2237.2 1.231.23 83%83%

LiquidLiquid 8080 --228.2228.2 1.181.18 80%80%

GasGas 100100 --225.3225.3 1.171.17 79%79%

GasGas 400400 --210.3210.3 1.091.09 74%74%

Referred to the HHV (Referred to the HHV (--285.84 kJ/mol)285.84 kJ/mol)

Fuel Cell Performance

1 48
η = μ FC

f
V

.
. μμff ⇒⇒ fuel utilization coeficient; fuel utilization coeficient; 

generally about 95%.generally about 95%.

The maximum theoretical voltage, using all the The maximum theoretical voltage, using all the 
hydrogen enthalpy of formation, is given by:hydrogen enthalpy of formation, is given by:

2
−Δ

= f
max,t

hE
.F

1.48 V, using the HHV1.48 V, using the HHV
1.25 V, using the LHV1.25 V, using the LHV

==

These voltages are related to a 100% efficient These voltages are related to a 100% efficient 
system. So, the FC efficiency can be obtained by:system. So, the FC efficiency can be obtained by:

Fuel Cell Performance
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Current density:Current density:
A

iJ FC=

FCFCFC i.VP =Electrical power:Electrical power:

=S FCV n.VStack voltage:Stack voltage:

= =S S FC FC FCP V .i n.V .iStack power:Stack power:

(A/cm(A/cm22))

(W)(W)

(V)(V)

(W)(W)

Fuel Cell Electrical Equations

From the basic FC operation, we know that for 1 molecule From the basic FC operation, we know that for 1 molecule 
of Hof H22 2 electrons circulate  through the external circuit.2 electrons circulate  through the external circuit.

In one mole of HIn one mole of H22 we have N molecules of Hwe have N molecules of H22
(N=6.022(N=6.022××10102323 -- AvogadroAvogadro’’s number) s number) 

Now, for one mole of HNow, for one mole of H22 ⇒⇒ 22××N electrons circulate through N electrons circulate through 
the external circuit.the external circuit.

Considering the charge of one electron (Considering the charge of one electron (--e = 1.602e = 1.602××1010--1919

C), the charge that flow is equal to:C), the charge that flow is equal to:

F: Faraday constant or the charge in one mole of electrons = 964F: Faraday constant or the charge in one mole of electrons = 96485 C85 C

2 2q .N.e .F= − = − (C)(C)

Fuel Cell Performance - Example

The equation shows the charge for one mole of HThe equation shows the charge for one mole of H22. For a . For a 
certain amount of Hcertain amount of H22 (certain number of moles):(certain number of moles):

Now, dividing this equation by time and not considering the Now, dividing this equation by time and not considering the 
signal:signal:

( )2 22 2q .F. H  moles .F.H= − = − (C)(C)

2
2

12 2FC
Hq I .F.H . .F.

t t t
⎛ ⎞= = = ⎜ ⎟
⎝ ⎠

(C/s=A)(C/s=A)

22FCI .F.H= & (A)(A)

HH22: Hydrogen flow rate (moles/s): Hydrogen flow rate (moles/s)
.

Fuel Cell Performance - Example

The last equation showed the resulting current from a The last equation showed the resulting current from a 
certain Hcertain H22 flow rate. If we rearrange the equation, we have flow rate. If we rearrange the equation, we have 
the necessary Hthe necessary H22 for a certain current (or the Hfor a certain current (or the H22 usage flow usage flow 
rate):rate):

This equation is valid for one cell. For a stack, with This equation is valid for one cell. For a stack, with nn cells:cells:

2 2
FC

,u
IH

.F
=& (moles/s)(moles/s)

2 2
FC

,u
n.IH

.F
=& (moles/s)(moles/s)

Fuel Cell Performance - Example
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Considering the power supplied by the stack, the FC Considering the power supplied by the stack, the FC 
current is given by:current is given by:

Replacing this value in the previous equation:Replacing this value in the previous equation:

S
S FC FC FC

FC

PP n.V .I I
n.V

= ⇒ = (W)(W)

2 2 2
FC S

,u
FC

n.I PnH .
.F .F V .n

= =& (moles/s)(moles/s)

Fuel Cell Performance - Example

Considering the molar mass of HConsidering the molar mass of H22 (2.02(2.02××1010--3 3 kg/mole):kg/mole):

3

2
2 02 10

2 1
S

,u
FC

P moles . kgH .
.F.V s mole

−×⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

&

Or:Or:

2 2
S

,u
FC

PH
.F.V

=& (moles/s)(moles/s)

8
2 1 05 10 S

,u
FC

PH . .
V

−≅ ×& (kg/s)(kg/s)

Fuel Cell Performance - Example

Finally, including the fuel utilization factor:Finally, including the fuel utilization factor:

8
2

11 05 10 S
,u

FC f

P
H . . .

V
−≅ ×

μ
& (kg/s)(kg/s)

Consider a FC stack supplying a certain load with:Consider a FC stack supplying a certain load with:

PPSS = 5 kW, V= 5 kW, VFCFC = 0.65 V, = 0.65 V, μμf f = 0.95:= 0.95:

8
2

5000 11 05 10
0 65 0 95,uH . . .
. .

−= ×&

5
2 8 5 10,uH . −≅ ×& (kg/s)(kg/s)

Fuel Cell Performance - Example

The stack efficiency can be calculated as:The stack efficiency can be calculated as:

Considering the stack supplying 5 kW:Considering the stack supplying 5 kW:

S

f

P
- h

η =
Δ

5
3

1 8 5 10
2 02 10

3

J5000
s

J mole kg285.84 10 . . .
mole . kg s

−
−

⎛ ⎞
⎜ ⎟
⎝ ⎠η =

⎛ ⎞⎛ ⎞ ⎛ ⎞× ×⎜ ⎟ ⎜ ⎟⎜ ⎟×⎝ ⎠ ⎝ ⎠⎝ ⎠

Fuel Cell Performance - Example
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58 5 103

J5000
s

J kg141505 10 . .
kg s

−

⎛ ⎞
⎜ ⎟
⎝ ⎠η =

⎛ ⎞ ⎛ ⎞× × ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

( )
( )

41 6
5000. J s

. %
12028 J s

η = ⇒ η ≅

Using the following equation:Using the following equation:

0 650 95 41 7
1 48

FC
f

V .. . . . %
1.48 .

η = μ = ⇒ η ≅

Fuel Cell Performance - Example

conohmicactNernstFC VVVEV ---=

Fuel cell output voltage:Fuel cell output voltage:

Voltage drops:Voltage drops:

•• Activation (reaction kinetics)Activation (reaction kinetics)

•• Ohmic (electrolyte + contact resistances)Ohmic (electrolyte + contact resistances)

•• Concentration or mass transport (mass flow limitations)Concentration or mass transport (mass flow limitations)

•• Internal currents or fuel crossoverInternal currents or fuel crossover

Fuel Cell Performance

J. M. Corrêa (Ph.D. Brazilian Student Under CAPES Scholarship), F. A. Farret, V. A. Popov, M. G. Simões “Simulation of Fuel Cell 
Stacks Using a Computer Controlled Power Rectifier with the Purposes of Actual High Power Injection Applications,” IEEE Trans. 
on Industry Applications, July/August 2003, pp. - .
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For a fuel cell operating at 80For a fuel cell operating at 80ooC C ⇒⇒ ΔΔggff = = --228.2 kJ/mol and  228.2 kJ/mol and  
EEoo = 1.18 V.= 1.18 V.
Considering just the activation voltage drop:Considering just the activation voltage drop:

Fuel Cell Performance

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 0.1 0.2 0.3 0.4

J (A/cm2)

Fu
el

 C
el

l V
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ge

 (V
)

Considering just the internal current (JConsidering just the internal current (Jnn = 1.8 mA/cm= 1.8 mA/cm22) ) 
and the activation voltage drops:and the activation voltage drops:

Eo = 1.18 V

VVFCFCoo = 1.09 V= 1.09 V

Fuel Cell Performance
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Considering just the internal current and the ohmic Considering just the internal current and the ohmic 
voltage drops:voltage drops:

Fuel Cell Performance
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Considering just the internal current and the Considering just the internal current and the 
concentration voltage drops:concentration voltage drops:

Fuel Cell Performance

Considering all voltage drops:Considering all voltage drops:
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Fuel Cell Performance

Power
density

(mW/cm2)

Voltage
(mV)

450450
400400

350350

300300

250250

200200

150150

100100

5050

Current density (mA/cm2)

10001000

900900

800800

700700

600600

500500

400400

300300

200200
00 200200 400400 600600 800800 10001000 12001200

11

VFC

PFC

22 33

η η = 41%= 41%
@ 600 mV@ 600 mV

& 315 mW/cm& 315 mW/cm22

η η = 31%= 31%
@ 464 mV@ 464 mV

& 418 mW/cm& 418 mW/cm22

η η = 50%= 50%
@ 745 mV@ 745 mV

& 114 mW/cm& 114 mW/cm22

Fuel Cell Performance
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Charge double layer effect:Charge double layer effect:

----
--

-- -- ------

--

--

--
-- -- --

++

++
++

++

++
++ ++

++++

++

++++

++

++++
++

ElectrolyteElectrolyte

-- --

ElectrodeElectrode
(cathode)(cathode)

Dynamic Response

LoadLoad

iFC

ENernst

RRaa RRM M ++ RRCC

CC VVFCFC

++

__

aR.C=τTime constant:Time constant:

Dynamic Response

Example: for an application of a 15 A step load current:Example: for an application of a 15 A step load current:

0

10

20

30

40

0.0 1.5 3.0 4.5 6.0 7.5 9.0 10
.5

12
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Time (s)

St
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lta
ge

 (V
)

Dynamic Response

30

35

40

0.0 1.5 3.0
Time (s)
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k 
Vo

lta
ge

 (V
)

Example: for an application of a 15 A step load current:Example: for an application of a 15 A step load current:

Dynamic Response
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& & & &
g rem g rem

p

Q Q Q QdT
dt M C C

− −
= =

⋅

g S
1Q P 1⎛ ⎞

= ⋅ −⎜ ⎟η⎝ ⎠
& (W)(W) gerrem QQ && ⋅ς= (W)(W)

Generated Heat and Temperature Variation

u h gQ .Q= η& & (W)(W)

S h gS u
t

S g S g

P .QP Q
P Q P Q

+ η+
η = =

+ +

&&

& &

Overall Efficiency

Humidity controlHumidity control

Temperature controlTemperature control

Reactants flow and/or pressure Reactants flow and/or pressure controlcontrol

Electrical control (P,V,I)Electrical control (P,V,I)

Fuel Cell Control Systems

Temp (Temp (ooCC)) λλ = 1.5= 1.5 λλ = 2= 2 λλ = 3= 3 λλ = 6= 6 λλ = 12= 12 λλ = 24= 24

3030 199199 120120 7979

4040 282282 201201 114114 6969 4646

5050 215215 169169 120120 6868 4141 2727

2020 218218 145145

6060 133133 104104 7474 4242

7070 8585 6767 4848

8080 5656 4444 3131

9090 3838 3030

Exit air humidity (input air: Temp. 20oC, RH 70%)

Humidity Control
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0
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Too wetToo wet

Too dryToo dry

( )7 83 57 10 8 29 10 s
air

FC

P
m , . , .

V
− −= ⋅ λ − ⋅& (kg/s)(kg/s)

Humidity Control

++
__

HH22O, vaporO, vapor

BlowerBlower

Input AirInput Air
HumidityHumidity
ControllerController

HumidityHumidity
ControllerController

BlowerBlower

SpeedSpeed

ControllerController

HHrefref εε λλ∗∗ mmairair HHoutout
..

HumidifierHumidifier

StackStack

Humidity Control

++
__

TemperatureTemperature
ControllerController

TTrefref εε mm∗∗ mmarar TToutout
....

Blower/Blower/
PumpPump StackStack

Temperature Control
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Temperature Control
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HydrogenHydrogen
purgepurgeHighHigh

PressurePressure
HydrogenHydrogen

storestore

anodeanode

electrolyteelectrolyte

cathodecathode

Reactant air  inReactant air  in

Reactant air +Reactant air +
water outwater out

2
*
HP

Pressure/flow Control

2

2
0 02 PV . .ln

P
⎛ ⎞

Δ = ⎜ ⎟
⎝ ⎠

15

20

25

30

35

0 5 10 15 20 25 30

Corrente (A)

Te
ns

ão
 d

a 
pi

lh
a 

(V
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Current (A)

V
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ta
g

e 
(V

)

Pressure/flow Control

Example of a Practical System Conclusions

This module presented the fundamentals of a fuel 
cell and the basic operation. The fuel cell types and 
the use of hydrogen as a fuel were also discussed.

Evaluation of a PEM fuel cell performance considered 
static and dynamic responses with considerantions
on efficiency and generated heat.

Fuel cell controllers for temperature, humidity 
pressure and flow were discussed and an 
experimental setup was presented.
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Questions ?
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