VO LEYENRFGCNFEUEINCE] |
IIECHNGIGUIES

Cathy Padro
Los Alamos National Laboratory




Pre-Quiz




At
Hydregen Energy: SystemiBasics
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nvironmental quality

* Reduced harmful emissions (smog, particulates)
 Low GHG emissions

o Sustainability

— Economic benefits

 Efficient and reliable
o Accessibility
» Stable prices
« Job creation
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Natural Gas
24%

Is this diverse enough ?
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Renewables
7%

Conventional Hydro

Geothermal

Wind
Solar
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Products Made from a Barrel of
Crude Oil (Gallons)

Transportation
27.2%

Industrial
33.4%

Other Distillates

(heating oil) - 1.38\
Heavy Fuel Qil k_/
(Residual) - 1.68 \ Jet Fuel - 4.07

Liquefied w
Petroleum Gases” \ /

(LPG) - 1.72

Gasoline - 18.56

Electricity for energy services

(lighting, cooking, ventilation,
cooling, computing, etc)
Natural gas for heating, cooking
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Transortaticm

Industrial

Residential and Commercial

Electric Power

~/  Nuclear

E?r_'liléI y Power ¥ Petroleum ™ Natural Gas M Coal
470 8.5% Renewable Energy
B Nuclear Electric Power

Total U.S. Energy = 99.3 Quadrillion Btu

PN Source: Energy Information Administration, Annual Energy
UlssAIamosl Roview 2008, Tables 1.3, 2.1b-2.1f, 10.3, and 10.4.




Transooriciiorn 2nre)y Use

Pipeline Fuel
2%

Trucks Marine
19% Rail 4%
2%

Transportation Sector is 97% petroleum-based
60% of the petroleum we use is imported, and the gap is
growing every day




IMPEILS
China’s oil imports nearly
TRIPLED between 2003 and
2006 (data in the 2005 and 2008
WEO reports), and vehicle
ownership continues to rise
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Notes: Taken from IEA 2008 Key World Energy Statistics (2006 data)
USA included in OECD - also plotted separately to show contribution
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Notes: Taken from IEA 2008 Key World Energy Statistics (2006 data)
USA included in OECD - also plotted separately to show contribution
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e Significant, positive environmental impacts are possible

— Remove energy production and consumption from the
environmental equation, both locally and globally

— Potential for very-low impact throughout energy chain
* Urban air quality

» Global climate change

» Flexibility of use: only energy carrier that can (effectively)
provide all energy services for all energy sectors
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http://www.immr.tu-clausthal.de/geoch/pse/pse.map�

Fl2xiollity of Sotres

Biomass
Hydro
Wind
Solar

Geothermal

very region nas some " Nuclear

Indigenous fossil or renewable
resource that can be used to .. Oil
make hydrogen

— Regional variations in traditional Coal
energy resources are no longer (as
critical) economic, political, or Natural
security issues Gas
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Composite Wind Resource Map Annual Average Solar Resource
Flat Plate Collector Tilted at Latitude
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Biomass Resources Available in the United States
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¥ Uranium Milling Facility ]
® Uranium Fuel Fabrication Facility

B Uranium Hexaflouride Facility
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barrels of crude oil (making current consumption ~3.
annually, for light-duty vehicles only)

— Assume a 2x increase in efficiency with hydrogen fuel cell vehicles
— For half of the fleet, we need 4 quads
— This is 36 (let’s call it 40) million tons of hydrogen per year (~4 times
the current domestic hydrogen production, mostly from natural gas)
* Using only ONE domestic resource, can we make this
much hydrogen?

— We will, of course, use a combination of resources, but this is an
interesting and eye-opening exercise
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For 40 million tons/year of hydrogen, we would need:

400-800 million tons of biomass (availability is 800 million tons/year of residue
plus potential of 300 million tons/year of dedicated energy crops with no food,
feed or fiber diverted)

The wind capacity of North Dakota (class 3 and above)

3,750 sq. miles of solar panels (approx. footprint of the White Sands Missile Range)

140 dedicated conventional nuclear power plants
¢ L SIAIAMOS
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Hydrogen Potential From Renewable Resources

Total kg of Hydrogen per County
Mormalized by County Area

Hydrogen
Thousand kg/sq.km
year)
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Hydrogen Potential From Renewable Resources
Total kg of Hydrogen per Person

(Thousand ka/person
year)
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« Storage of hydrogen on board is a tough technical challenge

-
@ i . | Revised
Alarie Slurry** | DOE =

Where do [ 2 | | System Answer:
you think & - Targets
gasoline [ It doesn’t
fits on 2 Chemical ;
thlS "q'; Complex Hydndes ‘ ~18O g/l_
c h art? g Hydrides ' Cryo-compressed (10 kg) an d 26

© wt%

> 350 Bar 700 Bar

Compressed Hydrogen
“Learning Demonstrations ™
DOE, October 2009
6 7
Gravimetric Capacity (wt%)
*Leaming Demo data shows range across 140 vehicles. ™ Preliminarny analysis, F¥09
f{f’-’iﬂ
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e From DOE presentation at the HTAC meeting, November 2009
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trailers (dependlng on demand)

— Electrolysis is a great option if the user needs a relatively
modest amount of extremely high-purity hydrogen

 Torealize the benefits of a hydrogen
economy, we actually have to put a value
on energy security and environmental
Impacts, and bear some incremental cost
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e In the Buildings Sector
— Combined heat, power, and fuel
— Reliable energy services for critical applications
— Grid independence

 In the Industrial Sector
— Already plays an important role as a chemical
— Opportunities for additional revenue streams
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Load

Similarities: half reactions, separation of
: : lonic and electronic pathways, direct

e -_l'.,:Elecmlyte-_li,_ cathode conve_rsion of chemical energy into

: : electrical energy

| ons || DBattery
Differences: breaking of covalent bonds
(battery) versus addition and removal of
Load reactants and products (fuel cell); closed
| ] (battery) versus open (fuel cell) system

ey Advantages: fuel cell energy density is up to

>6000 Whr/kg based on fuel versus battery
energy density is up to 150 Whr/kg; refuel
(fuel cell) versus recharge (battery)

| llons

Disadvantages: fuel cell cost, reliability, fuel
storage
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Heat Ergune Genarator

Chamecal

HIGH EFFICIENCY AT ALL RATINGS
Energy

EFFICIENCY *
l PEACENT

J-— S rueL T sysTEms
7,

%—H
Ypchanical

Laisan SYSTCMS
CLECTRIC

I i pilie AL i i diagk L L idiii LB i AT |
hLe] Lo le] 1,000 10,000 100,000

POWER OUTPUT . RILOWATTS

*taken from Fuel Cells, Appleby, 1987.
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(MCFC)

Solid Oxide
(SOFC)

Polymer
Electrolyte
Membrane
(PEMFC)

0oz

800-1000C  Stationary power
CHP
Auxiliary Power Units
(APUs)

Vehicles
Portable appliances
Stationary power

(80-85%) with CHP
Fuel flexibility
Noble metal catalyst not required

Electricity-only efficiency of 50-
60%

80-85% efficiency for CHP

Fuel flexibility

Noble metal catalyst not required

Solid electrolyte

Fast startup
High power density

Long startup time
Durability
Cost

Cost
Durability
Sensitivity to CO and H,S




Polymer Elgeirolyis Wisrnorzns
(PEV) Fusl €slis

Laboratory led to a resurgence of interest in the late
1980s and early 1990s
e The centerpiece of the PEM fuel cell is the solid, ion-

conducting polymer membrane.
— Typically made from a tough, Teflon-like material invented by
DuPont called Nafion™

 This material is unusual in that, when saturated with water, it
conducts positive ions but not electrons

» Exactly the characteristics needed for an electrolyte barrier




Sereztie of PEVI Evusl el

The membrane is sandwiched
Catalyst
\l ' ‘ (athode (+)
- |

between the anode and Hydrogen
cathode electrode structures,
which are porous conducting Anode ()
films, about 50 micrometers
thick. The electrodes consist
of carbon particles that have
nanometer-size platinum
particles bonded to them, in a
porous matrix of recast
Nafion™. The carbon particles
provide the electron-
conducting path, while the

e

.:..Memhrune/
Elecirolyte
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Nafion™ provides an ion- “Oxygen EIE“r““5Pmmm
conducting path to the
membrane.



Sereztie of PEVI Evusl el

Hydrogen (atalyst
' ‘ [(athode (+)
Anode (-) A

'_,_,Wuter

B

.:.-Memhrune/

ailii. )
S

\Oxygen Electrons
Protons

In addition to having catalytic,
electric- and ion-conducting
properties, the electrodes and the
supporting backing material are
crucial to water management.

This, and the control of gas flows

in and out of the cell, are key to

efficient cell operation:

. too little water at the cathode, the
membrane begins to lose the ability
to conduct ions.

. too much water, it floods the porous
electrodes and prevents oxygen
from diffusing to the catalytically
active sites.



— Less “waste” heat, and higher electrical efficiency

— Limits CHP applications compared to other fuel
cell types

— Quick startup, lower thermal stresses

o Efficient at low loads (typical operating region
for vehicles)
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Demonstration Entry Commercial Ent

2010 2011 2012 2013 2016 2017 2018

64 A-Class 300 B-Class 1,000 newFcps _ 10,000 c-class ramp to 100K by 20:
* —

~=~, 60+ Highlander (Lease) &Buses TBD
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20 FCX Clarity (Lease) 200 1,000
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2N\ 20 X-Trail Taxi TBD
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18 Focus
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110 Equinox 9
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Hydrogen pug & %2 s——

Stations 14 4 100 1,000..34.000**
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= * Joint funding by government, energy & gas companies, OEMs ; i by 2050

Solid: publicly announced  Dashed: anticipated

From GM presentation at the HTAC meeting, November 2009
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Natural Gas Production - Steam Methane 1 kg Hydrogen
Natural Gas . :
and Distribution Reforming (Plant Gate)
183 MJ 160 MJ 142 MJ n=77.6%

1 kg hydrogen produces 11.9 kg CO,-equivalent emissions (stoichiometry says 5.5 kg CO,)
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@ natural gas feed ->
W hydrogen (plant gate) ->
O delivery to consumer

liquid - 100 miles  liquid - 1000 miles  compressed gas compressed gas pipeline - 100 miles pipeline - 1000 miles
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cyclinders - 100 cyclinders - 1000
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B delivery to consumer
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liquid - 100 miles liquid - 1000 miles compressed gas compressed gas pipeline - 100 miles  pipeline - 1000 miles
cyclinders - 100 miles cyclinders - 1000
miles
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* For 15,000 miles driven per year: 7,545 kg CO,_¢quivaiendyeQr

 Hydrogen FCV: zero tailpipe CO, emissions

— Well-to-Wheels:
* At 60 mpgge (~60 mpkg): 250 kg hydrogen needed yearly

* No CO, from the tailpipe

« only need to do better than 30.2 kg CO,_¢qivaienkd hydrogen
for production and delivery (if we compare to conventional
technology)
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M delivery to consumer
O hydrogen (plant gate) ->
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liquid - 100 liquid - 1000 compressed compressed pipeline - 100 pipeline -

kg CO2/kg hydrogen

miles miles gas gas miles 1000 miles
cyclinders - cyclinders -
pan 100 miles 1000 miles



ERVITONTHERIINITTPICAWONRS

* For 15,000 miles driven per year: 4,909 kg CO,_¢quivaendyeQr

 Hydrogen FCV: zero tailpipe CO, emissions

— Well-to-Wheels:
* At 60 mpgge (~60 mpkg): 250 kg hydrogen needed yearly

* No CO, from the tailpipe

» only need to do better than 19.6 kg CO,_¢qivaienkd hydrogen
for production and delivery (if we compare to conventional
technology)
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(combined driving), full fuel cycle basis
* For 15,000 miles driven per year: 3,364 kg CO,_¢quivaiend/yeQr

 Hydrogen FCV: zero tailpipe CO, emissions

— Well-to-Wheels:

* At 60 mpgge (~60 mpkg): 250 kg hydrogen needed yearly

* No CO, from the tailpipe

— but need to do better than 13.5 kg CO,_oquivaen/Kg hydrogen for
production and delivery (if we compare to hybrid technology)
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i Wind Turbine — - Electrolysis and 1 kg Hydrogen
Fossil Resources Construction & Operation Compression

557 MJ
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VWHAREHh U B EVSY,

Vehicle Test Mass PbA Battery EV ] NiMH Battery EV ]
4.000 . > | Li-lon Battery EVj

3,500 -

3,000
2,500
2,000

1,500

1,000 N
500 [ Fuel Cell Electric Ve@

150 200 250 350
Range (miles)

BPEV.XLS; 'Compound' AS146 5/13 /2009

Fuel Cell and Battery Electric Vehicles Compared, C.E. Thomas, IJHE, 34, 6005-6020, 2009.



VWHAREHh U B EVSY,

Energy Storage System Volume NiMH Battery Li-lon Battery
(liters)
1,000 [

500 - PbA Battery |

800
700 Fuel Cell +

600 Hydrogen Tanks

500 (35 MPa)

400
300 | L0 Mpa)]
200 o8

100

100 150 200
Range (miles)

BPEV.XLS; 'Compound' AS113 5/13 /2009

Fuel Cell and Battery Electric Vehicles Compared, C.E. Thomas, IJHE, 34, 6005-6020, 2009.
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Greenhouse Gas Emissions :
(CO, -equivalent grams/mile) PbA Battery EV/( NiMH ]

1.000 p ~ Battery EV Li-lon
e Battery

EV

800

600 -

~

L . — =.=" Conventional
A Gasoline

)
!
|
!

Fuel Cell Electric Vehicle ]

50 100 150 200 250 300 350
Range (miles)

Grid Mix; US BPEV.XLS; 'Compound' AQ200 5/13 /2009

Fuel Cell and Battery Electric Vehicles Compared, C.E. Thomas, IJHE, 34, 6005-6020, 2009.



Well-to-Wheels Greenhouse Gas Emissions
(life cycle emissions, based on a projected state of the technologies in 2020)

Gasoline 410

Conventional A
Natural Gas . Gasqus
vehlcles Vehicle

Gasoline

Hybrid
Electric
Corn Ethanol — E85 Vehicles

Diesel

Cellulosic Ethanol — E85 LN

Plug-in Hybrid
Electric Vehicles
Cellulosic Ethanol — E85 (40-mile all-electric range)

Gasoline

H, from Distributed Natural Gas
H, from Coal w/Sequestration <110* Fuel Cell
H, from Biomass Gasification JESELM Vehicles

H, from Nuclear High-Temp Electrolysis

H, from Central Wind Electrolysis BZlud

100 200 300 400
Grams of CO,-equivalent per mile

*Net emissions from these pathways will be lower if these figures are adjusted to include:
+ The displacement of emissions from grid power—generation that will occur when surplus electricity is co-produced with cellulosic ethanol
« The displacement of emissions from grid power—generation that may occur if electricity is co-produced with hydrogen in the biomass and
coal pathways, and if surplus wind power is generated in the wind-to-hydrogen pathway
« Carbon dioxide sequestration in the biomass-to-hydrogen process

From DOE presentation at the HTAC meeting, November, 2009: Program Record #9002




Well-to-Wheels Petroleum Energy Use
(based on a projected state of the technologies in 2020)

Gasoline

Conventional :
Today's

Vehicles Gasoline
Vehicle

Natural Gas | 25

Gasoline

Diesel Hybri d

Corn Ethanol - E85 Electric

Vehicles
Cellulosic Ethanol - E85 860

Gasoline Plug-in Hybrid
_ Electric Vehicles
Cellulosic Ethanol - E85 (40-mile all-electric range)

H, from Distributed Natural Gas |30

H, from Coal w/Sequestration I 45

Fuel Cell
H, from Biomass Gasification I 95 Vehicles

H, from Nuclear High-Temp Electrolysis | 25

H, from Central Wind Electrolysis |15
1000 2000 3000 4000 5000

Btu per mile

From DOE presentation at the HTAC meeting, November, 2009: Program Record #9002
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Flammability limits (vol% in air)
Explosive limits (vol% in air)
Molecular diffusion coeff (cm?/sec) in air
Autoignition temperature in air ( C)
Liquid density (g/liter)
Specific gravity at 25 C (water=1)

__ Specific gravity at 25 C (air=1)
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4.1-74
18.2-58.9
0.61
571
77

.07

1.4-7.6
1.4-3
0.05
220
720-780
(2-.78
3.5-4.5
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[laZall O 2 TII dllK. A0ISelC alllagesS propetied oy gasollne
might attain speeds of 14, or even 20 miles per hour. The menace to
our people of this type hurtling through our streets and along our
roads and poisoning the atmosphere would call for prompt legislative
action even if the military and economic implications were not so
overwhelming... the cost of producing (gasoline) is far beyond the

financial capacity of private industry... In addition the development of
this new power may displace the use of horses, which would wreck

our agriculture.”




— Inform the public about hydrogen and fuel
cells in ways they can understand

— Address safety concerns, real and

Imagined
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even cancelled

Community buy-in activities may include
educational presentations, open forums, and
other events hosted by the developer or
zoning officials. Such activities may be

performed simultaneously with zoning and

site selection. The Benning Road hydrogen fueling station
in Washington, DC, was delayed one year

because of community concerns.
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with rocket
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Hindenberg, 1937
Colorized photo shows burning of outer fabric of dirigible
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3 seconds

assessment

Which car would you rather be in?
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GRID SUPPORT
Central Park Police Station

 International leadership in technology
development and deployment

« Balance of payments
* Price stability

— Environmental security

 Potential to meet GHG targets: with:
renewables or fossil with sequestration

« Urban air quality improvements
* Reduction in air pollutants

P g ) EMSSONG

! U

.54







QUIZ Answers — frus or Fzlse

False

True
False
*Fuel cells produce electricity through hydrogen combustion

*Hydrogen is too dangerous for everyday use by the general public

*Hydrogen is lighter than air

*Hydrogen has a distinct odor




Quiz Answers — Muliiols Erioics

d. all of these
*Hydrogen can be produced using which of the following sources of energy?
a. natural gas
b. sunlight
C. organic matter

d. all of these

*Which of the following represents a type of fuel cell?
a. PDQO
ThPEM >
c. CFC
d. none of these

HlfosiAlamoes
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