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Why iIs inspiring students in physics
(and chemistry and math and..) so
Important?

 Limitations on the “Business as Usual” mode
— Declining fossil resource base
— Climate change

* Increased economic competition from China, India
and other developing countries

* Mediocrity will not be sufficient

« Science can be a very fascinating and fulfilling
career

~
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Current US Energy Sources and Uses

2009 Total = 94.6 quadirillion Btu
Supply Sources Demand Sectors

Percent of Source

Tran %mﬁaﬂ O

Energy Information Administration / Annual Energy Review 2009

~e Quadrillion BTU = 1.055 EJyemal




B Lawrence Livermore
National Laboratory

Estimated U.S. Energy Use in 2009: ~94.6 Quads
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Estimated U.S. Carbon Dioxide Emissions in 2008: | Lawrence Livermore
~5814 Million Metric Tons National Laboratory

Electricity 5359
IEEE  Generation

Carbon
Dioxide
Emissions

Residential 346 5815

Commercial 218

Industrial 967

1925

Trans-
portation

1889

Source: LLNL 2010. Data is based on DOE/EIA-0573(2008), December 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. Emissions from U.S. Territories and international aviation and marine bunkers are not included.
Totals may not equal sum of components due to independent rounding. LLNL-MI-411167
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Worrisome Trends — Supply vs Demand
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Coupling of Heat & Electricity to Industrial Process

— > Emissions

ROT
Industrial l _
Process(es) Discharge
%
T Chemical
. Storage
Circulator Power
RIT O Cycle

Example Configuration

* Industrial processes can benefit from nuclear heat as well as electricity
* Nuclear offers high energy density and is sustainable

- Different processes have different requirements
e
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Process Heat Requirements Vary

« As reactor T goes up, more
processes can benefit

* Many of these processes:

* Are related to synfuel
production and
unconventional oil

Require H,

Studied Processes

INL has studied:
« Hydrogen Production
0 High Temperature Steam Electrolysis
0
« Ammonia Synthesis

Coal Gasification, Cement
and Metals Manufacture

High-Temperature Steam
Electrolysis for Hydrogen

Methane Reforming
for Hydrogen

Ammonia Synthesis
from Natural Gas

Synthetic Diesel Production
from Natural Gas

Synthetic Gasoline Production
from Natural Gas

Electricity and Steam
Co-generation

Qil Shale and Qil Sand
Processing

Seawater Desalination

* Optimum HTGR ROT

. Process Temperature

Range

H, is key for most of the following processes

* Diesel/Gasoline/Jet Fuel from Natural Gas

~~g Diesel/Gasoline/Jet Fuel from Coal
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» Diesel/Gasoline/Jet Fuel from Coal
» Oil Sands Recovery

» Oil Shale Recovery

» Biomass processing

» Desalination
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Present US Hydrogen Consumption

 Petroleum refining

e 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 Itﬁ:L
e.g. Athabasca oil sands . Sgl"o,l (CHo)y Clean: (CH,),
rude Oi T
« Anhydrous Ammonia Production for fertilizer \J _
«  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

loaho National Laboratory g 1211




What Are Potential H, Future Markets?
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US Refinery Hydrogen Consumption, kg/Barrel
Crude
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Large-Scale Centralized Nuclear H, Production
 Directly coupled to an advanced high-temperature reactor

+ 600 MW, reactor could produce ~85 million SCFD
(similar to a large SMR plant)

Industrial
Production

Herring 7-13-11 12



Steam/Hydrogen
Separator

High Temperature Electrolysis Plant

Steam/Hydrogen
Mixture

—" Hydrogen

Membrane

Steam/Hydrogen

Helium .
Mixture

Helium

Gas Turbine
> Oxygen

High-
Temperature
Steam
Electrolysis
Unit

Compressor

Very High
Temperature
Reactor

Heat Exchanger

Recuperato |

Heat Sink

Heat Sink
Electrolyte

Electrodes

Compressor

I'-__
Generator

[‘.-— —
TR Power for Electrolysis —=

L c— > Eectricity

Power to Grid —=
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DOE Nuclear Hydrogen Initiative

Established in 2003 to support R&D Thermochemical Sulfur lodine Process
on Hydrogenl Oxygen |

* High temperature (efficient)
- Large-scale +
- Nuclear powered ' -
‘Water-splitting (sustainable) hydrogen Circulation
production concepts

High Temperature Electrolysis

A
H,0

Hybrid Sulfur Process

2nd anode layer, manganite, 18um thick @
Heat

Electrolyte approx 150pm (YSZ or ScSZ) [ H.SO > 800°C 140 + SO. + H.O J\
/ 220, = 2 2t Hy

H,S0, (H,0) E'ec”'iE”ergy SO, + H,0
\[ H,+H,50, <2XC 50, +2H,0 ]z @
Ferritic stainless steel interconnect plate, 0.44 mm thick 1

<o
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Motivation for High Temperature Process

Overall thermal-to-hydrogen production efficiencies based on HHV for
several reactor/process concepts, as a function of reactor outlet temperature

60

50

<D

$

40 |

30 | -

—— 65% of max possible

| | i INL, HTE / He Recup Brayton
20 || —m— INL, LTE / He Recup Brayton
—@— INL, HTE / Na-cooled Rankine
—@— INL, LTE / Na-cooled Rankine
—— INL, HTE / Sprcrt CO2 : : : :
10 | ——INL,LTE/Sprcrt CO2 et At R S
—A— S| Process (GA) : : : :

—=— MIT - GT-MHR/HTE
—— MIT AGR -SCO2/HTE

0 f [ i é é i
300 400 500 600 700 800 900 1000
T (°C) Higher Heating Value

Overall thermal to hydrogen efficiency (%)

(HTE can be electrically cycled quickly and is reversible)
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The Geometry and Operation of
Solid Oxide Electrolysis Cells

90Vv/o H,O + 10 V/o H, 25v/0 H,O + 75 V/o H,
\ / Typical thicknesses
Electrolyte- Cathode-

4e— | HO Porous Cathode, Nickel-Zirconia cermet 0 stpported— stpportetd—
Vo _2H0+4e »2H,+20" H; | 0.05mm 1.500 mm

Gastight Electrolyte,
Yttria-Stabilized Zirconia

— 2 O 0.10 mm 0.01 mm
T !
\2 0> 0,+4¢
X 2T AC | 0.05 mm 0.05 mm
Forous Anode, Strontium-doped Lanthanum Manganite
«~ 0,
Interconnection 1-2.5mm
H,O +H, »
1 Next Nickel-Zirconia Cermet Cathode H,

Ahe | |"‘H"” , ‘ —— Herring 7-13-11 16



Current INL HTE Research Scope

Small-Scale Experiments
CFD Simulation
System Modeling

Technology Demonstration
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Electrode-Electrolyte Assembly

~—

Ferritic Stainless Flow Field (Air) —

Edge Rail =
Separator Plate ———gp.

Edge Rail /

Nickel Flow Field (Steam)

} I cell
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INL HTE Laboratory
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Nuclear Assisted Urea/ Ammonia Production

Nuclear P forU .
A For 3,000 tons/day of urea with 3,800
| 4 tons/day of ammonium nitrate production:
—Natural Gash{ Npa 38 Ly on Uflea *Conventional coal produces 8,000
— tons/day of CO, using 4,600 tons/day of
o | Urea _ Ureap To UAN-32 I
2 Toplping CO,——p|  Synthesis ea Synthesis COa
4—024 Hoata™ Nuclear Power for T 4 Conventional gas produces 1,760
T | A(’;,Tn‘;’;fsfgr”;?njs—l . tons/day of CO, using 88 MMSCFD of
y Refrigeration Unit natural gas
HT Steam L Ammonia . .
—Water—p| TS H—>  gress R Ammonium *HTSE produces 11 tons/day of CO, using
FOF(E'ggthSiS -~ Nuclear Power for s ’ NHs [ Ammonium
0 Air G Nitrate
Nuclear Power MRS N, v l | Comparison of Relatlve CO; Emitted for Ammonia
for Electrolysis l J — N Ammonium 100% Produetion
—Air—p —Waterp g eROd LMy Niate
— — — — Nuclear Heat Integration Air Separation yninesis ¢ Synthesis 20%
Nuclear Power Integration 4Water— —O—p y 80%
Nitric NF:“':IIIE'I?F Pow:r for 70%
Acid rill Tower Fans
General Plant Support * :g:
Power Cooling Water 40%
Production Towers Treatment 0%
20%
10% 0.14%
0%
Coal Gas HTSE

Herring 7-13-11 20




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.

ldaho National Laboratory e




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

thermal

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

Idaho National Laborato




H, ASS|sted Coal-to-Liquids

Schultz et. al., 2006.

4000 -
3000
2000 1
1000 -
(4]
= 1000
-2000
Crude Synfuel Synfuel fram Synfuel rom
\!rnrn ool Cool & H2 CO2 & H2 }
H produced CO, released Net CO,
durr ng fuel upnn fuel released
manufacturing combustion

 Traditional coal-to-liquids technology
— Only 1/3 of carbon in coal ends up in the liquid fuel

* Nuclear based H, assisted coal-to-liquids
— Carbon utilization approaches 100%)!
— Net CO, release ~ crude oill

* Holy Grall

 ~0 — Captured CO, instead of coal as carbon source
dcho Nafonal Labort P




Biomass to Liquids (Bio-Syntrolysis)

Biomass provides heat source for HTE and carbon source for liquid fuel

« Carbon neutral cycle
Bio-Syntrolysis has the highest carbon conversion efficiency of any biomass to

iguids process (~90+%) Gas Cleanup
/ Products
- Mixer /
Separator
—— output

Transportation

Sl 1
(o =

% CO/H,/CO,/H,0

High Temperature I
~ |Liquid Fuel

Steam Electrolysis

Syngas to
Liquid Fuel H,O

Biomass

Gasifier
co,
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Bio-Syntrolysis Process Flow Diagram
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Bio-Syntrolysis Regional Concept

- =

_20 Miles

Reactor _——
=>

-

N
Q
Qtricit
y

Biomass-to-Liguid-
\ Fuel Plant

(see detail on page 2)

Liquid Fuel

~
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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.

I h ﬁ I'I ||. I' |' Herring 7-13-11 27




Co-electrolysis in an solid oxide cell

33% Ho0+33% Ho + 34% COy 5% HO + 62% Ho+ 2% C6, +31% CO
0.05 mm
Porous Cathode,
dea —» H,0 + €O, H,+CO Nickel-Zirconia cermet
o XCO ty HO+d e —x COYy Hy+20 - 0.10mm
Gas-tight Electrolyte,
L Stahilized Zirconia \
T | 20
" 0.05 mm
() Gqoped = & ANg 3 “:
“1-25mm
0 !;
Hzo + Hz + 002 —
T Porous Cathode,
H.0+C0O, H,+CO Nickel-Zirconia cermet
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Nuclear Powered Coelectrolysis
_ I,

electricity

2 H,0 + CO,

+ Extension of high temperature steam electrolysis é
* Coelectrolysis reduces H,O and CO, simultaneously é‘ 10
« Multiple reactions ®

- Steam electrolysis i .
- Reverse Shift Reaction (RSR) j M
- CO,+H, < CO+H,0
» CO, electrolysis 6 3 4 6 ¥ 18 1
- Converts low value feedstock (CO,) to high value feedstock (CO) Electrolysis Carrent (4)

« Syngas is the raw material for synthetic fuel production

* Nuclear powered coelectrolysis is an INL-patented concept
+ Actively being studied by INL, Risoe, Ceramatec, RelHy, and others

g

Herring 7-13-11 29
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High-Temperature Electrolysis (HTE) research

and development activities at INL  [ntegrated Laboratory
Button cell HTE research laboratory Scale Facility

irconia Tube

70 NL/hr

107444
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
107373
1073.67

INL has demonstrated
b H, production rates
i up 10 5.6 Nm3/hr in
the ILS facility

mlduho National Laboratory g 1211 20




INL Coelectrolysis Experiment

. > % : :
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Products of Fischer Tropsch Synthesis




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.

loaho National Laboratory P




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 25-cell solid-oxide electrolysis stack for
1000 hours

— Hydrogen production greater than 800 normal liters/hour was achieved in
the half-module test for a 2040 hr test

— The Integrated Laboratory Scale experiment at the INL operated for 1080
hours in Sept-Oct. 2008, producing a maximum of 5.65 Nm3/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

9
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But will there be

enough uranium or thorium?




Nuclear Fuel —the basic facts

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

e Thorium (100% 232Th) is about 3.9 time more abundant than
Uranium, but 232Th 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 2°Pu fission

Herring 7-13-11 36
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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

N

©“
(o]
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% 235U)

© ©“ L “
S) w B al
o o o o

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

$0

1987 1989 1991 1993 1995 1997 1999 2001 2003
(source: The Ux Consulting Company, LLC and US Bureau of Labor Statistics)
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A more Fundamental Look at
Uranium Resources

e How IS uranium created?

« How much uranium is 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?

9
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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

it
Q(Dgenl ar S;er

..c% N o
Frotoneutro®

30 km[
-
'9(& ":{éh

‘qofonem‘ﬁﬁ

Burrows Nature 17 Feb 2000
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Two seconds In a supernova

Shinya Wanajo, et al., 2002

Th and U
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Two seconds In a supernova
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Two seconds In a supernova
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Relative Volatilities




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, 238U 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

ldaho National Laboratory T ———




Geoneutrinos as evidence of the
Global Uranium Inventory

* Neutrinos are elementary particles

« travel closeto, but not at, the speed of light

« lack 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).

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

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

9
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Radiogenic Isotopes VA

234pg
T
230Th 234Th
0Ca_
40K /
b 226Rg
40Ar /
222Rn 228Th‘R; 232Th
218 At / / 228AC /
@ 224R 4 228Rg
210Po 214Po / 218Pg
K =
/ 210|3i’ / 214Bi, / /
205Ph 2?0Pbkp 214pp “’Rn
210T| /
e ?1%Po - Beta decays
/ P’ / produce electron
208Pp / 212pp antineutrinos
~ 1@
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Sources of Geoneutrinos

Tahble 1
The main properties of geo-neutrinos.
Decay ) T2 j D €5 €5
[MeV] [IDQ vr]  [MeV] [W/Kg] [L:g_ls_l]
B - 29%Ph 4 84He + 6e + 60 51.7 447 326 095 x 107 741 x 107
232Th — 208Ph 4+ 64He + de + 40 42.7 14.0 2.25 0.27 x 1074 1.63 = 107
YK — Cate+w 1.32  1.28 1.31  036x107° 269 x 10*
Table 2
U, Th and K according to BSE
m Hpr L,
(1017 kg]  [10%2 W] [10%4 s71]
U 0.8 7.6 5.9
Th 3.1 8.5 5.0
WK 0.8 3.3 21.6

Fiorentini, et al. 14 Sep 2004
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Characteristics of Geoneutrinos
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Figure 1| The expected ***U, #?Th and *°K decay chain electron
antineutrino energy distributions. KamLAND can only deted electron
antineutrinos to the right of the vertical dotted black line; hence it is
insensitive to “’K electron antineutrinos.

Figure 2 | The expected total “°U and ***Th geoneutrino flux within a given
distance from KamLAND?*?, Approximately 25% and 50% of the total flux
originates within 50 km and 500 km of KamLAND, respectively. The line
representing the crust indudes both the continental and the almost
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

I h ﬁ I'I ||. I' |' Herring 7-13-11 49




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)

e Most of the uranium is 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
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In situ Leaching of uranium
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The Bulk Silicate Earth (BSE)
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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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Challenges for Students

« Summer work in local university lab
— (may be voluntary)
« Tutoring
 Report on something in Science or Nature each week
* Independent, on-line research

— Energy Information Administration (esp Annual Energy
Review)

— Federal Reserve Board
— NASA
 College-level courses
« CTY on-line courses (Johns Hopkins)
 Thinkwell
« EPGY on-line courses (Stanford)
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Competitions for students

Intel Science Talent Search

Siemens-Westinghouse Science and Technology
Competition

Research Science Institute (RSI)

Scholastic Team (general knowledge)

USA Mathematical Talent Search (USAMTYS)

American Regions Math League (ARML)

Mandelbrot Competition

Physics Bowl (AAPT)

Physics, Chemistry, Math and Biology Olympiads (difficult)
Science Olympiad

cogito.org (Johns Hopkins University, 190 competitions)
— complete catalog of competitions, links, deadlines

9
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Career Opportunities In
Nuclear Science and Engineering

Reactor vendors (Westinghouse, AREVA, GE,..)
Utilities

Architect-Engineering firms (e.g. Bechtel, Shaw,..)
National Laboratories

State and federal regulatory agencies (e.g. NRC, EPA,..)
Medical research and clinical facilities

Health physics

Forensic laboratories

Consulting firms

State Department and international agencies (e.g. IAEA)
Emergency responders
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