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Club of Rome - Purpose 
     1. alert the powers that be to the dangers facing 

  the world on its present course, and 

     2. to encourage corrective measures 

Fast-Spectrum Reactor/ 
  Fuel Cycle Facility 

 Adam Fenech:  

  CLIMATE CHANGE: we are screwed . . .  

  . . . there’s nothing we can do about it. 

  Ruben Nelson:  

  Civilizational Overshoot: “the path we are on is  

  literally a path to the death of the world as we  

  know it” 

 Bill Rees:  

  Will modern civilization be the death of us? 

  Biocapacity Overshoot 

Club of Rome - Purpose 
     1. alert the powers that be to the dangers facing 

  the world on its present course, and 

     2. to encourage corrective measures 
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Club of Rome - Purpose 
     1. alert the powers that be to the dangers facing 

  the world on its present course, and 

     2. to encourage corrective measures 

Fast-Spectrum Reactor/ 
  Fuel Cycle Facility 

 Adam Fenech:  

  CLIMATE CHANGE: we are screwed . . .  

  . . . there’s nothing we can do about it. 

  Peter Ottensmeyer:  

  Fast-Spectrum SMR Technology to  

     Combat CLIMATE CHANGE: 

          “A quantitative substitute for fossil energy” 

 Bill Rees: (discussion)  

          “A quantitative substitute for fossil energy will  

  simply deplete the planet” (of other resources) 

  

Time (centuries)  Wisdom 
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Fast-Spectrum Reactor/ 
  Fuel Cycle Facility 

Outline 
 

     Uranium and evolution of life 
 

     Energy and the standard of living 
 

     Three energy ages in 4.5 billion years 
 

  Carbon neutral    - the past 

  Fossil carbon    - two centuries 

  Carbon-free       f    - the future 
 

          SMRs and nuclear energy 

   slow neutrons and fast neutrons 
 

     Nuclear fuel “waste” recycling 
  

     Summary   
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Fast-Spectrum Reactor/ 
  Fuel Cycle Facility 

Take home message 
 
 

     Nuclear energy is non-(very low)-carbon energy 
 

     Canada’s 60,000 tons of nuclear fuel “waste” 

 - is still 99.26% fuel 

  (only 0.74% of the energy has been extracted) 
 

 - in fast-spectrum SMRs it can create 

  - 5360 years of non-carbon energy 

    at current nuclear power levels 

  - avoid emitting 560 billion tons CO2 

    or 18% of CO2 in total atmosphere 

  - replace Ontario’s fossil energy for  ̴ 800 years 

  - replace Canada’s fossil energy for  ̴ 300 years 
 

     Technology exists  $ 10 billion starting funds exist 

 (since 1951)      (Nuclear Fuel Waste Act, 2002, 20(2)) 
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U-235 

U-234 

Decay of natural uranium isotopes U-238, U-235, and U-234 
from the formation of the Earth 

man 

Life began 

stromaliths 

Earth formed Today 
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   1575 to 1776   End of the Carbon-Neutral Era
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China 

USA 

Russia 

Canada 

UK 

Romania 

Total Atmospheric CO2 

    Year 1800 2.070 T tons 

    Year 2020 3.100 T tons 

45% into oceans 

Total emitted    =   1.873 trillion (T) tons 
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How much carbon have we emitted into the atmosphere since 1800? 
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°C ? 

Average temperature change, Global 

1.2°C 
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Energiewende (Energy Transition) 

Germany 400 g CO2 / kWh      Ontario 31g / kWh 



Electricity / motors           hydro / coal / oil / nat’l gasy  heat >> CO2 

Energy Use and Standard of Living 

 1575 to 1776   Start of Fossil Carbon Era    
(from Jeronimo de Ayanz to James Watt) 

 

 

 

Steam engine           wood coal / oil / nat’l gasz  heat >> CO2 
Internal combustion / jet turbine    oil tttir          heat >> CO2 

1938 Fission / Reactors since 1956/57  Nuclear Fission   t    heat 
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Germany 400 g CO2 / kWh      Ontario 31g / kWh 



Snooker table 
representation of a 

neutron-induced fission 
event (atom splitting) 

The fission reaction (atom splitting) 
(a)   The arrival of a neutron and 

capture by a heavy nucleus.             
(b)    The rapid separation of the   

two smaller atoms 

                                                               Kr 

 

               U             Ba 

 fast neutrons 
10,000 km/sec 

slow neutron 

    1 km/sec   
   

white = neutron   
   

red = proton   
   

Fission (splitting) of uranium 
1938   

(Otto Hahn, Liese Meitner) 

        
               90 MeV 
   
 
 
     
 
               90 MeV 

       v =    12,000 km/sec 
                        = nuclear energy
   

145 billion fissions  = 1 calorie 

      
145 trillion fissions  = 1 dietary Calorie 

      



Not all uranium (U) atoms (or other heavy atoms) are the same  

  there are different “isotopes” with different numbers of neutrons 

 (U is 1% U235 and 99% U238, each with 92 protons plus 143 or 146 neutrons) 
 

    After absorbing a neutron in any reactor: 

 U235 splits easily (to yield energy and more neutrons) = fuel 

 U238 does not split, but changes to U239   Pu239 
         

 Pu239 splits easily, like U235 (to yield energy and neutrons) = fuel 
  

 All atoms also absorb a neutron without splitting.  
 
 
    

3 days 
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Example Small Modular Reactors 
           neutronics         fuel 

          U235 enrichmt  form 

IMSR 25 - 300 MWe thermal     5 %     molten salt 

IPWR           45 MWe therm.      5 %         UO2 

PRISM        300 MWe   fast    15 %      metal TRU  

SSR-W        300 MWe   fast    18 %     m. salt TRU 

ARC-100      100 MWe   fast    15 %        metal U 

eVinci            5 MWe therm.    20 %         UO2 

U-battery        4 MWe therm.    20 %      TRISO 

XE-100          80 MWe therm.    20 %       TRISO 
 

CANDU-3     300 MWe thermal   0.7%         UO2 

CANDU 3 

eVinci 

SSR-W 
U-battery 

PRISM 

IMSR 

XE-100 

ACR-100 

IPWR 

blue = fissile 



CANDU Reactor: 1954 (start), 1968 operation (200 MWe Douglas Point) 

First commercial power plant: 1957 
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How do CANDU reactors work ? 

generator     turbine 

 electricity  

 reactor 

 fuel channel 

 

steam 

steam 
generator 

 cooling water 

Heater 

(reactor) 

CANDU Reactor 

cooled with heavy water (D2O) 

  Generation of Electricity  
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How do CANDU reactors work ? 

generator     turbine 

 electricity  

 reactor 

 fuel channel 

 

steam 

steam 
generator 

 cooling water 

CANDU Reactor 

cooled with heavy water (D2O) 

big water pipes  

for fuel bundles 

 water 

flow 

  Generation of Electricity  

uranium fuel bundle 
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How do CANDU reactors work ? 

generator     turbine 

 electricity  

 reactor 

 fuel channel 

 

steam 

steam 
generator 

 cooling water 

Can picture this with atomic detail 

CANDU Reactor 

cooled with heavy water (D2O) 

fuel bundle 

 

fuel pellet 
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Fuel Pellets 

A few (6-8) pellets (~200 g natural U) provide the electricity needs of an average household for 

1 year.  Nuclear energy is very concentrated!  
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How do CANDU reactors work ? 

generator     turbine 

 electricity  

 reactor 

 fuel channel 

steam 

steam 
generator 

 cooling water 

enlarge 

CANDU Reactor 

cooled with heavy water (D2O) 

fuel bundle 

 

fuel pellet 
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How do CANDU reactors work ? 
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How do CANDU reactors work ? 

generator     turbine 
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 reactor 
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steam 
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CANDU Reactor 
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fuel pellet 

 



37 

How do CANDU reactors work ? 

Uranium Dioxide 

Electron micrograph courtesy of Gianluigi Botton, McMaster University  
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How do CANDU reactors work ? 
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How do CANDU reactors work ? 

Uranium Dioxide 

Electron micrograph courtesy of Gianluigi Botton, McMaster University  
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How do CANDU reactors work ? 

Uranium Dioxide 

Electron micrograph courtesy of Gianluigi Botton, McMaster University  

1 nanometers 

(100,000 times smaller than a human hair) 

neutron 
proton 

. 

. 

. 

. 

. 
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. 

. 

. 

. 

. 

. 

Oxygen atom 

Uranium atom 

Uranium-235 nucleus 
20,000 times smaller than atom 

. 



99%  
  

  

Conventional (current) reactors 
use slow neutrons (thermal neutrons) 

because such neutrons fission very 
efficiently 

with the small amounts of U235 in the 
fuel 

 
    

What you see. 
    

Natural Uranium Fuel (CANDU)  
= 99% U238 + 1% U235 
    

The neutron “sees” the fuel differently 
 

    



Natural Uranium Fuel (CANDU)  
= 99% U238 + 1% U235 
    

Probability (Chance) of Neutron  
Fission (dark) or Absorption (light) 

    

10 units 
 
 
  

units 
 
 
  

10 
 
 
  

units 
 
 
  

10 
 
 
  

Out of 100 neutrons 
55% fission U235 = energy 

Produce > 100 new neutrons 
    

99%  
  

  
35 % absorp’n  (U238          Pu239)  
    

10% absorp’n  
(U235       U236) 

    

What you see. 
    

What a neutron sees. 
    

10 units 
 
 
  



Are other reactors better than CANDUs? 
 

CANDUs use heavy water as coolant (D2O). 
 

 Most of the world uses light-water-cooled reactors (LWRs) 
 

Light water absorbs more neutrons. 
 

To compensate LWRs fuel with enriched U235 
 

    



Fuel Composition (LWR) 
= 96% U238 + 4% U235 
    

Probability (Chance) of Neutron 
Fission (dark) or Absorption (light) 

    

10 units 
 
 
  

units 
 
 
  

10 
 
 
  

units 
 
 
  

10 
 
 
  

Out of 100 neutrons 
76% fission U235 = energy 

Produce > 100 new neutrons 
    96%  

  
  

11 % absorp’n  (U238          Pu239)  
    

13% absorp’n (U235       U236) 
    

What you see. 
    

10 units 
 
 
  

What a neutron sees. 
    



      In the usual reactors  
    (slow neutron reactors, or “thermal” reactors) 
          primarily the 1% U235 is used as fuel (not the 99% U238) 
 
       Only 0.5% of the mined uranium is actually consumed (0.74% in CANDUs) 
 
              Consequences:       (according to the World Nuclear Association) 
 

        Canada will exhaust its uranium reserves by 2050 
 

        Canada’s economical reserves:     228,000 - 514,000  tons 
           Canada’s mining and export (10 yr. avg.):           11,900   tons   (9-16,000 tons) 
 

       Average time to uranium exhaustion:   31  (+/- 12)   years 
 

               In the year  2052  (2040  to  2064) 
 
 



      In the usual reactors  
    (slow neutron reactors, or “thermal” reactors) 
          primarily the 1% U235 is used as fuel (not the 99% U238) 
 
       Only 0.5% of the mined uranium is actually consumed (0.74% in CANDUs) 
 
              Consequences:       (according to the World Nuclear Association) 
 

        Canada will exhaust its uranium reserves by 2050 
 

   
           World’s economical reserves exhausted by 2090  
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Example Small Modular Reactors 
           neutronics         fuel 

           U235 enrichmt    form 

IMSR 25 - 300 MWe thermal     5 %            salt 

IPWR           45 MWe therm.      5 %            UO2 

PRISM        300 MWe   fast    15 %      metal TRU  

SSR-W        300 MWe   fast    18 %        salt TRU 

ARC-100      100 MWe   fast    15 %        metal U 

eVinci            5 MWe therm.    20 %            UO2 

U-battery        4 MWe therm.    20 %         TRISO 

XE-100          80 MWe therm.    20 %          TRISO 
 

CANDU-3     300 MWe thermal   0.7%            UO2 

CANDU 3 

eVinci 

SSR-W 
U-battery 

PRISM 

IMSR 

XE-100 

ACR-100 

IPWR 

blue = fissile 



Fuel Composition (fast neutron reactor) 
= 92.8% U238 + 7.2% U235 

    

Probability (Chance) of Neutron 
Fission (dark) or Absorption (light) 

    

10 units 
 
 
  

units 
 
 
  

10 
 
 
  

units 
 
 
  

10 
 
 
  

42% fission U235 = energy 
Produce > 100 new neutrons 

    

50 % absorp’n  (U238          Pu239)  
    

8% abs’n (U235       U236) 
    

What you see. 
    

92.8%  
  

  

10 units 
 
 
  

What a neutron sees. 
    

ARC-type reactor 



10 units 
 
 
  

Fuel Composition (fast neutron reactor) 
= 95% U238 + 5% Pu239 
    

Probability (Chance) of Neutron 
Fission (dark) or Absorption (light) 

    

10 units 
 
 
  

units 
 
 
  

10 
 
 
  

units 
 
 
  

10 
 
 
  

40% fission Pu239 = energy 
Produce > 100 new neutrons 

    

56 % absorp’n  (U238          Pu239)  
    

4% abs ’n   (       Pu240) 
    

What you see. 
    

95%  
  

  

What a neutron sees. 
    

Concentrated CANDU fuel waste 

PRISM-type reactor 

                         (Pu239          Pu240)  
                             (Pu240          Pu241)  
                             (Pu241          Pu242)  
    



   All SMRs require fuel enriched in fissile (splittable) U235 or in Pu239 (or Pu241) 
 

   Canada has no U235 enrichment facilities 
 

Recycling our 60,000 tons of used CANDU fuel “waste” provides 
240 tons of a mix of Np, Pu239/240/241/242, Am, Cm, etc.  

that can start SMRs with a total power of 24,000 MWe. 
 

This approach eliminates the long term, million-year radiotoxic hazard  
of the heavy atoms in Canada’s used CANDU fuel stockpile. 

 

Recycling through fast-neutron SMRs,  
that maintain the fissile (splittable) fuel component 

 permits fuelling with U238 for many centuries 
   

     



Recycling through fast-neutron SMRs,  
that maintain the fissile (splittable) fuel component 

 permits fuelling with U238 for many centuries 

   60,000 tons used CANDU fuel   10,000 MWe power levels   
  took 40 years        used 0.74% of the fuel  
         and left mostly U238 
 
 
 

        The 99.26% rest      in fast-neutron reactors  
  with same power will operate 99.26/0.74 = 134 X as long   
        = 5360 yrs of non-carbon energy 



Re-Use / Recycle 
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$ 1,114 

          DGR Approach 
 

Current funds for DGR: $ 10.125 billion* Funds per  

Current number of bundles:      2.771 million fuel bundle    

$ 1,370 

$ 7,430 

blue = fissile 

       64,000 tons 
 

  Used Uranium Fuel 

         Stockpile 

 

          U238  
 

          U235     

          U236     
 

     Np 

        Pu239 

            Pu241 

     Am, Cm, etc.     
 

 Fission products  

  

 

63,280 tons U 

240 tons TRUs 

470 tons 

Compare three separation methods 

1. modified PUREX  
Pu and U Extraction  

2. Pyroprocessing   

electro-refining in  

  molten salt   

3. Fluoride volatility methods   

Re-Use / Recycle COSTS    per fuel bundle 

$ 3,654 

* e.g. Ontario Nuclear Fund Agreement Trust 



55 

$ 1,370 per bundle    Pyroprocessing   

Total fuel    20 ton   TRUs     4 tons    

Purchase  
 

20 tons equivalent enriched U235 
 

http://www.wise-uranium.org/nfcc.html 

https://www.uxc.com/p/tools/FuelCalculator.aspx 

 

 Cost   $ 152 million    

PRISM        300 MWe   fast  

Is it economical to make SMR fuel?   

       1 fuel bundle (20 kg)  >>>         80 g   TRUs 

       50,000 fuel bundles    >>>        4 tons TRUs 

 

  Cost             $ 68.5 million 

http://www.wise-uranium.org/nfcc.html
http://www.wise-uranium.org/nfcc.html
http://www.wise-uranium.org/nfcc.html
http://www.wise-uranium.org/nfcc.html
https://www.uxc.com/p/tools/FuelCalculator.aspx
https://www.uxc.com/p/tools/FuelCalculator.aspx


Summary   

Benefits of recycling used reactor fuel through fast-neutron SMRs 
 

Canada: 
 - centuries of massive non-carbon energy from 60,000 tons used fuel 

 - avoidance of CO2 emissions equal to 18% of CO2 in atmosphere 

 - 130-fold increase in Canada’s uranium fuel resource 

 - elimination of million-year radiotoxic fuel hazard  

 - long-term fuel security 

 - fuel independence and sovereignty 
 

Global extension: 
 - 2.8 x 106 tons already mined uranium can provide  

         $ 300,000 non-carbon electricity for every person on Earth 

 - avoidance of CO2 emissions equal to >7 X the atmospheric CO2 

  



Summary (cont.)   

Requirements: 
 

1. Reactor operating with a spectrum of fast neutrons that maintains 

 its fissile fuel complement (e.g. conversion ratio = 1.0 or greater) 
 

2. A fuel form that permits easy recycling  

 with a minimum of extraneous processing waste 
 

Example: 
 Fast-spectrum reactor using metal fuel enriched with transuranics; 

 e.g. PRISM-like or ARC-100-like reactor, coupled with electro-

 metallurgical fuel refining (pyroprocessing). 

  


