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Please note

This presentation provides an overview.

Only a very small portion of the vast “fuel cell”

“body of knowledge” is dealt with in this
presentation. Many exceptions and detalil
related to fuel cell theory and practice is

therefore omitted.
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Fuel cell defined

A fuel cell is an electrochemical engine with no
moving parts (or almost none) that converts
chemical energy of a fuel such as hydrogen and
an oxidant such as oxygen, directly into

electricity.
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Fuel cell types: electrode reactions

Cathodereaction

Type Anodereaction
PEMfc H, -> 2H"+2¢ %0O,+2H"+2¢ -> H,0O
(PEM) DMFC) CH,OH +H,0 -> 10, + 6H* + 66 - >
6H* + 6e + CO, 3H,0
AFC H2+2(OH) -> 2H,0+2e %0, +H,0 + 2e - > 2(OH)
PAFC H, -> 2H"+2¢ %0O,+2H"+2e -> H,O
MCFC H,+CO,% -> H,0+CO, +2e £ 0,+CO,+2e -> CO>
CO + CO* -> 2CO, + 2e
SOFC H,+0% -> H,O0+2¢e %0,+2e -> 0%
CO+0% -> CO, + 2¢
ROWER
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Fuel cell types: electrolytes
- 0000000000000

Type Electrolyte
PEMFC Sulphonic acid in solid polymer membrane. Nafion™
(PEM) DMFC Sulphonic acid in a solid polymer membrane.
Ceramic (inorganic) membranes e.g. Zircon Phosphate.
AFC Alkaline solution e.g. potassium hydroxide (KOH) or sodium hydroxide
PAFC Phosphoric Acid (100% concentration)
MCFC A hot and corrosive mixture of molten lithium, potassium or sodium
carbonates. The alkali carbonates are usually retained in a ceramic matrix.
owee SOFC Solid ceramic materials — zirconium oxide
A
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Fuel cell types: operating temperatures
- 0__00__000000__]

Type Operating temperature (°C)
Proton exchance membrane (PEMFC) Typicaly 70 - 90
Direct methanol (DMFC) 50-110
Alkaline (AFC) 50-200
Phosphoric acid (PAFC) 100-220
Molten Carbonate (M CFC) 600-700
Solid Oxide (SOFC) 500 — 1000

FC Overview
W Nel, Unisa



Fuel cell types: efficiencies
e

Type Total efficiency (when  |(Electrical)
used in CHP systems) | Efficiency

PEMFC 35-45%
DMFC 40-50%
AFC 40-60%
PAFC 37-50%
MCFC >70%, up to 80% 45-60%

SOFC >70%, up to 80% 50-65%
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Proton exchange membrane fuel cell (PEMFC)
- 0__00__000000__]

Components

Membrane electrode assembly (MEA)
Electrodes
membrane

Flow field plate
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(Single) PEM fuel cell components
- 00000}
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PEMFC components: membrane
-

PTFE is sulphonated:

F F F F F F FF F F FF F F F
I I I I I (. I I (. I I I
-c-c-c-Cc-Cc-C-C-C-C-C-C-C-C-C-C-
| | | | | | | | | | | |
F F F F F F F O F F F F F F F
I
F-C- F
Characteristics of sulphonated |
fluoroethylene: F-C- F
-H+ ions are relatively weakly I
attracted to the SO3- ion, therefore (,)
able to move F_C- F
- Dilute acid |
- Can absorb large quantities of water F-C- F
- When well hydrated, H+ ions can |
move freely — proton conductor O = IS =0
0.
H+

Sulphonated fluoroethylene (perfluorosulphonic acid PFTE copolymer)
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PEMFC component synthesis -> stack
- 0__00__000000__]

http://www.intelligent-energy.com
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Fuel cell stack defined
-]

Like a (battery) cell, an individual fuel cell produces
only a certain electrical potential (0,6 to 0,8 volts In
practice), current and output (tens or hundreds of
waltts, depending on size). Therefore a number of
fuel cells have to be connected in series (usually) to
provide enough power for a specific application
such as an UPS or a vehicle. A combination of fuel
cells connected either in series and/or parallel is
called a fuel cell stack.
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PEM fuel cell system relative efficiency as a function of load and
operating condition

(Source: Lipman et al., 2004, Energy Policy 32, p. 109)
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PEM fuel cell polarisation characteristics
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PEM fuel cell polarisation curve variations

FC Overview
W Nel, Unisa



FC Overview
W Nel, Unisa



Fuel cell balance of plant (peripherals)
-

Pumps — circulation of fuel
Blowers or compressors — circulation of air

Power conditioning e.g. “DC/DC converter/voltage
regulator” or “DC to AC inverter”

Electric motors to drive pumps, blowers and/or
compressors

Fuel storage with or without a fuel processing system
Control valves, pressure regulators and controller

Cooling system or heat exchanger (CHP) — bigger fuel
cell systems
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Fuel cell power plant w.«.
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Fuel cell applications
Market segmentation bg aﬁﬁlication

| | |

Mobile Stationary Portable
1 Primary power || Secure/premium Compact
power
- Road vehicles -
|| Distributed power Micro

/ Industrial CHP

— Non-road vehicles

Domestic & small
- Water-borne craft commercial CHP

— Small gensets and
= Auxiliary power remote power
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Mobile FC applications: main power source
]
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Fuel cell applications
-
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Mobile FC applications: main power source
]
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(Current) disadvantages of fuel cells
- 0000000000000

Characteristic Comments

Price Currently expensive.
Competitive - niche applications

Production volumes Low — no economy of scale currently

Expensive materials Noble metals used in PEMFC, DMFC
Materials must be corrosive resistant
(MCFC)
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Advantages of fuel cells (in general)
e

Very efficient

High energy density (1,3 kW / litre — PEMFC)

Simplicity — few moving parts — low
maintenance

Environmental friendliness
Very quiet

Scalable / modular

Power guality

Waste heat recoverability (CHP applications)
Fuel flexibility
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DMFC: advantages and disadvantages
-

Advantages
Ease of methanol storage, handling and distribution

Disadvantages
Rate of reaction is slower (compared to PEMFC)
Cross-over of methanol (from anode to cathode)
Hazards associated with methanol
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Advantages of FCs: efficiency comparison
I
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Fuel cells and batteries: similarities
NN

Electrochemical devices
Chemical to electrical energy conversion

Good load following characteristics

Solid state devices that react instantly to changes in
load

Modularity

Cells can be connected (in series) to form a battery
or fuel cell stack
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Fuel cells and batteries: differences
-]

Battery / Cell Fuel cell

Reactants/ fuel Contained in battery One or both reactants are fed into
the fuel cell from an external source

Charging (Secondary batteries) requires Does not require re-charging
re-charging
Utilisation Periods of energy supply, |Continuous energy supply (aslong
interrupted by periods of asfuel isavailable)

recharging
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Energy conversion by means of:
- 0000000000000

A fuel cell

A thermal process (e.q. diesel generator)
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A comparison of FCs & ICEs
- 0__00__000000__]

Feature Fuel stack / FCV ICE

No. of moving parts Low High

Energy conversion Electrochemical Heat engine

(Tank to wheels) Not limited by Carnot cycle Limited by Carnot cycle

Efficiency ~35-40 % (H2 FCV) Max 35%; Ave. 15%
60% target US FreedomCAR | ~28% (H2 ICE)

Environmental i mpact Low Smog, pollution

Price/ cost Curr. $4000-6000/kW — FCV | $10-50 per kW

$35-45/kW (2015/10 USCar)
$1000 / kW (CHP) — target
Power density 325W/kg (target, USCAR) 1kW/litre
Life 5 000 hours (target) 4 000 hours
40 000 hrs (CHP) — target
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Some RD&D focus areas
I

Cost reduction
Reduction of PGM loading
Recycling of PGMs and membranes
Mass production of FCs — process innovation
Cheaper hydrogen

Quality improvement
Improve life of FCs — more robust membranes
PEMFC to operate at lower temperatures
Improved hydrogen storage — see next slide
Higher efficiencies
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990 000 Btu (1 044 500 kJ) of stored energy
]
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RD&D targets: USDOE
-

www.eer e.ener gy.gov/hydr ogenandfuel cells/fuel cellgelectr ocatalysts wor kshop.html
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NEDO Fuel Cell Budget (Japan)
- 0__00__000000__]

New Energy and Industrial Technology Development Organisation
WwWWw.Nnedo.go.jp

FC Overview
W Nel, Unisa



National (SA) fuel cell RD&D strategy
-

Fuel cell working group was formed in 2003

Next step: Fuel cell and hydrogen economy
baseline study

Decision to join the “International Partnership for
the Hydrogen Economy” (IPHE)

Objective: Finding the fuel cell niche for SA

Want to participate?
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FC development status
e

Type Development status
AFC Fully mature
PEMFC Under development

At marketability threshold
Niche applications

DMFC Under development
PAFC Commercially available
MCFC Under development

SOFC Under development
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Global fuel cell market

Cumulative number of systems
installed worldwide

4000+

3500+

3000+

2500+

2000+

1500+

1000+

57% stationary

28% portable, 15% transportation >

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

www.dti.gov.uk/ener gy/publicationg/pdfsindex.shtml)
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Diffusion of fuel cell vehicles
-]
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Simplified structure of the fuel cell industry

(www.dti.gov.uk/energy/publications/pdfs/index.shtml)

End uses

End uses
Industrial & commercial

Passenger services, private

End uses

NG bqs!neﬁ operators, residential, consumers, commercial End users Need to _to mfprm
consumers, military o understand  discussions
utilities operators ) i
this... about this....
Applications
developers =
Systemsintegration Systems % 8
Fuel cell companies Integrators 2
A A A A ; o e
, © ®)
Fuel cdll stacks Fuel systems | [Power conditioning|| Balanceof plant | Main system - Q
Stack Reformer Electronics Fluids engineering | components o
manufacturers manufacturers companies companies suppliers N ®)
-
A A A 7
Membranes, Hes;t;xcgzneggrs, Power inverters, Fluid handling, SUb'C()mp(_)nentS
electrodes etc Enginyeering controls etc Heating, cooling | and materials
o o y o o o o o . J
Materialsindustry materials indusir Electronicsindustry| |Engineering industry) suppliers . ~
. > ... and form aview
Fohey Critical about how
. they interact
Finance D
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Commercilalisation timeline
e

Application Favoured FC (Biggest Market entry / Diffusion profile/ Best fuel
market share) commercialisation / Life pattern
cycle
Transport: propulsion & PEMFC ~ 2010 Similar to ICES? Hydrogen
auxiliary SOFC ~ 2005/6 Reforming?
Portable PEM, DMFC ~ 2004 (market preparation Similar to cellular H2, Methanol
phase) phones?
Large-scae power generation| PAFC (PEM, MCFC, ~ 2010 UK Natural gas, biogas
SOFC) CHP - 7% growth US DOE
until 2010
Residential & small stationary PEM, SOFC ~ 2010

power generation

Hydrogen economy
($1,50 /gallon US Freedom
CAR target)

~ 2015-2020 USA
~2030 Iceland (ail
independent)

Petrol distribution
network
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End

Any guestions?

Contact details
wnel@tsa.ac.za
(011) 471 2596
http://www.etscience.co.za
http://www.engmanage.co.za
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