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Chemicals: Creating a compelling nuclear value
proposition through co-production

Eric McFarland



Goal: Enable the world’s democratic nations to lead the adoption
of economically and environmentally sustainable nuclear power.

Outline

* Why most western democracies are not aggressively
adopting nuclear power.

A change in tactics and strategy?
e Co-production of chemicals as a business model today.

e Specific examples.
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* World
Nuclear
Association

Representing the people and organisations of the global nuclear profession

Nuclear Basics Information Library Our Association
Home > Information Library

Press and Ev

Non-Power Nuclear Applications | Economics of Nuclear Power | Energy Subsidies and External Costs | Energy Security |

1995-2012 | Challenge: NPP investment cost uncertainty | Challenge: Construction Risk

The Economics of Nuclear Power
(Updated 16 February 2015)

« Nuclear power is cost competitive with other forms of electricity generation, except where there is direct
access to low-cost fossil fuels.

Which is everywhere!!ll
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Today’s Costs

MIZNKer awm
o

Sanmen | and Il

Westinghouse AP 1000 x 2 $5.9B
Chicago Bridge&Iron EPC

(2x1100 MW, )~ $2.7/Watt

Capacity factor 90% > $3.00/Watt,,

Construction time ~ 60 months.
Capital delay factor: 1/(1+0.10)°> ~ 1/1.6
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Today’s Costs

Taishan | and Il
French EPR (Areva) $7.5B

(2x1660 MW, )~ $2.2/Watt

Capacity factor 90% 9[ $2.50/Watt,,

Construction time ~ 40 months.
Capital factor: 1/(1+0.10)3> ~1/1.4
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But .........in the US
Vogtle 3 & 4

Westinghouse AP 1000 x 2 $S15.5B
(2x1100 MW___,)

Major Construction time ~ 72 months.
Capital factor: 1/(1+0.10)°® 1/1.8

Capacity factor 90% —>| $7.80/Watt_,

x 1/4Y x 1000/8760 ~ $0.22/kWh
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Challenge: Construction risk 7

. . P
Investment Cost over time by Site ($/kW) - 2013 prices

8,000
® Fourth increment

® Third increment
7,000 A
_ » Second increment

¥ First Increment
6,000
W Initial cost
5,000
4,000
3,000 T
2,000
1,000
0

Angra 3 Flamanville 3 Hongyanhe Olkiduoto-3 Taishan 1-2 Levy County Watts Bar Unit 2

Source: World Nuclear News, Nucleonics and Other publications, 2008-2014
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Coal and Gas will remain inexpensive
~$3-5/GJ ~ $0.02/ kWhth"' SO. 06/ kWh

Total Project Capital Costs $0.60 - $1.50/Watt

Major Construction time ~ 24-30 months.
Capital factor: 1/(1+0.10)>> ~1/1.3

@ $1/W x 1/4Y x 1000/8760 ~ $0.03/kWh
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Outputs of Coal and Natural Gas Power Plants
is Simply Heat at a capital ~$0.3/W,, !

Turbine Gas (>1500 C) - Steam (~ 600 C)
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Bharat Heavy Electricals Limited; Telangana India
Super Critical Coal Fired Plant - $600M/800MW ~ $0.75/W,

Doosan Heavy Industries; Binh Thuan, Viet Nam
Coal Fired Plant - $1500M/1200 MW ~ $1.25/W,

Ansaldo Energia: Batna, Algeria
Open cycle natural gas - $216M/340MW ~ $0.62/W,

SSE : County Wexford, Ireland
Combined cycle natural gas - $449M /460 MW ~ $0.98/W,

Moundsville, West Virginia, USA
Combined cycle natural gas - $615M /549 MW ~ $1.12/W,
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Global Efforts in Advanced Nuclear Reactor Technologies

Gen VI Reactors; Safer, More fuel efficient (less waste)
But...... producing electricity without major capital cost reductions

Control
Rods

o

i Supercritical-Water-Cooled Reactor
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Gen VI Reactors: Proposed to Co-produce Desalinated Water

Use the heat source to make drinking water?

Energy and Power Engineering, 2013, 5, 26-35 .0::‘ Scientific
http://dx.doi.org/10.4236/epe.2013.51004 Published Online January 2013 (http://www.scirp.org/journal/epe) *+3» Research

Comparison of the Cost of Co-Production of Power and
Desalinated Water from Different Power Cycles

P. Asiedu-]?toat_engl’z, B J.B. Ny_‘arkc_)z, S. Yamoahf, F. Ameyawl_, K Tuffour}-Acheampong1

1000 MW, (333MW,)
-2 @50.05/kWh $83M/year

1000 MW, (150MW, ,120,000 m3/d)
- @50.05/kWh, $38M/year
Water @ S1/m3
- 0.12M/day x 0.9 * 365 ~ $40M/y water

BN350 Reactor, Kazakhstan 1000 MW,,
150 MW, + desalination plant 120,000 m3/d
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VHTR Gen VI Reactors for Hydrogen Production

Heat source to “break” water ?

Control
Rods

| f ’
- Very-High-Temperature Reactor

Hydrogen
Production Plam

Electricity H,0 > H,+0,
@ $0.05/kWh_~ $0.02/kWh,,~ $3-5/GJ,,, @ $0.5/kg and ~ 250 kJ/mole ~ $4/G)J
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The Electric Power Production Process: It’s just steam!

Inputs Products

@ 0.3eff 300 kW 300%*.9%24*365*0.10/kWh >$2501dy rev
o0

: ~ 1.5 tons/da
L ~ 550 tons/y ‘

~ 1 gm/day .
o . ﬁ L
- % ~ 235 gm/y S

\ \ ~$0.5 - $1.2 M max capital
% (<S1.5-4/W )
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Lessons Learned from Biof}n{ls

]oc).H : How Hilla REM,
:\lG«wCouldSe Ve On\\";\ Shc iitsfmm
The Demoxrats = Won't '!hc Dead

Clean
Energy

Myth

0Y MICHALL GRUNWALD

Politicians and Big Business
utp«»h'ubhlwh like

Jhxnu ves i mxl \ll they're
really doing is driving up
food nmmdnuklng

Bi 2> S QOil 2> E
lomass vear/Ols 2 Bk The 30 Hottest
Biomass > 2 2> 2> Chemicals Companies '_n
Unique Chemicals Renewable Chemicals
| and Biobased Materials
Massive Market Opportunity Make Money ! 2012-13
Relatively Complex Process "
Competing fuels processes less expensive Bi SDIQOSt

The world's most wi read biofuels daily
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Commodity Chemicals ~ 1.5+ times fuels

1E+10
A % Product Price $/kg

1E+09 T Molecular Pharma
1E+08 ®
*»
iy

1E+07 - Common ~—

1E+06 Pharma

1E+05 L *

1E+04 24
a Chemicals
1E+03
-
1E+02 - !
|

1E+00 : : ““—‘—"tzﬁ
Octane

- A

1E-01 AA—A

A *’A,‘,\ —_
1E-02 a

1E-03 T T T T T |
1E-05 1E-03 1E-01 1E+01 1E+03 1E+05 1E+07

A Product Price $/mole

Fuels (Power)

Annual Global Production (kta, kilotons per year)
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Unique Features of Nuclear Reactions

ChemlcaIOX|dat|on - Heat (eV) -2 Electricity +/- Thermochemistry

Fission 9 F.F. Isotopes (“‘MeV) 9 Heat (eV) -2 Electricity +/- Thermochemistry
~ lonizing Radiation (~MeV)
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Value Chain of Nuclear Reactions

Small Market
High Value

T‘

Uniqgue products of
nuclear reactions
(isotopes, neutrons)

Cost advantaged products of nuclear

reactions (ionizing radiations)

v

Large Market

Low value product of nuclear reactions (Heat) Low Value

PSS
NN
TN
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Fission Produces Isotopes ~ 1 gm per MW, per day

Output (%)

100 MeV

t(days)
14
U235 decay T T T T
Price |fission mass constant| Max SA SA S_/ g',“ R 2 “OM _ 130 150 170

Isotope | ($/Ci) | vield% | T1/2(hrs) | (day-1) | (Ci/gm) |(Ci/gm)| fission -

Mo-99 100 6.1% 66.2 0.251 4.80E+05 14235 $86,833
Sm-153 20 0.2% 46.7 0.356 4.40E+05 3003 $95

-131 3 2.8% 193.2 0.086 1.24E+05 37144 $3,154
Xe-133 3 6.7% 126.96 0.131 1.85E+05 29546 $5,939

Y-90 1 5.8% 64 0.260 5.40E+05 14190 $820

Sr-89 1 4.7% 1212 0.014 2.90E+04 23930 $1,125
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Isotopes: Highest Value

1E+10 Isotopes
P ¢ Product Price $/kg
1E+
1E+
1E+07 A Product Price $/mole
1E+06
1E+05 L. *
1E+04 24
a Chemicals
1E+03
-
1E+02 & Fuels (Power)
1E+01 0"‘ ’0 "
1E+00 AL %
1E-01 & A L4
) A A;L_'A’;‘A A
1E-02 AR
1E-03 . . . . — & .
1E-05 1E-03 1E-01 1E+01 1E+03 1E+05 1E+07

Annual Global Production (kta, kilotons per year)
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Specialty Isotopes: Medical Isotopes <& Nordion

+  Maedical isotopes are used to prevent, diagnose
and treat disease

Main isotope supply sources
are nuclear reactors and cyclotrons

Primary product is Mo-99, which decays for use in
Technetium-99 (Tc-99m) generators, used in
imaging to diagnose heart disease and cancers

Other Key Reactor Isotopes:
— Xenon-133 (Xe-133), used in lung scans;

— lodina-131 (I-131), used o treat hypearthyroidism, thyroid cancer and
non-Hodgkin's lymphoma;

—  lodina-125 {I-125), usad o treat prostate cancer;

- Yitrum-90 (Y-90), used o treat Iner cancer.

Key Cyclotron Isotopes:
— lodine-123 (I-123), used o diagnose thyroid disease;

—  Strontium-82 (Sr-82), used to manufacture rubidium-82 generators,
which are used in imaging to diagnose hear disease

—  Thalium-201 (T1-201), used to diagnose and assess risk of coronary
arfery heart disease;

— Palladum-103 (Pd-103), used to treat prostate cancer;

- Indium-111{In-111) and Gallum-67 (Ga-67) (both used o diagnose
niection and cancer) at our Vancouver facilities 12
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Nuclear Reaction Process for Isotope Production

Inputs Products

0.3eff 300 kwel 300%*.9%24*365*0.10/kWh >$250k/y rev

1 gm U fission/MW-d ~350 gms fission products/y —— 0ROy 3omg/y
@$1M—-$20M /gm

> $3-60M/y

Who wouldn’t want to make isotopes ?
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Who wouldn’t want to make isotopes
Know your Competition

Non-reactor sources for nuclear reactions

Total Market ~ S$10 Billion
20,000 Ci/w

Total Market supported by ~ one power reactor
& Isotopes alone will not finance new reactor development
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Value Chain of Nuclear Reactions

Unigue products of
nuclear reactions
(isotopes, neutrons)

Isotopes
Activation Products (P-Si)

Materials Treatment
Chemical Production

Cost advantaged products of nuclear

reactions (ionizing radiations)

Low value product of nuclear reactions (Heat)

PSS
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Time (s) lonizing Radiation

0 H,0
Physical stage excitaV \C’"izaﬁm
1045 s H,O* H,O* + e
: : N O N H,0*
Physico-chemical H, + O('D) H.O HO* + H- 2
stage 2 2
l H,0 leo
H +HO*  H,+2HO*  HO"+H,0* HO"+H,+OH e,
1012 s
Chemical stage l
106s _|_ e, H*, HO*, HO,*,OH", H;0%, H,, H,0,
\ 4
Debierne, A. Recherches sur les gaz produits G = Micromoles product
par les substances radioactives. Décomposition Joules absorbed

de l'eau. Ann. Phys. (Paris) 1914, 2, 97-127.

#3835 DOW CENTRE FOR
usd #97)] SUSTAINABLE ENGINEERING INNOVATION

@ THE UNIVERSITY
N.o# OF QUEENSLAND SCHOOL OF CHEMICAL ENGINEERING \g‘-‘u‘l_”;;'

AUSTRALIA



ericmcfarland
Typewritten Text


Radiation Chemistry has an enormous history 1914 -

4186 Lewis FOWLER AND J. J. BEAVER Vol. 75
|CoNTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, CoLUMBIA UNIVERSITY] March, 1978) BULLETIN OF THE CIEMICAL SOCIETY OF JAPAN, voL. 51 (3), 725728 (1978)
The Photochemical Formation of Phosgene' The Formation of Nitrogeneous Compounds in the y-Radiolyses of
By LEwis FOWLER? aND J. J. BEAVER Liquid Nitrogen Solutions of Hydmn’ Methane, and Ethane
RECEIVED MARCH 26, 1953 Keiichi Hortgome, Shun-ichi Hiroxamr,* and Shin Saro

Departwment of Applied Phyries, T Institnte of Tehnology, Ookayrama, Meguro-ky, Tokyw 752
The experimental study of the photochemical reaction CO + Cl; — COCl, is extended by investigating the effect of a ten- per of Ap e f}:t,::ived September 9 &(977)
fold variation in light intensity as well as pressure ratio changes. It is established that the true rate equation followed is : '
d(COCL)/dt = R(Cla)(—=1 + V/2"(CO)l.ps + 1), and that use of this equation eliminates ambiguities in previously re-
ported data. A convenient and precise method of calculating rate constants based on this equation is derived and applied.
Quantum yields as functions of light intensity and reactant pressures are calculated, and found to be about 104,

Polymer Production in the ¥ Radiolysis of Methane in

Liquid Argon'

Peter Hamlet, Jefferey Moss, Jai P. Mittal,* and W. F. Libby Gamma-Initiated Iodination of Methane
Contribution from the Department of Chemistry, University of California, )

Los Angeles, California. Received September 9, 1968 - n the GaS Phase

R. VILENCHICH' and J]. W. HODGINS
Department of Chemical Engineering, McMaster University, Hamilton, Ont.

Kinetics of Sulfochlorination of Cyclohexane

Yields of Hydrogen Peroxide in the Decomposition of Water

in Carbon Tetrachloride Induced by by Cobalt Y-Radiation

G d. . Il. Effect of Chloride lon
amma Ra latlon THOMAS J. SWORSKI

ALFRED SCHNEIDER and JU CHIN CHU Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
Polytechnic Institute of Brooklyn, Brooklyn, New York
A.I.Ch.E. Journal November, 1964
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Thermochemical vs Radiochemical

Radiation Yield, G = micromoles product/Joules absorbed

H,0 2> H, +% 0, AH=+241k]/mole

T=0C T=0C
Not at equilibrium:
1 liter/sec 1 liter/sec ' Reverse?ate slow
100 kW
100 kW 1MeV gammas
(heat) ~
T=25C Trisc
Water + 100mM H,
H,O0 2> H,+%0, H,O0 2> H,+%0,

Rate~ 0
Gy, ~ 1uM/J x 100,000 J/sec ~ 100mM/s

Higher G’s possible for specific reactions
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Why use radiation chemistry for synthesis ?
A+B&<—>C+D

r —=r —r

Thermochemical forward reverse
—FE,/RT AG/RT
rThermochemical — ﬂ(T)e ! ([A][B] o [C][D]e )
F. Total = Radiochemical T Thermal
Veadiochemicar ~ O @ G 1deally ~ 0.01 - 100 moles/liter-s

Operate where thermal (back)
reaction is very slow
Beat thermodynamics with kinetics
NOT AT EQUILIBRIUM A+B

C+D

(.;g:-i‘.‘.‘-_‘g\, DOW CENTRE FOR
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Photoelectrochemistry (PEC) with Gamma Radiation
A+D 2> A+D

S p——

Acceptor Acceptor

(A-)

Maximum G

G ~ 10/E,(eV)

NN
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Enable Chain Reactions Thermochemical

Propagation

Propagation

y Initiated
Chain
Reaction

Termination
Initiation

Very High G's Demonstrated ~ 100 -10°

typical products ~ 0.1 kg/mole

6 -7 6
G(ﬂjx 10°J MW 10" kg . lzt x31.5x10 S 3G kta
J MJ um 10" kg y MW,

~01-1k tons per year
kW gamma
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Dow Chemical 1963 0.5 kta Ethyl Bromide Commercial Facility

SMALL MOLECULE CHEMICAL PROCESSING
EtnyrL BROMIDE SYNTHESIS

The single most outstanding success in the application of radioisotopes to
chemical processing is the Dow Chemical Company’s direct addition of
hydrogen bromide to ethylene gas (6-9). This is a chain reaction with a G
value of over 40,000. The reactor shown in Figure 2 contacts ethylene gas
with a liquid solution of hydrogen bromide in excess ethyl bromide. A distil-
lation step separates the reaction product from the recycle stream of mainly
ethyl bromide. Rising gas bubbles in the cylindrical reactor having cobalt-60
at its axis react essentially completely before reaching the surface. Approx-
imately 3000 curies of cobalt-60 are utilized in the production of in excess of 1
million pounds of product per year. Since going on stream in 1963, the con-
tinuously operating plant has required only routine maintenance other than
the approximately 209, isotope replacement per year.

Initiation HBr ~~~~~ H* + Br-
CH, ~~~~-CH,+2H:-
H-+ HBr -~ H, + Br-
Propagation Br- + C,H, - - CH,CH,Br
- CH,CH,Br + HBr -~ CH,;CH,Br + Br-
Termination 2 Br- - Br,

2 - CH,CH,Br ~ BrCH,CH,CH,CH,Br

The chemical yield was, depending on reaction conditions, in the range 0.001 - 0.01 mol/J.

@ THE UNIVERSITY
\.o# OF QUEENSLAND SCHOOL OF CHEMICAL ENGINEERING

AUSTRALIA

Propagation

Termination

Initiation

Propagation

HBr + C,H, > C,H.Br AH =-80 kl/mol
0.003 MCi source ~ 75W ~ 1/100 SF assembly)

G~ 10%-10%

#5as% HOW CENTRE FOR
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78 P. A. HACKETT

Table I Industrial application of photochemical synthesis®.

Reaction Unit production® Lamp®
FREE RADICAL REACTIONS

Photochlorination
RH + Cl, -2, RCI 10,000 Mg/a 7.5 kW(Hg)
CsHg + Cl; 2% C4Cl, 250 Mg/a 1.5 kW(Hg)
Toluene + Cl, -2 benzyl chloride,

benzyl dichloride ~ ~

benzyl trichloride
Sulfochlorination . e
RH + SO, + Cl, % RSO,Cl + HCI 250 Mg/a 30 W(Hg) Gamma Radiation
Sulfoxidation X can be a much cheaper
RH + SO, + O, = RSO:;H Source of photons!
NaOH ,RSO;Na 1600 Mg/a 40 kW(Hg) P
Photonitrosation
¢-C¢Hy2 + NOCI 2% cyclohexanone oxime 10,000 Mg/a 3 MW(Hg/T1)

M504, caprolactam — Nylon 6

¢Cy;H,s + NOCI -2
cyclododecanone oxime
lauryllactam — Nylon-12

STOICHIOMETRIC REACTIONS
7-dehydrocholesterol —s
Pre-vitamin-D 2&&,
vitamin-Ds 4 MgA 40 kW(Hg)

HS50. 8000 Mg/a =S MW(Hg(T1))
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Challenge of the 215t Century Plant Capital Reduction

Central to economically sustainable chemical processes

Acetic Acid
Meathanol |
Catalyst
¥
Acetic | oy ctilation |
L Acid Mathyl
> Acetate
Extractive
Catalyst | pigtillation
Water Distillation
é Reaction
) . Mathanol | Distillation
Distillati
y Solvent J)
Entrainer Water ¥
| Heawvies y

Process Intensification

Conventional
Water

Integrate, combine, eliminate, simplify = decreased capital, increased safety

772 BN
1) A
1’ FE RN
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Thermochemical Chain Reactions

Propagation

Termination

Initiation

Propagation

R"+R+ X

RN
Sy NN
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Photochemical Chain Reactions

Don’t Really Beat Thermodynamics, But...you can cheat it

Propagation

A
Termination
Initiation
Propagation
R"+R+X ) E:
rate ~ B(T)e *" + f(P,,p,G)
>
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Photochemical Chain Reactions

Don’t Really Beat Thermodynamics, But...you can cheat it

Propagation

Termination
CH, + HBr&—>CH,Br + H, 78 ki/mole (700K)

‘ C;Hg + HBr&—>C;H,Br + H, 46 ki/mole (500K)

Initiation

Propagation

l CH, + Br,€>CH,Br + HBr -28 ki/mole (300K)

ﬁ C,H, + HBr&—>C,HBr -81kJ/mole (400K)
"+R+
R"+R+X E:

rate ~ B(T)e *7 + f(P,,p,G)
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Gamma Induced Chain Reaction Rates
Equivalent to Thermochemistry at Higher T

Modest G can allow 200-300 K lower temperatures, increased selectivity!

Radiation Induced Rates compared to

rate(T)/rate(700) Thermal Rate at T=700K
1.E+02
1.E+01
kinr initiation rate with y (T') ki
thermal initiation rate (T=700K) £, (700)

1.E+00

1.E-01 - i kv ~G x Flux

m =0 only thermal E —1eV
1.E-02 I I , E,, ,=0.1eV

0 200 400 600 800 1000
Reaction T(K)
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Less byproducts (cost) can be achieved by kinetic control of reaction

kinetic control thermodynamic control

transition state

intermediate

intermediate

Energy (J)

AG® materials AG®

kinetic
product

v

thermodynamic
product

<

v

Extent of Reaction

http://commons.wikimedia.org/wiki/
File:Thermodyamic_versus_kinetic_control.png
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Allow reactions to be performed under conditions

minimizing byproducts and facilitating separations
Process Intensification = Reduced Capital

1 o -
os ¢ Conversion
. ——H—.—H-.—..—'—-.—'...—%
Selectivity “°-., /
Thermochemical 0.6 e
, %
Single Pass 0.4 7 . _Yield = moles prod/moles reactant ~ $
, [ )
0.2
0 ] T T T !
300 400 500 600 700 800 900
1 ,a* >
; ’
0.8 7 : i
Higher Yield $$
Radiation Chemical 0.6 / Lower Temp $$
Single Pass 0.4
0.2
0

300 400 500 600 700 800 900

772 BN
1) A
1’ FE RN

—_— ,,,l- -‘|\\\
THE UNIVERSITY s g g m et DOW CENTRE FOR
@ OF QUEENSLAND | SCHOOL OF CHEMICAL ENGINEERING 14 # & 723 SUSTAINABLE ENGINEERING INNOVATION

\wa e s
\waw : ’
AUSTRALIA ~~u=l”



Gen VI Reactors: The Molten Salt Reactor is Uniquely Suited for Chemical
Production Using Outside Core Fuel Loop (isotopes, gamma source)

CONTROL
RODS

Gamma Radiation from
Nuclear Reactions

~ 8% Power Gamma Radiation
~ 80kW/1IMW,,

PURIFIED SALT REACTOR o COOLANT SALT

CHEMICAL
PROCESSING PLA

COMPRESSOR M
h

J@‘j

PRE
COOLER

COMPRESSOR
HEAT
EXCHANGER
>

2

/ L]

= PLUG 4

= © HEAT
] FME \_) SINK

Xe/Kr extraction stream

Chemical processing hold-up

Direct use of primary coolant stream

~ 5-10kW/MW,, available gamma source
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Molten Salt has Technical Challenges

but the isotopes are dissolved and we can get them

Low Pressure
High Heat Capacity

LiF-BeF,-ThF,-UF,
LiF-BeF,-ZrF,-F,

LiF-ZrF,

Corrosive
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L-L Extraction Technology Exists H. Moriyama et al.
Salt€ > Metal cudl ol L

T T 1T 1T 17

a . Actinides -
j ’l' ‘\ -"‘\ ’/.
"
c 5
7-2 _ ” _J
Dm :
o | 9--8_ Lanthanides .
0 B, a
‘9‘00 , \O
2r 0 o o R
1 . | “b .
Flibe / Bi 873K

o = Ferris et al.
o e This work

| | 1 1
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(a)

Journal of Alloys and Compounds, 213/214 (1994) 354-359
JALCOM 4099
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Our Approach: Start With Highest NuScal B&W mPower

Value Products at Small Scale 2SMWih / 45MWe S4OMWih / 160MWe
(under the regulatory radar)

Tomorrow
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Spent Fuel as Gamma Source

New spherical fuel elemeants

¥ 250°C

AT NS
— < D) gEanfOf
21701

e

SEONASTEGRN  Steam

530°C; 17.7 MPa

60 assemblies per year
removed in typical

e e B wdmév?*' 1GWe reactor
A B VN A A

N

Prestressed Blower
concrete vassal O 750°C: 4 MPa
O

At 1-4 years after shutdown (0.1% power)

~ 15kW per assembly (50% gamma, 50% beta)
At G=10 > ~ 0.25 kta per assembly

~ 3000 W/m?
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U.S. ~ 218,700+ Spent Fuel Assemblies;

12 Billion Curies; 65 kilotonnes of U

Figure 12: High-Density Spent Fuel Pools at U.S. Nuclear Reactors

are Soon to Reach their Maximum Capacity
100

80

60

Spent Fuel Pools at Capacity
40

20

Percentage of Filled Pools

1990 1995 2000 2005 2010 2015

Source: Power Magazine, May 2010. Available on line: hetp://www.powermag. com/nuclear/The-U-S-Spent-Nudear-Fuel-Policy-Road-to-
Nowhere_2651_p6.heml

In the US, there is more than 2 kta of new U waste generated each year
(~36 tons/GW-y) 75% is stored in pools, 25% in dry casks.

Zero, value is obtained from 12 billion Curies of activity.
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Commercial Irradiation Facilities

Available today and useful for cost estimates

7188 ' EnergyDeposition in Water

OPALSFA vs. Co60 source
http://wwwO.tint.or.th/nkc/nkc53/content/nstkc53-077.html P With ANSTO
E 1.00E407
'i Cos0
a =OPAL 2Y
]
‘g 1.00E406

Distance from the source [cm]

PSS
PN
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Small Scale Example: Divinylbenzene ($4-6/kg)

Polymer additive, crosslinking ion-exchange

_CHy _CHs P _CHy _CHp P
//;;ﬁ;‘\ . N 5 o~ ‘ N RN 7 |
. ; ) .
§ CH L CH A
b “CHj : “CH, : “CHy
1,3-tethyibenzene 1 4-diethytbenzene T-athyl-3-vinyibanzene  1-athy'-4-vinyibenzene 1 3-divanylbenzene 1,4-dwvinyibenzene
Typical Chemical Analysis and Structural Formulae'
High Temp, Low P reaction Structural Formula DVB-55 DVB-63 DVB-HP
Mixture of DVB + EVB Total Divinylbenzene? 56% 63.5% 80%
Difficult Se par ation ITVIt:tla;iral l'leulr::benzeqne isomer ratio i;&oo/ 2.5350/ fg:i/
. otal Ethylvinylbenzene? 0% 5% o
(LOW T’ H Igh P) Meta:Para Ethylvinylbenzene isomer ratio 2.3 2.3 23
Diethylbenzene <0.05% <0.05% <0.05%
Naphthalene <0.04% <0.04% <0.04%
Benzene content N.D. N.D. N.D.
t-butyl catechol inhibitor 800-1100 ppm — 900-1100 ppm
Color (Gardner) <4 <4 <4
Polymer <5 ppm <5 ppm <5 ppm
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Process Intensification:
Low reaction temperature, easy separations, ~ isobaric

H,O 0, Combine Steps
HBr

Br, EB/Br-EB

Diethylbenzene —>_4

Divinylbenzene

G~500 ‘ Dibromoethylbenzene

1.5kta/kW,
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Process Intensification:

Radiation Reactive Distillation with Oxybromination

HBr
H,O0 7

DEB/BrOEB Divinylbenzene G~500
1.5kta/ng
Revenue
$7.5M/y/ng
Diethylbenzene — Dibromo-EB
. /‘1 HBr
SMR 50 MW, 0,
50 MW, —29 5 15000 kW, —X2EGCRI0W -y §12M/y revenue

Hmole

005 4 MW, —BI25% 50 5 MW, —— L5 ~ 750 kta (t00 big !!)
USEONLY ~ 1% of available gamma's (5S0kW) ~ 75 kta

—800F 5 $150M/y revenue
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Multiscale — Radiation Transport, Reaction-Transport Modeling
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Medium Scale Example: Alkane sulfochlorides (S2-6/kg)
R-H + SO, + Cl,> R-SO,Cl + HCI

CH, sl 1
reactant | S0,
Bascs o e

=
l,
H,S0, H,0

) Teflon 1 polymerization]
I'- membrane e o esterfication
‘ / / neutralization

strong

organic acid non-oxidizing
s (HCI neutralized; : 0 easy to
P CHF,.S0,, and Cl, recycled) —— = handle
| : gas-liquid .
! hum’ ; U: scparator biodegradable e low TOC
| reeid ¢ ,
source ‘ | @ recycable high
t.( ) _ hiquid hgquid
product

thermal stability ( rearrangement
separator salification condensation
. . . |

H.S0, H,0

Pilot G~ 1000
180 W Hg lamp = 9 tons C in product/y

Zamas
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@A%____ ©ACH2+ . Styrene Large Scale

~ S30B/year 25,000 kta

GLOBAL STYRENE SUPPLY AND DEMAND

Capacity/demand tonnes (000s) Operating rate (%)

40 100
B Demand Capacity === Op. rate (revised demand) === 90% Op. rate
35

30

25
20
15
10

5

70

2009 2010 2011 2012 2013 2014 2015
SOURCE: Styrolution
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!

CH3 ~ CH Benzene

Recycle Ethyibenzene

Ethylbenzene Feed . Fuel Gas

Inhibitor

REACTOR

SUPERHEATER ~ 600 C

WASTE HEAT SEPARATOR
~ 0.1 atm BOILER

*OM is Dehydrogenated Mixture
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Ethylbenzene to styrene

Radiation reactive distillation

- | HBr+H2§

Ethylbenzene

Ethylbenzene 136 C

<« € HBr
[— TB
HBr -66 C
_ Br, 59C

Brethylbenzene 220 C

Br
Styrene 145C

~CH,

> bromoethylbenzene

&

,1‘ - ‘\\\\
,1’ FE RN
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Gamma Ray Induced Bromination of
Ethylbenzene, 20 C, G=500

I

|

©A(

Ethylbenzene

|10 06 eo ss 50 45 40 35 3:”25'20 r,:,:;,: H(\ H Bl"
a4 Ak \ BrLpr
CH3 > CH3 + B;'
” Br
] ' (1-bromoethyl)benzene
J ;
b

e e S S t \_ML

75 7.0 6.5 6.0 65 50 4.5 10 3.5 30 25 20
15
ledled

Eid

4 @ &

Figure 4: "H NMR spectra of products from reaction of 1:1 ethylbenzene and Br,
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Goal: Safety, Reduce Capital, Maximize Revenue

Input
Costs

» Product(s)

1 M“]th 0.3eff 300 kWe 300%*.9%24*365@$0.10/kWh >$250k/y rev

@1 gmfission/ MW —day

@1% isotope recovery

> 356 gms fission products/y >3gms/y

@$1M—-$20M /gm 5 $3 _60M/y

‘Um—ole l Olkg
0%, 80 kW, —825% 10 kW —L—53x10° T x G—24c—G30 tonsly

Y
@$1000/t_ G x $30k/y

For G > 10 Chemical Revenue > Power Revenue

One Large 3GW,,, reactor produces at most ~ $750M in annual power revenue.
By use of only, ~¥ 3 MW of gamma radiation, a 1000 kta, world scale, styrene process
could be enabled producing $S1B in revenue assuming only G~100
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1 GW,, — 300 MW, —— 10 MW, —— G 30 kta

1E+10
A % Product Price $/kg

1E+09 T Molecular Pharma
1E+08 ®
*»
iy

1E+07 - Common ~—

1E+06 Pharma

1E+05 L. -
1E+04 24
a Chemicals
_ge—,

1E+03
/-

1E+02

A Product Price $/mole

\ Fuels (Power)
1E+01 7Y . -

* ¢ H,
1E+00 7 .

A A Octane
1E-01 . Rl v Y
1E-02 A

A

1E-03 T T T T |
1E-05 1E-03 1E-01 1E+01 1E+03 1§+05 1E+07

Annual Global Production (kta, kilotgns per ye

1-100GW @ G~10
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Summary

* Nuclear power is the only proven technology with the potential for massive

production of carbon free electrical energy production. Modern designs,
advances in waste management, and closed fuel cycles have minimized safety and
sustainability risks.

* Today, nuclear power is not economically competitive with fossil fuels for
power generation. We are offering society a money losing proposition that nobody
wants.

* Co-production of higher value chemicals with relatively large markets may be a
means for increasing the value produced by a nuclear power facility and
improve the overall economics.

* There is tremendous opportunity for engineering innovation in creating new
reactor designs and new, cost effective, chemical processes based on nuclear
reactions.

We need smart young people to think differently.
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