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INL Overview Historic Contributions

* Proof of breeder reactor
concept

- Development of Navy nuclear
propulsion systems/operator
training

* Design and construction of 52
nuclear reactors

* Production of key medical and
Industrial iIsotopes

NASA program support

Nuclear reactor safety code
development

Leadership of DOE
hydropower and geothermal
programs

Hybrid and electric vehicle
testing

Armor production
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ldaho National Laboratory — Our Present
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INL’s Position Today — Nationally

* One of only 10 DOE
multi-program labs

- DOFE’s designated
lead lab for nuclear .
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Developing world-class Nuclear
Energy capabilities

Preeminent
Internationally-Recognized
Nuclear Energy RDD&D

Laboratory

Maior center for 2 - 2 Lead clean energy
National and Homeland Security ' & systems RDD&D laboratory and
technology RDD&D a regional resource

The nuclear energy mission is the reason INL exists
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Research Programs of National Importance

vV v.Vvy

Nuclear Energy

Advanced Fuel Cycle R&D

Next Generation Nuclear Plant (NGNP)
ATR National Scientific User Facility

Space Nuclear

U.S. National Nuclear Energy Laboratory and

an International leader

National &

Homeland Security

» Supervisory Control and
Data Acquisition
(SCADA) Work

» Grid Reliability and
Security

» Cyber Security

» Wireless
Communications

» Nuclear Nonproliferation

» Armor, Explosive Blast
Protection

A leader in critical
infrastructure protection
and homeland security

T2

i “INL Wireless

TEST BED

Energy &
Environment

Hybrid Energy Systems

Non-traditional
Hydrocarbon use

Bio-fuels and Synfuels
Clean Energy and Water
Battery Technology

A leader in developing
solutions to energy,
resources and
infrastructure challenges
in the State, Region and
Nation

Delivering technologies that benefit our communities, state, region and country 6
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INL’s Three Main Facility Areas




Key Assets:

« Advanced Test Reactor

— Nation’s most versatile test
reactor

— Materials and fuels testing,
isotope production

— National Scientific User
Facility

- STAR
— Fusion safety testing

A
-

Advanced Test Reactor core
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Materials and Fuels Complex

Key Assets:

* Hot Fuel Examination
Facility/Fuel Conditioning
Facility

— Hot cells for fuel studies

« Center for Space and
Security Power Systems

— Assembly and testing of
space batteries

| Space and Security Power
| Systems Facility



Key Assets:
* INL Research Center
— Multiprogram labs

* Information Operations
Research Center

— National and Homeland
Security studies

Nuclear hydrogen, high
temperature electrolysis
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(Quadrillion Btu)

Figure 2.0 Primary Emergy Consumption by Source and Sector, 2008

Supply Sources

Percent
of Source

Petroleum’ ) -
37.1

Natural
Gas’
23.8
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Nuclear

100

Electric Power
8.5

Demand Sectors

Transportation
27.8

Industrial”
20.6

Residential .
and Commercial
10.8

Electric F’ower?

40,1

! Does not mciude the fusl ethanol porion of motor gascline—fuel ethanol is included in
"Renswable Ensrgy.”

* Excludes supplemental gaseous fuels.

* Includes less than 0.1 quadrilien Biu of coal coke net imports.

4 Conventicmal hydroelectric power. geothermal, solar’PV, wind, and biomass.

* Includes industrial combined-heat-and-power (CHP) and indusirial elecirizity-only plants.

¥ Includes commercial combined-heat-and-power (CHIP) and commerzial eleciricity-only

plants.

T Eleciricity-only and combined-heat-and-power (CHP] plants whose primary business s to
sell electricity, or eleciricity and heat, to the pulblic.

Mote: Sum of componsnts may net e=gual 100 percemt dus to independsnt rounding.

Sources:
2.1b-2.1F, 10,3, and 10.4.

Energy Information Administration ! Annual Energy Rewiew 2008

Emergy Information Administraton. Annwsl Energy Rewview 2008, Tables 1.3,

ar




|!|I Lawrence Livermore

Estimated U.S. Energy Use in 2008: ~99.2 Quads National Laboratory

Net Electricity
Imports

Solar 0.01
0.09

Electricity 27.39
Generation |
39.97 Rejected

Energy

57.07

Residential
11.48

Commercial
8.58

Industrial
23.94

Trans-
portation
27.86

Source: LLNL 2009. Data is based on DOE/EIA-0384(2008), June 2009. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory
and the Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA
reports flows for non-thermal resources (i.e., hydro, wind and solar) in BTU-equivalent values by assuming a typical fossil fuel plant "heat rate.” The efficiency of electricity production is
calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 80% for the residential, commercial and
industrial sectors, and as 25% for the transportation sector. Totals may not equal sum of components due to independent rounding. LLNL-MI-410527

)
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Estimated U.S. Carbon Dioxide Emissions in 2007: |! B Lawrence Livermore
~5991 Million Metric Tons National Laboratory

Solar

Electricity 2433
IELIN  Generation

Carbon
Dioxide
Emissions

Residential 346 5991

—
Commercial | 216
' )
' 405
l, " Industrial 987

2009

Trans-

1974 portation

Source: LLNL 2009. Data is based on DOE/EIA-0384(2008), June 2009. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory and
the Department of Energy, under whose auspices the work was performed. Carbon embodied in industrial and commercial products such as plastics is not shown. The flow of petroleum to electricity
production includes both petroleum fuels and the plastics component of municipal solid waste. The combustion of biologically derived fuels is assumed to have zero net carbon emissions - lifecycle
emissions associated with biofuels are accounted for in the Industrial and Commercial sectors. Totals may not equal sum of components due to independent rounding. LLNL-MI-411167

~®
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Present US Hydrogen Consumption

 Petroleum refining

* Sulfur removal
- Opening of Benzene rings Liquid fuels production is rapidly
« Breaking of long-chain becoming the major market for hydrogen
hydrocarbons
 trends will continue in the future, Heavy [{ﬁ]}p
e.g. Athabasca oil sands CSrrj:mlr0 'I (CHog)y Clean: (CH,),
rude Qi e T
« Anhydrous Ammonia Production for fertilizer \/' R
« Chemical Industry Natural Gas > Hydrogen Plant
« 2005 US consumption: 13 million tons H,/yr
— 95% produced by steam reforming of This can be the proverbial “chicken” for
natural gas (8 % of US natural gas use) the Hydrogen Economy
Releases 80 million tons CO,/yr

» Replacing present US transportation fuels (gasoline, diesel, jet fuel) with hydrogen

would require a 17-fold increase in our hydrogen production.

-Would consume >100% of our natural gas supply, or

- Would require ~500 1000-MWe power plants to provide the energy for water splitting

)
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US Refinery Hydrogen Consumption, kg/Barrel
Crude
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H, can be manufactured cleanly by using
nuclear energy for water-splitting

*A Hydrogen Economy only makes sense if the H, is produced from
non-fossil, non-greenhouse gas-emitting, sustainable sources

All of these methods split water into hydrogen and
oxygen.

Though the heat or electricity to split the water comes from a reactor, the hydrogen is not radioactive.

Idaho National Laborator .



Generation IV Energy Conversion

* Electrical generation - Gen IV Energy Conversion Program

» Hydrogen production - Nuclear Hydrogen Initiative (NHI)

Temp C 300 400 500 600 700 800 900 1000 1100
VHTR —
GFR
MSR Gen IV Reactor Output
Pb ER Temperature Ranges
SFR
SCWR
S-I, HyS
Ca-Br Hydrogen Production
. Temperature Ranges
K-BI
Mg-I
HyCu-CI
HTE [with heat recuperation]

)
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Sulfur Thermochemical Cycles

TC cycles require high temperatures, extensive thermal
management, and high temperature, corrosion resistant

materials
H,0
0,
SO, 1,
) I,+H,
0-95( 1 1
H,S0, HI
Sandia French General
Labs CEA Atomics
Sulfur lodine
(1) H,SO, - H,0+ S0, +1/20, Hybrid-Sulfur
(2) 2HI—> 1, +H, (1) H,SO, - H,0 + SO, + 1/20,
(3) (3) 2H,0 + SO, + I, —» H,SO, + 2HI (2) 2H,0+S0, - H,S0, + H,

)
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High Temperature Electrolysis Plant

Steam/Hydrogen
Separator

Steam/Hydrogen
Mixture

- Hydrogen

Membrane

Steam/Hydrogen

Helium 4
Mixture

Gas Turbine

Oxygen

Compressor
High-
Temperature
Steam
Electrolysis
Unit

Very High
Temperature
Reactor

Heat Exchanger

Recuperato |

Heat Sink
Heat Sink
Electrolyte
Electrodes

Compressor

Generator

Power for Electrolysis —=

Power to Grid —=

Herring 2-15-11 19




90 ¥/o H,0 + 10 ¥/ H,

\

4e—- || HO

[\

Porous Cathode, Nickel-Zirconia cermet 0

/

2H,0+4e -»2H,+20" H,

Porous Anode, Strontium-doped Lanthanum Manganite

Gastight Electrolyte, Yttria-Stabilized Zirconia

20> 0,+4e

0,
Interconnection
H,O0+H, -
Hio Next Nickel-Zirconia Cermet Cathode ITI
2
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25 V/o H,O + 75 /o H,

Typical thicknesses

Electrolyte- Cathode-
supported supported
0.05 mm 1.500 mm
0.10 mm 0.01 mm
0.05 mm 0.05 mm

1 -2.5mm

Herring 2-15-11 20
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Electrode-Electrolyte Assembly

T~

Ferritic Stainless Flow Field (Air) —

Edge Rail =g
Separator Plate g

Edge Rail

Nickel Flow Field (Steam)

} I cell
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High-Temperature Electrolysis (HTE) research

and development activities at INL  ntegrated Laboratory

Button cell HTE research laboratory Scale Facility

70 NL/hr CFD

1074.44
I 1074.38
1074.33

1074.27
1074.22
1074.16
1074.11
1074.05
1074.00
1073.94
. 1073.89
1073.84

1073.78

INL has demonstrated
H, production rates
up to 5.6 Nm3/hr in
the ILS facility

1073.73
1073.67
1073.62

1073.56
1073.51
1073.45
1073.40

Herring 2-15-11 22




25-cell stack used in
1000-hour test
Jan. 4 — Feb. 16, 2006

ldaho National Laboratory

2 X 60-cell stacks
tested at
Ceramatec, SLC

Initial rate: 1.2 Nm3 H2/hr
final: 0.65 Nm3 H2/hr
2040 hours, ended 9-22-06
>800 hrs in co-electrolysis

Herring 2-15-11 23



Transportation fuels are becoming our
highest priced energy carriers

« Electricity:
$0.10 /KW -hour = $27.78/GJ

electric

* Diesel fuel:
$4.00/gallon*, (139,000 BTU/gallon)
= $27.28/GJ}ermal

* Federal tax: $0.224/gallon
Average state tax: $0.22/gallon

~
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VHTR/HTE Economic Sensitivity Analysis

(For plant gate cost ~$3.23/kg hydrogen and 10% internal rate of return)

Internal Rate of Return (5% - 15%)

Unplanned replacement costs (0% -10% of
depreciation costs per year)

SOE cost ($100/kwe -$300/kwe)

Major Reactor/PCS Components (-20% to
+20%)

Plant staff (100 - 300)
SOE Cells changed per year (20% -50%)

Engin/Design Costs (6% - 25% of capital cost)

Major HTE Components,excluding SOEs (-20%
to +20%)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
$/kg of Hydrogen




Assembled ILS Components

m ldaho National Laboralory g 2151 25




ILS Module Installation

Herring 2-15-11 27




Inevitable Comparison:
Liquid hydrocarbons are very good fuels for transportation

« Liquid over range of ambient temperatures
 Pumpable: gas pump: 20 liters/min = 11 MW,,
 Energy dense: 34 MJ,/liter at 0.1 MPa

— H, gas: 9.9 MJ,,/liter at 80 MPa,

— H, 120 MJ,,/kg, gasoline: 40 MJ, /kg
« Storable: little loss, explosion hazards understood
« Transportable by pipeline: 0.91 m oil pipeline: 70 GW,,

Hydrogen will be used primarily to enhance gasoline,
diesel and jet fuel production until the on-board storage
problem can be solved.

p—
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Co-Electrolysis

* Primarily a “proof-of-principle” research project

* Investigate the feasibility of producing syngas
Syngas

* using high-temperature co-electrolysis of H,O and CO,

2 H,0 + CO, 150,

« while taking advantage of solid oxide fuel cell technology.

)

Herring 2-15-11 29
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SYNTHETIC FUELS

* Nothing New About Synfuels

— Produced via the Fischer-Tropsch process
Syngas

* Discovered before WWII
 Pressure primarily determines n
* Production of Synfuels requires Syngas

— Previous H, production releases large amounts of CO,

p—
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Co-electrolysis in an solid oxide cell

33% Ha0+33% H, +34% €O,

5% Ha0 + 62% Hy+ 2% COy +31% CO

e /

0.05 mm
Porous Cathode,
de —p H,0 +CO, H,+CO Nickel-Zirconia cermet
l r—"xCOg+yHQO+4’e_—axC’O-|yH2+20= 0.10 mm
Gas-tight Electrolyte,
4 Stabilized Zirconia 3
l 006 mm
& gqopeq L3 = alldd J‘:
i 1-25mm
0 !;
Hzo + Hz + COz —
T Porous Cathode,
H.0+CO, H+CO Nickel-Zirconia cermet

Herring 2-15-11 31



INL Coelectrolysis Experiment

- (TR -

Herring 2-15-11 32




Products of Fischer Tropsch Synthesis




ENERGY SOURCES

Nuclear

Renewable Energies
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&
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Hydrogen, H,

Electrical
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Capture

*Solar
Energy

‘Water———

-CO,
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Synthesis
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products

Synthetic —— '
Liquid Fuels | 1
Ethanol
(C2HsOH)
Biorefinery
Biomass
/‘\ ,ll. Nature’s
Photosynthesis Carbon
. Cycle

Respiration

Fossil carbon sequestration
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Progressive steps in the use of hydrogen
produced through nuclear energy

[ now] Upgrading of current heavy crude oils for the production of gasoline

« [2015] Upgrading of the Athabasca Oilsands for the production of diesel and
gasoline

« [2020] Catalytic addition of H, to coal (hydrogenation) to produce gasoline

* [2025] Fischer-Tropsch synthesis of diesel and jet fuel using CO from coal
gasification and H, from nuclear energy

« [2035] Co-electrolysis of CO, from biomass and steam to produce CO and H,
for synthetic, GHG-neutral, gasoline, diesel and jet fuels

« [2050] Nuclear production of H, for use in fuel-cell-powered vehicles.

)
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D1U RISO

= 3. Focus on Post-mortem Analysis -
Impurities

30001
2000
I
0 0.05 01 0I5 02 £

- “text book” example of impurities at TPBs

Distance (um)

A. Hauch et al., J. Electrochem. Soc., 154(9), A619-A626, 2007
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Conclusions

« Conventional electrolysis is available today
 High temperature electrolysis is under development and will be more efficient

« HTE Experimental results from 25-cell stack and 2x60-cell half-module,
fabricated by Ceramatec,

— Hydrogen production rates in excess of 160 normal (0° C, 1 atm)
liters/hour were maintained with a 10-cell solid-oxide electrolysis stack for
2500 hours (May-Sept 2009)

— The Integrated Laboratory Scale experiment at the INL operated for 1080
hours in Sept-Oct. 2008, producing a maximum of 5.65 Nm?3/hr (0.504
kg/hr) of H..

* In the near-term hydrogen from nuclear energy will be used to upgrade crude
and later to synthesize conventional gasoline and diesel fuel from renewable
carbon sources

 Inthelong-term pure hydrogen from nuclear energy may power vehicles
directly through fuel cells

)
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But will there be

enough uranium or thorium?




Nuclear Fuel — the basic facts

« Natural uranium: 99.3% 238U and 0.7% 23°U
« 23U is the only naturally-occurring fissile isotope

 Thorium (100% 23°Th) is about 3.9 time more abundant than
Uranium, but 23°Th is not fissile

. 232Th can be bred to fissile 233U and 238U to 23°Pu

 World consumption of natural uranium is about 60,000 tons
per year.

— 75% of the energy is due to the fission of 235U
— 25% is due to %39Pu fission

p—
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Past considerations of Uranium Resources

« Based on field exploration and information of proven resources by mining
companies

* Red Book — compiled annually by the Nuclear Energy Agency of the
Organization for Economic Cooperation and Development (NEA-OECD)

— ~4 million tons ‘proven’ reserves
(implying that we only have ~70 years’ reserves at present consumption rates)

— ~10 million tons ‘speculative’ reserves

$70

Ny

\ )
\ J

Y| WJV“”’/ \\\/«\

1987 1989 1991 1993 1995 1997 1999 2001 2003

©“
[e2}
o

Because of low prices, little
exploration has occurred in the last
25 years.

* Slow growth in nuclear power worldwide

* Development of higher burn-up fuels

» Downblending of highly enriched uranium to
reactor grade (<5% 23°U)

©“
a1
o

@
W
o

@
N
o

©“
=
o

Month-end Spot Price (USD (2002)/kg U)
g
o

$0

(source: The Ux Consulting Company, LLC and US Bureau of Labor Statistics)
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A more Fundamental Look at
Uranium Resources

« How IS uranium created?

« How much uranium iIs created compared to
other elements?

« How are these various elements formed
Into planets?

« How Is uranium transported within the
earth?

« Can we measure the uranium inventory of
the earth?

~%
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The origin of
Uranium

A star the mass of the Sun
lasts for 10 billion years but
can only produce elements
up to iron

A star 10 times the mass of
the Sun lasts 10 million
years until it explodes as a
supernova, producing all the
elements in the periodic
table.

About one supernova per
second in the universe

Qioqeim St,

6x10" km

'M\\J S Upe(\”ﬂpﬁ
&,
%,

S ==
=y \ / oy
L 2
"" 3

2x10" km

¥,
2x10° km [ i
30 km[
-
03,@ %-1‘:‘

'q‘f’ft:n-r'leu‘t“"—:’<L

Burrows Nature 17 Feb 2000
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Two seconds In a supernova

Shinya Wanajo, et al., 2002

Thand U
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Two seconds In a supernova
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Two seconds In a supernova
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Conclusions from Uranium Nucleosynthesis

 Uranium should be ~ 107 to 10%the mass of silicon
In the debris of a supernova

« With a half-life of 4.5 billion years, 438U has
decayed about a factor of 5 since the average
supernova

« Silicon has similar oxide-forming and planetary
accretion characteristics to uranium

« The earth is ~10% Si, so it should be ~10 ppb U

p—
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Geoneutrinos as evidence of the
Global Uranium Inventory

 Neutrinos are elementary particles

« travel close to, but not at, the speed of light

* Jlack an electric charge

« ableto pass through ordinary matter almost undisturbed
— thus extremely difficult to detect

 have a minuscule, but non-zero, mass

« usually denoted by the Greek letter v (nu).

« created as aresult of certain types of radioactive decay or
nuclear reactions

« threetypes: electron, tau, and muon
* both neutrinos and anti-neutrinos

~%
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Radiogenic Isotopes

40Ca

40K

* Beta decays
produce electron
antineutrinos

Herring 2-15-11 49




Sources of Geoneutrinos

Table 1

The main properties of geo-nentrinos.

Decay i} T1/9 J D—— €5 €5
[MeV] [ll]g vr]  [MeV] (W /Kg] [kg_ls_l]
BT . 2P 4 84He + 6e 4+ 60 51.7 447 326 095 x107% 741 x 107

2827 — 208PL 4+ 64He + de + 45 42.7 14.0 2.25 0.27 x 1074 1.63 < 107
1.31 0.36 % 107%  2.69 x 10*

YK — YCate+w 132 L28
Table 2
U, Th and K according to BSE
m Hp L,
[10Y7 kg]  [10%2 W] [10%4 s71]
U 0.8 7.6 5.9
Th 3.1 8.9 5.0
WK 0.8 3.3 21.6

Fiorentini, et al. 14 Sep 2004

~w
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Characteristics of Geoneutrinos

——- Sediment 1100
> 10'g —-—-- 238 series —~ ,[ —— Crust .
§ A N — 237Th series I 4r —— Mantle
s F i R — Total o
= I WK i [14]
© L M [
<% L ; E T o
@ Ve ! o al 2
e] ¥ L LU I % 3 =
£ E 100 P S W = [ g
£9 I A = | ®
o 9 c 7 Y ~ 5 [ p
£ 7/ I R = ol =
2 | b Z | g
i 2 | —
5 10 | — 2l E
2 : I ' T s 1
3 : | ~ 3
2 i | :
: | L el sbashdbdabh et e waw il
-1G—E PN T N T T T N N |! I R NI BT A ST SR MR A (":Iluu 101 102 _WF:IGS 104 0
Antineutrino energy, E, (Me
ergy. £, (MeV) Figure 2 | The expected total 2% and ***Th geoneutrino flux within a given
Figure 1 | The expected ***U, #?Th and *°K decay chain electron distance from KamLAND?, Approximately 25% and 50% of the total flux
antineutrino energy distributions. KamLAND can only detect electron originates within 50 km and 500km of KamLAND, respectively. The line
antineutrinos to the right of the vertical dotted black line; hence it is representing the crust indudes both the continental and the almost
insensitive to *’K electron antineutrinos. negligible oceanic contribution.
Araki, et al., Nature, 7-28-05
—
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KamLAND style detector

« 1kton liquid
scintillator.

« ~20m diameter sphere.
 Monolithic:

— Lower radioactive
backgrounds

— Fully contained
events

4|r"""5 "rli

)
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KamLAND Geoneutrino Data
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Conclusions from the Geoneutrino Data

 The geoneutrino data roughly agrees with the

astrophysical models for uranium nucleosynthesis
(and asteroid analyses)

* Most of the uranium iIs In the continental crust

 The global inventory of uranium exceeds the Red
Book estimates by several orders of magnitude

~®
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Transport of Uranium In
Water-Oxygen Environments

Range of Eh-pH
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In situ Leaching of uranium

From Plant To Plant

Monitor Wells
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Recent Indications of Larger Uranium Resources

BHP Billiton boosts uranium resource at Olympic Dam
27 September 2007

In the course of identifying a 77%b6 increase in mineral resources, BHP
Billiton has defined a 27%b6 increase in uranium resources, to 2.24 million
tonnes of uranium oxide (1.9 million tU), at the Olympic Dam mine in South
Australia. Known copper has increased 38%0 to 67 million tonnes and gold to
2450 tonnes.

The new figures are based on 2095
km of drilling over the last two years,
both from surface and underground,
and confirm the deposit as the
world's largest for uranium. It covers
an area of over 6 km by 3.5 km, is
up to 2 km deep and remains open
laterally and at depth as the drilling
program continues.

A preliminary feasibility study on
tripling production is due for
completion in 2008. If implemented,
this would increase production to about 15,000 tonnes per year of uranium oxide
(12,700 tU). Production in 2006-07 was 3474 tonnes U308 (2946 tU).

The processing plant at Olympic Dam (Image: BHP Billiton)

WNN 9-27-07

ldaho National Laborator
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The Bulk Silicate Earth (BSE)

THE EARTH
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Conclusions

* Nuclear-produced H, can make a crucial contribution to
future transportation fuels

« The first uses of that hydrogen will be to upgrade
unconventional fossil fuels

« Data from several independent methods suggest that
there is far more uranium than conventionally estimated

 Most of that uranium is in the upper continental crust

 The challenge will be in extracting that U + Th with
minimal environmental impact, e.g. occupation hazards,
tailings piles and radon release

— In situ leaching
— Co-production of uranium with other minerals

 The overall challenge in the nuclear fuel cycle is the
management of actinides and long-lived fission products
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