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  Engineering	
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  applica2ons	
  of	
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  and	
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  to	
  promote	
  
increasing	
  human	
  prosperity	
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  crea2ng	
  and	
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  condi2ons	
  under	
  which	
  humans	
  and	
  

nature	
  can	
  coexist	
  in	
  produc2ve	
  harmony.	
  

Chemicals:	
  Crea2ng	
  a	
  compelling	
  nuclear	
  value	
  
proposi2on	
  through	
  co-­‐produc2on	
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Outline	
  
	
  
•  Why	
  most	
  western	
  democracies	
  are	
  not	
  aggressively	
  

adopHng	
  nuclear	
  power.	
  	
  	
  	
  

•  A	
  change	
  in	
  tacHcs	
  and	
  strategy?	
  

•  Co-­‐producHon	
  of	
  chemicals	
  as	
  a	
  business	
  model	
  today.	
  

•  Specific	
  examples.	
  
	
  

Goal:	
  	
  Enable	
  the	
  world’s	
  democra4c	
  na4ons	
  to	
  lead	
  the	
  adop4on	
  
of	
  economically	
  and	
  environmentally	
  sustainable	
  nuclear	
  power.	
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Wes4nghouse	
  AP	
  1000	
  x	
  2	
  	
  	
  	
  	
  	
  	
  	
  $5.9	
  B	
  
	
  Chicago	
  Bridge&Iron	
  EPC	
  
	
  
(2	
  x	
  1100	
  MWe-­‐net)	
  ~	
  	
  	
  	
  	
  	
  $2.7/WaO	
  
	
  
Capacity	
  factor	
  90%	
  à	
  	
  $3.00/WaOout	
  
	
  
Construc4on	
  4me	
  ~	
  60	
  months.	
  
Capital	
  delay	
  factor:	
  	
  	
  1/(1+0.10)5	
  	
  ~	
  	
  1/1.6	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Today’s	
  Costs	
  
	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  Sanmen	
  I	
  and	
  II	
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Feb	
  2012	
  

French	
  EPR	
  (Areva)	
  	
  	
  	
  	
  	
  	
  	
  $7.5	
  B	
  
	
  
(2	
  x	
  1660	
  MWe-­‐net)	
  ~	
  	
  	
  	
  	
  	
  $2.2/WaO	
  
	
  
Capacity	
  factor	
  90%	
  à	
  	
  $2.50/WaOout	
  
	
  
Construc4on	
  4me	
  ~	
  40	
  months.	
  
Capital	
  factor:	
  	
  	
  1/(1+0.10)3.5	
  	
  	
  ~	
  1/1.4	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Today’s	
  Costs	
  
	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  Taishan	
  I	
  and	
  II	
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Wes4nghouse	
  AP	
  1000	
  x	
  2	
  	
  	
  	
  	
  	
  	
  	
  $15.5	
  B	
  
(2	
  x	
  1100	
  MWe-­‐net)	
  
	
  	
  
Major	
  Construc4on	
  4me	
  ~	
  72	
  months.	
  
Capital	
  factor:	
  	
  	
  1/(1+0.10)6	
  	
  	
  	
  1/1.8	
  
	
  
Capacity	
  factor	
  90%	
  à	
  	
  $7.80/WaOout	
  
	
  
	
  
~	
  $7.80/WaOout	
  x	
  1/4Y	
  x	
  1000/8760	
  ~	
  $0.22/kWh	
  
	
  
	
  
	
  

But	
  ………in	
  the	
  US	
  
	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  Vogtle	
  3	
  &	
  4	
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@	
  $1/W	
  x	
  1/4Y	
  x	
  1000/8760	
  	
  ~	
  	
  $0.03/kWh	
  

Coal	
  and	
  Gas	
  will	
  remain	
  inexpensive	
  
	
  	
  ~	
  $3-­‐5/GJ	
  	
  ~	
  $0.02/kWhth~	
  $0.06/kWhel	
  

	
  

Major	
  Construc4on	
  4me	
  ~	
  24-­‐30	
  months.	
  
Capital	
  factor:	
  	
  	
  1/(1+0.10)2.5	
  	
  	
  	
  ~	
  1/1.3	
  

Total	
  Project	
  Capital	
  Costs	
  	
  $0.60	
  -­‐	
  $1.50/WaO	
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Outputs	
  of	
  Coal	
  and	
  Natural	
  Gas	
  Power	
  Plants	
  
	
  is	
  Simply	
  Heat	
  at	
  a	
  capital	
  ~$0.3/Wth!	
  

Turbine	
  Gas	
  (>1500	
  C)	
  à	
  Steam	
  (~	
  600	
  C)	
  

Coal	
  (1700	
  C)	
  à	
  Steam	
  (~	
  600	
  C)	
  

Bharat	
  Heavy	
  Electricals	
  Limited;	
  	
  Telangana	
  India	
  
Super	
  CriHcal	
  Coal	
  Fired	
  Plant	
  -­‐	
  $600M/800MW	
  ~	
  $0.75/We	
  
	
  
Doosan	
  Heavy	
  Industries;	
  Binh	
  Thuan,	
  Viet	
  Nam	
  
Coal	
  Fired	
  Plant	
  -­‐	
  $1500M/1200	
  MW	
  ~	
  $1.25/We	
  
	
  
Ansaldo	
  Energia:	
  Batna,	
  Algeria	
  
	
  Open	
  cycle	
  natural	
  gas	
  -­‐	
  $216M/340MW	
  ~	
  	
  $0.62/We	
  
	
  
SSE	
  :	
  	
  County	
  Wexford,	
  	
  Ireland	
  
Combined	
  cycle	
  natural	
  gas	
  -­‐	
  $449M	
  /460	
  MW	
  ~	
  $0.98/We	
  
	
  
Moundsville,	
  	
  West	
  Virginia,	
  USA	
  
Combined	
  cycle	
  natural	
  gas	
  -­‐	
  $615M	
  /549	
  MW	
  ~	
  $1.12/We	
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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	
  reduc7ons	
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  BN350	
  Reactor,	
  Kazakhstan	
  1000	
  MWth	
  
150	
  MWe	
  	
  +	
  	
  desalinaHon	
  plant	
  120,000	
  m3/d	
  

1000	
  MWth	
  (150MWe	
  ,120,000	
  m3/d)	
  
à @$0.05/kWh,	
  	
  $38M/year	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Water	
  @	
  $1/m3	
  	
  	
  

à	
  0.12M/day	
  	
  x	
  0.9	
  *	
  365	
  ~	
  $40M/y	
  water	
  	
  	
  

Gen	
  VI	
  Reactors:	
  Proposed	
  to	
  Co-­‐produce	
  Desalinated	
  Water	
  
Use	
  the	
  heat	
  source	
  to	
  make	
  drinking	
  water?	
  

1000	
  MWth	
  	
  (333MWe)	
  
à @$0.05/kWh	
  	
  $83M/year	
  	
  



SCHOOL OF CHEMICAL ENGINEERING 
DOW CENTRE FOR 
SUSTAINABLE ENGINEERING INNOVATION

VHTR	
  Gen	
  VI	
  Reactors	
  for	
  Hydrogen	
  ProducHon	
  
Heat	
  source	
  to	
  “break”	
  water	
  ?	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  H2O	
  à	
  H2	
  +	
  O2	
  
@	
  $0.5/kg	
  and	
  ~	
  250	
  kJ/mole	
  	
  ~	
  $4/GJ	
  	
  
	
  

Electricity	
  
	
  @	
  $0.05/kWhel~	
  $0.02/kWhth~	
  $3-­‐5/GJth	
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Inputs	
   Products	
  Process	
  	
  

The	
  Electric	
  Power	
  Produc7on	
  Process:	
  	
  It’s	
  just	
  steam!	
  	
  

1 MWth  0.3eff⎯ →⎯⎯  300 kWel
300*.9*24*365*0.10/kWh⎯ →⎯⎯⎯⎯⎯⎯ $250k/y rev

+	
  

~	
  1.5	
  tons/day	
  

~	
  1	
  gm/day	
  

~	
  550	
  tons/y	
  

~	
  235	
  gm/y	
  

  

 ~ $0.5 - $1.2 M max capital
            (~$1.5- 4/We )
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Biomass	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  Sugar/Oils	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  Fuels	
  	
  	
  	
  	
  	
  	
  Biomass	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  Sugar/Oils	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  Fuels	
  
	
   	
   	
  	
  	
  à	
  	
  	
  	
  	
  	
  Chemicals	
  

Biomass	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  Chemicals	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Unique	
  Chemicals	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Make	
  Money	
  !	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  

Lessons	
  Learned	
  from	
  Biofuels	
  à	
  Chemicals	
  

Massive	
  Market	
  Opportunity	
  
RelaHvely	
  Complex	
  Process	
  
CompeHng	
  fuels	
  processes	
  less	
  expensive	
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1E-­‐03	
  

1E-­‐02	
  

1E-­‐01	
  

1E+00	
  

1E+01	
  

1E+02	
  

1E+03	
  

1E+04	
  

1E+05	
  

1E+06	
  

1E+07	
  

1E+08	
  

1E+09	
  

1E+10	
  

1E-­‐05	
   1E-­‐03	
   1E-­‐01	
   1E+01	
   1E+03	
   1E+05	
   1E+07	
  

Annual	
  Global	
  Produc4on	
  (kta,	
  kilotons	
  per	
  year)	
  

Product	
  Price	
  $/kg	
  

Product	
  Price	
  $/mole	
  

Fuels	
  (Power)	
  

Common	
  
Pharma	
  

Chemicals	
  

Molecular	
  Pharma	
  

H2	
  

Li	
  

Commodity	
  Chemicals	
  	
  ~	
  	
  1.5+	
  4mes	
  fuels	
  

Octane	
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Unique	
  Features	
  of	
  Nuclear	
  ReacHons	
  
Chemical	
  OxidaHon	
  	
  à	
  	
  	
  	
  Heat	
  (eV)	
  	
  	
  	
  à	
  	
  	
  	
  Electricity	
  +/-­‐	
  Thermochemistry	
  

Fission	
  	
  à	
  	
  	
  	
  Heat	
  (eV)	
  	
  	
  	
  à	
  	
  	
  	
  Electricity	
  +/-­‐	
  Thermochemistry	
  
Ionizing	
  Radia4on	
  (~MeV)	
  	
  

Fission	
  	
  	
  	
  	
  à	
  	
  	
  	
  	
  	
  	
  F.F.	
  Isotopes	
  (~MeV)	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  	
  	
  Heat	
  (eV)	
  	
  	
  	
  à	
  	
  	
  	
  Electricity	
  +/-­‐	
  Thermochemistry	
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Value	
  Chain	
  of	
  Nuclear	
  ReacHons	
  

Low	
  value	
  product	
  of	
  nuclear	
  reacHons	
  (Heat)	
  

Cost	
  advantaged	
  products	
  of	
  nuclear	
  	
  	
  	
  
	
  	
  	
  	
  	
  reac4ons	
  (ionizing	
  radia4ons)	
  

	
  

Unique	
  products	
  of	
  	
  	
  
nuclear	
  reacHons	
  

(isotopes,	
  neutrons)	
  

Small	
  Market	
  
High	
  Value	
  

Large	
  	
  Market	
  
Low	
  Value	
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t(days)
14

Isotope
Price+
($/Ci)

U+235+
fission+mass+
yield+% T1/2(hrs)

decay+
constant+
(day@1)

Max+SA+
(Ci/gm)

SA+
(Ci/gm)

$/gm+U+
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
I,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

Fission	
  Produces	
  Isotopes	
  ~	
  1	
  gm	
  per	
  MWth	
  per	
  day	
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1E-­‐03	
  

1E-­‐02	
  

1E-­‐01	
  

1E+00	
  

1E+01	
  

1E+02	
  

1E+03	
  

1E+04	
  

1E+05	
  

1E+06	
  

1E+07	
  

1E+08	
  

1E+09	
  

1E+10	
  

1E-­‐05	
   1E-­‐03	
   1E-­‐01	
   1E+01	
   1E+03	
   1E+05	
   1E+07	
  

Annual	
  Global	
  Produc4on	
  (kta,	
  kilotons	
  per	
  year)	
  

Product	
  Price	
  $/kg	
  

Product	
  Price	
  $/mole	
  

Fuels	
  (Power)	
  

Chemicals	
  

Isotopes	
  

H2	
  

Li	
  

Isotopes:	
  Highest	
  Value	
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Inputs	
   Products	
  Process	
  	
  

Nuclear	
  Reac7on	
  Process	
  for	
  Isotope	
  Produc7on	
  	
  

1 MWth  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 @1% isotope recovery ⎯ →⎯⎯⎯⎯⎯⎯ 3gms/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	
  CompeHHon	
  

Non-­‐reactor	
  sources	
  for	
  nuclear	
  reacHons	
  	
  

Total	
  Market	
  ~	
  $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	
  ReacHons	
  

Low	
  value	
  product	
  of	
  nuclear	
  reacHons	
  (Heat)	
  

Cost	
  advantaged	
  products	
  of	
  nuclear	
  	
  	
  	
  
	
  	
  	
  	
  	
  reac4ons	
  (ionizing	
  radia4ons)	
  

	
  

Unique	
  products	
  of	
  	
  	
  
nuclear	
  reacHons	
  

(isotopes,	
  neutrons)	
  

Isotopes	
  
AcHvaHon	
  Products	
  (P-­‐Si)	
  

Materials	
  Treatment	
  
Chemical	
  ProducHon	
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Debierne,	
  A.	
  Recherches	
  sur	
  les	
  gaz	
  produits	
  
par	
  les	
  substances	
  radioacHves.	
  DécomposiHon	
  
de	
  l'eau.	
  Ann.	
  Phys.	
  (Paris)	
  1914,	
  2,	
  97-­‐127.	
  	
  

G ≡  Micromoles product
Joules absorbed

ericmcfarland
Typewritten Text
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RadiaHon	
  Chemistry	
  has	
  an	
  enormous	
  history	
  	
  1914	
  à	
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Thermochemical	
  vs	
  Radiochemical	
  

H2O	
  à	
  H2	
  +	
  ½	
  O2	
  
	
  	
  	
  	
  	
  	
  Rate	
  ~	
  0	
  
	
  

RadiaHon	
  Yield,	
  G	
  =	
  	
  micromoles	
  product/Joules	
  absorbed	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  H2O	
  à	
  H2	
  +	
  ½	
  O2	
  	
  	
  	
  ΔH=+241kJ/mole	
  	
  	
  	
  

T=	
  0	
  C	
  

	
  	
  	
  	
  	
  	
  	
  T	
  ~	
  13	
  C	
  
Water	
  +	
  100mM	
  H2	
  

1	
  liter/sec	
  

100kW	
  
(heat)	
  

T=	
  25	
  C	
  

100	
  kW	
  
1MeV	
  gammas	
  

T=	
  0	
  C	
  

1	
  liter/sec	
  

	
  	
  	
  	
  	
  	
  H2O	
  à	
  H2	
  +	
  ½	
  O2	
  
	
  	
  	
  	
  	
  	
  	
  
GH2	
  ~	
  1uM/J	
  	
  x	
  100,000	
  J/sec	
  ~	
  100mM/s	
  
	
  	
  
Higher	
  G’s	
  possible	
  for	
  specific	
  reacHons	
  
	
  
	
  

Not	
  at	
  equilibrium:	
  
Reverse	
  rate	
  slow.	
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Why	
  use	
  radiaHon	
  chemistry	
  for	
  synthesis	
  ?	
  
A	
  +	
  B	
  ßà	
  C	
  +	
  D	
  

A	
  +	
  B	
  

rThermochemical = rforward − rreverse
rThermochemical = β(T )e−EA /RT ([A][B]− [C][D]eΔG/RT )

rTotal = rRadiochemical + rThermal
          rRadiochemical ~σ  Φ G     ideally ~ 0.01 - 100 moles/liter-s 

C	
  +	
  D	
  

A	
  +	
  B	
  

C	
  +	
  D	
  

Operate	
  where	
  thermal	
  (back)	
  
reac4on	
  is	
  very	
  slow	
  
Beat	
  thermodynamics	
  with	
  kine4cs	
  
	
  	
  	
  	
  	
  	
  	
  NOT	
  AT	
  EQUILIBRIUM	
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Photoelectrochemistry	
  (PEC)	
  with	
  Gamma	
  RadiaHon	
  

Acceptor	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (A-­‐)	
  

	
  A	
  
Donor	
  
	
  	
  (D-­‐)	
  

D	
  +	
  
+	
  

-­‐	
  -­‐

+	
  

-­‐	
  

+	
  

-­‐	
  

+	
  

-­‐	
  
Acceptor	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (A-­‐)	
  

	
  A	
  
Donor	
  
	
  	
  (D-­‐)	
  

D	
  

+	
  

+	
  

-­‐	
  

-­‐

+	
  

-­‐	
  

+	
  

-­‐	
  

+	
  

-­‐	
  

ScinHllator	
  

A	
  +	
  D-­‐	
  	
  à	
  A-­‐	
  +	
  D	
  

Maximum	
  G	
  
G	
  ~	
  10/Egap(eV)	
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Enable	
  Chain	
  ReacHons	
  

X	
  

X	
  

X*	
   Y*	
  
R	
  

P	
  

R’	
  

P’	
  

γ	
  IniHated	
  	
  
	
  	
  Chain	
  	
  
ReacHon	
  

Very High G's Demonstrated ~ 100 -106

typical products ~ 0.1 kg/mole

G µM
J

⎛
⎝⎜

⎞
⎠⎟ x

106 J
MJ

⎛
⎝⎜

⎞
⎠⎟
xMW 10−7 kg

µM
⎛
⎝⎜

⎞
⎠⎟
x kt

106 kg
x 31.5x106 s

y
  ~  3G kta

MWγ

⎛

⎝⎜
⎞

⎠⎟

~ 0.1−1k tons per year
kW  gamma

⎛
⎝⎜

⎞
⎠⎟

Thermochemical	
  
PropagaHon	
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Dow	
  Chemical	
  1963	
  0.5	
  kta	
  Ethyl	
  Bromide	
  Commercial	
  Facility	
  

X	
  

X	
  

X*	
   Y*	
  
R	
  

P	
  

R’	
  

P’	
  

HBr	
  +	
  C2H4	
  	
  à	
  C2H5Br	
  	
  	
  	
  	
  ΔH	
  =	
  -­‐80	
  kJ/mol	
  	
  
0.003	
  MCi	
  source	
  ~	
  75W	
  ~	
  1/100	
  SF	
  assembly)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  G	
  ~	
  103	
  –	
  104	
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Gamma	
  Radia4on	
  	
  
can	
  be	
  a	
  much	
  cheaper	
  	
  
Source	
  of	
  photons!	
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Process	
  IntensificaHon	
  

Challenge	
  of	
  the	
  21st	
  Century	
  Plant	
  Capital	
  Reduc4on	
  	
  
Central	
  to	
  economically	
  sustainable	
  chemical	
  processes	
  

Integrate,	
  combine,	
  eliminate,	
  simplify	
  à	
  decreased	
  capital,	
  increased	
  safety	
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  Y*+	
  P’	
  +	
  R	
  

X	
  

X	
  

X*	
   Y*	
  
R	
  

P	
  

R’	
  

P’	
  
Thermochemical	
  Chain	
  ReacHons	
  

X*	
  +	
  R’	
  +	
  R	
  

P’	
  +	
  P	
  +	
  X*	
  	
  

R’	
  +	
  R	
  +	
  X	
  

rate ~ β(T )e
− Ea

*

RT
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  Y*+	
  P’	
  +	
  R	
  

X	
  

X	
  

X*	
   Y*	
  
R	
  

P	
  

R’	
  

P’	
  

X*	
  +	
  R’	
  +	
  R	
  

P’	
  +	
  P	
  +	
  X*	
  	
  

R’	
  +	
  R	
  +	
  X	
  

rate ~ β(T )e
− Ea

*

RT + f (Pγ ,ρ,G)

Photochemical	
  Chain	
  ReacHons	
  
Don’t	
  Really	
  Beat	
  Thermodynamics,	
  	
  But…you	
  can	
  cheat	
  it	
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X	
  

X	
  

X*	
   Y*	
  
R	
  

P	
  

R’	
  

P’	
  
Photochemical	
  Chain	
  ReacHons	
  
Don’t	
  Really	
  Beat	
  Thermodynamics,	
  	
  But…you	
  can	
  cheat	
  it	
  

X*	
  +	
  R’	
  +	
  R	
   P’	
  +	
  P	
  +	
  X*	
  	
  

R’	
  +	
  R	
  +	
  X	
  

CH4	
  +	
  Br2ßàCH3Br	
  +	
  HBr	
  	
  -­‐28	
  kJ/mole	
  (300K)	
  
C2H4	
  +	
  HBrßàC2H5Br	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐81kJ/mole	
  (400K)	
  

P’	
  +	
  R	
  
+	
  Y*	
  	
  

	
  	
  	
  	
  CH4	
  +	
  HBrßàCH3Br	
  +	
  H2	
  	
  78	
  kJ/mole	
  (700K)	
  
C3H8	
  +	
  HBrßàC3H7Br	
  +	
  H2	
  	
  	
  46	
  kJ/mole	
  (500K)	
  
	
  

P’	
  +	
  R	
  +	
  Y*	
  	
  

rate ~ β(T )e
− Ea

*

RT + f (Pγ ,ρ,G)
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1.E$02'

1.E$01'

1.E+00'

1.E+01'

1.E+02'

0' 200' 400' 600' 800' 1000'

rate(T)/rate(700)'

Reac7on'T(K)'

Radia7on'Induced'Rates'compared'to'
'Thermal'Rate'at'T=700K'

0"

1"

10"

100"

initiation rate with γ  (T )
thermal initiation rate (T=700K)

= k1NT

k1th (700)

k1NT

k1th (700)
= 0 only thermal

k1NT
k1th (700)

= 100

= 1
= 10

k1NT ~G  x Flux
EA1 = 1eV
EA2−4 = 0.1eV

Gamma	
  Induced	
  Chain	
  ReacHon	
  Rates	
  
Equivalent	
  to	
  Thermochemistry	
  at	
  Higher	
  T	
  	
  
Modest	
  G	
  can	
  allow	
  200-­‐300	
  K	
  lower	
  temperatures,	
  increased	
  selec7vity!	
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hyp://commons.wikimedia.org/wiki/	
  
File:Thermodyamic_versus_kineHc_control.png	
  

Less	
  byproducts	
  (cost)	
  can	
  be	
  achieved	
  by	
  kineHc	
  control	
  of	
  reacHon	
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Allow	
  reacHons	
  to	
  be	
  performed	
  under	
  condiHons	
  
minimizing	
  byproducts	
  and	
  facilitaHng	
  separaHons	
  

Process	
  Intensifica7on	
  à	
  Reduced	
  Capital	
  

0	
  

0.2	
  

0.4	
  

0.6	
  

0.8	
  

1	
  

300	
   400	
   500	
   600	
   700	
   800	
   900	
  

0	
  

0.2	
  

0.4	
  

0.6	
  

0.8	
  

1	
  

300	
   400	
   500	
   600	
   700	
   800	
   900	
  

Thermochemical	
  
Single	
  Pass	
  

RadiaHon	
  Chemical	
  
Single	
  Pass	
  

SelecHvity	
  
Conversion	
  

Higher	
  Yield	
  	
  $$	
  
Lower	
  Temp	
  $$	
  	
  

Yield	
  =	
  moles	
  prod/moles	
  reactant	
  ~	
  $	
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Gen	
  VI	
  Reactors:	
  	
  The	
  Molten	
  Salt	
  Reactor	
  is	
  Uniquely	
  Suited	
  for	
  Chemical	
  
ProducHon	
  Using	
  Outside	
  Core	
  Fuel	
  Loop	
  (isotopes,	
  gamma	
  source)	
  

Xe/Kr	
  extracHon	
  stream	
  
Chemical	
  processing	
  hold-­‐up	
  
Direct	
  use	
  of	
  primary	
  coolant	
  stream	
  
~	
  	
  5	
  -­‐	
  10kW/MWth	
  	
  available	
  gamma	
  source	
  

Gamma	
  Radia4on	
  from	
  
Nuclear	
  Reac4ons	
  
	
  ~	
  8%	
  Power	
  Gamma	
  RadiaHon	
  
	
  	
  	
  	
  	
  ~	
  80kW/1MWth	
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  LiF-­‐BeF2-­‐ThF4-­‐UF4	
  	
  

LiF-­‐BeF2-­‐ZrF4-­‐F4	
  

LiF–ZrF4	
  

Low	
  Pressure	
  
High	
  Heat	
  Capacity	
  	
  

Molten	
  Salt	
  has	
  Technical	
  Challenges	
  
but	
  the	
  isotopes	
  are	
  dissolved	
  and	
  we	
  can	
  get	
  them	
  

Corrosive	
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L-­‐L	
  ExtracHon	
  Technology	
  Exists	
  
	
  	
  	
  	
  	
  	
  SaltßàMetal	
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Today	
  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  -­‐>	
  	
  	
  	
  	
  Tomorrow	
  

Our	
  Approach:	
  Start	
  With	
  Highest	
  
Value	
  Products	
  at	
  Small	
  Scale	
  

(under	
  the	
  regulatory	
  radar)	
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Spent	
  Fuel	
  as	
  Gamma	
  Source	
  

At	
  1-­‐4	
  years	
  a~er	
  shutdown	
  	
  (0.1%	
  power)	
  
~	
  15kW	
  per	
  assembly	
  (50%	
  gamma,	
  50%	
  beta)	
  
At	
  G=10	
  	
  	
  à	
  	
  	
  ~	
  	
  0.25	
  kta	
  	
  per	
  assembly	
  
~	
  3000	
  W/m2	
  

	
  

60	
  assemblies	
  per	
  year	
  
removed	
  in	
  typical	
  	
  
1GWe	
  reactor	
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U.S.	
  	
  ~	
  218,700+	
  	
  Spent	
  Fuel	
  Assemblies;	
  	
  	
  	
  	
  
12	
  Billion	
  Curies;	
  	
  	
  65	
  kilotonnes	
  of	
  U	
  	
  	
  	
  

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	
  ac4vity.	
  



SCHOOL OF CHEMICAL ENGINEERING 
DOW CENTRE FOR 
SUSTAINABLE ENGINEERING INNOVATION

Commercial	
  Irradia4on	
  Facili4es	
  
Available	
  today	
  and	
  useful	
  for	
  cost	
  es7mates	
  

hyp://www0.Hnt.or.th/nkc/nkc53/content/nstkc53-­‐077.html	
   With	
  ANSTO	
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Small	
  Scale	
  Example:	
  Divinylbenzene	
  ($4-­‐6/kg)	
  
Polymer	
  addi7ve,	
  crosslinking	
  ion-­‐exchange	
  	
  

High	
  Temp,	
  Low	
  P	
  reacHon	
  
Mixture	
  of	
  DVB	
  +	
  EVB	
  	
  
Difficult	
  SeparaHon	
  
(Low	
  T,	
  High	
  P)	
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Diethylbenzene	
  
Divinylbenzene	
  

HBr	
  

Br2	
  
EB/Br-­‐EB	
  

Dibromoethylbenzene	
  
	
  	
  	
  	
  	
  G~500	
  
1.5kta/kWg	
  
	
  
	
  

H2O	
   O2	
   Combine	
  Steps	
  

Process	
  IntensificaHon:	
  
Low	
  reac7on	
  temperature,	
  easy	
  separa7ons,	
  ~	
  isobaric	
  



SCHOOL OF CHEMICAL ENGINEERING 
DOW CENTRE FOR 
SUSTAINABLE ENGINEERING INNOVATION

Divinylbenzene	
  

HBr	
  

DEB/BrDEB	
  

Dibromo-­‐EB	
  

H2O	
  

O2	
  

Process	
  IntensificaHon:	
  
Radia7on	
  Reac7ve	
  Dis7lla7on	
  with	
  Oxybromina7on	
  

	
  

Diethylbenzene	
  

HBr	
  

	
  	
  	
  	
  G~500	
  
1.5kta/kWg	
  
	
  	
  Revenue	
  
$7.5M/y/kWg	
  
	
  
	
  
	
  

SMR 50 MWth

50 MWth  0.3eff⎯ →⎯⎯  15000 kWe
300*.9*24*365@$0.10/kWh ~ ⎯ →⎯⎯⎯⎯⎯⎯⎯ $12M/y revenue

                0.08γ⎯ →⎯⎯ 4 MWγ
useful12.5%⎯ →⎯⎯⎯ 0.5 MWγ

G~ 500µmole
J⎯ →⎯⎯⎯⎯ ~ 750 kta  (too big !!)

                                   USE ONLY   ~ 1% of available gamma's (50kW)   ~ 75 kta  
                                                                                                 @$2000/t⎯ →⎯⎯⎯   $ 150M/y  revenue 
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MulHscale	
  –	
  RadiaHon	
  Transport,	
  ReacHon-­‐Transport	
  Modeling	
  	
  

 

CAoDi

-rA(CAo )
∇2 Ci −  CAo

-rA(CAo )τ
∂ υ

Ci

∂

V

+ ri =
∂

Ci

∂

t

                      ri = k(T ,

φγ )

Ci
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Medium	
  Scale	
  Example:	
  Alkane	
  sulfochlorides	
  ($2-­‐6/kg)	
  
R-­‐H	
  +	
  SO2	
  +	
  Cl2à	
  R-­‐SO2Cl	
  +	
  HCl	
  

Pilot	
  	
  	
  G	
  ~	
  1000	
  
180	
  W	
  Hg	
  lamp	
  à	
  	
  9	
  tons	
  C	
  in	
  product/y	
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  Styrene	
  Large	
  Scale	
  
~	
  $30B/year	
  	
  25,000	
  kta	
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~	
  600	
  C	
  
~	
  0.1	
  atm	
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Ethylbenzene	
  to	
  styrene	
  
Radia7on	
  reac7ve	
  dis7lla7on	
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Gamma	
  Ray	
  Induced	
  BrominaHon	
  of	
  
Ethylbenzene,	
  20	
  C,	
  	
  G=500	
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Input	
  
Costs	
   Product(s)	
  Process	
  Costs	
  

Goal:	
  Safety,	
  Reduce	
  Capital,	
  Maximize	
  Revenue	
  

1 MWth  0.3eff⎯ →⎯⎯  300 kWe
300*.9*24*365@$0.10/kWh⎯ →⎯⎯⎯⎯⎯⎯⎯ $250k/y rev

              @1gmfission/MW −day⎯ →⎯⎯⎯⎯⎯⎯   356 gms fission products/y @1% isotope recovery ⎯ →⎯⎯⎯⎯⎯⎯ 3gms/y
                                                                                            @$1M−$20M /gm⎯ →⎯⎯⎯⎯⎯   $3 - 60M/y

                0.08γ⎯ →⎯⎯ 80 kWγ
useful12.5%⎯ →⎯⎯⎯ 10 kWγ

Gµmole
J⎯ →⎯⎯ 3x105 mol

y
 x G

0.1kg
mole⎯ →⎯⎯ G30 tons/y

                                                                                                      @$1000/t⎯ →⎯⎯⎯   G x $30k/y 

For	
  G	
  >	
  10	
  	
  	
  	
  	
  	
  	
  	
  Chemical	
  Revenue	
  >	
  Power	
  Revenue	
  
One	
  Large	
  3GWth	
  reactor	
  produces	
  at	
  most	
  ~	
  $750M	
  in	
  annual	
  power	
  revenue.	
  
By	
  use	
  of	
  only,	
  ~	
  3	
  MW	
  of	
  gamma	
  radiaHon,	
  a	
  1000	
  kta,	
  world	
  scale,	
  styrene	
  process	
  	
  
could	
  be	
  enabled	
  producing	
  $1B	
  in	
  revenue	
  assuming	
  only	
  G~100	
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1E-­‐03	
  

1E-­‐02	
  

1E-­‐01	
  

1E+00	
  

1E+01	
  

1E+02	
  

1E+03	
  

1E+04	
  

1E+05	
  

1E+06	
  

1E+07	
  

1E+08	
  

1E+09	
  

1E+10	
  

1E-­‐05	
   1E-­‐03	
   1E-­‐01	
   1E+01	
   1E+03	
   1E+05	
   1E+07	
  

Annual	
  Global	
  Produc4on	
  (kta,	
  kilotons	
  per	
  year)	
  

Product	
  Price	
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Summary	
  
•  Nuclear	
  power	
  is	
  the	
  only	
  proven	
  technology	
  with	
  the	
  poten4al	
  for	
  massive	
  

produc4on	
  of	
  carbon	
  free	
  electrical	
  energy	
  produc4on.	
  	
  	
  Modern	
  designs,	
  
advances	
  in	
  waste	
  management,	
  and	
  closed	
  fuel	
  cycles	
  have	
  minimized	
  safety	
  and	
  
sustainability	
  risks.	
  

•  Today,	
  nuclear	
  power	
  is	
  not	
  economically	
  compe44ve	
  with	
  fossil	
  fuels	
  for	
  
power	
  genera4on.	
  	
  We	
  are	
  offering	
  society	
  a	
  money	
  losing	
  proposi7on	
  that	
  nobody	
  
wants.	
  

•  Co-­‐produc4on	
  of	
  higher	
  value	
  chemicals	
  with	
  rela4vely	
  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	
  innova4on	
  in	
  crea4ng	
  new	
  
reactor	
  designs	
  and	
  new,	
  cost	
  effec4ve,	
  chemical	
  processes	
  based	
  on	
  nuclear	
  
reac4ons.	
  	
  

	
   	
  We	
  need	
  smart	
  young	
  people	
  to	
  think	
  differently.	
  	
  




