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Part-1

CANDU REACTOR AND NUCLEAR FUEL



| - NUCLEAR REACTOR

Nuclear or atomic reactor is an assembly of equipments ( system ) in which a nuclear reaction
(fission or fusion ) can be initiated, sustained , maintained and controlled . The nuclear chain reactions
produce large quantities of heat which can be converted into other energy forms, commonly steam,
The latter is used to generate electricity via steam turbines. Sometimes other terms such as atomic
pile and nuclear pile are used as substitute for reactor.

The essential components of the nuclear reactor are :
- A pressure vessel with thermo-hydro dynamic characteristics
- A core with fissile fuel such as Uranium - 235 and/or Plutonium- 239
- A peutron sgurces Or Zenerators
- A moderator such as graphite, light water or heavy water
- A coolant such as liquid ( light and heavy water) and/or gas( helium and carbon dioxide}
- A set of control rods ( usually made of cadmium or boron metals ), which absorh neutrons
and stop the chain reaction when there is a danger of its going out of control.
_ A reflector which is a layer of material surrounding a reactor core to reflect into the core
many neutrons that would otherwise escape
_ A thermal shield which is a layer of high density material located inside the reactor vessel
to reduce radiation heating.
1 j Types of Reactors:
Most of the power reactors currently in service or under construction are thermal reactors, The many
types of thermal reactors depend largely on the selection of the coolant and moderator material. A
majority of reactors in the United States use water as coolant and moderator material. Great Britain
played a pioneering role in the development of gas-cooled { CO 2 ) and graphite-moderated reactors,
Canada specialized in reactors cooled and moderated by heavy water. In nuclear power terminology.

ordinary water, in contrast with heavy water , is termed light water. The following are the major
reactors in use around the world

|- BOILING WATER REACTOR: A reactor in which water, used as both coolant and moderator.
is allowed to boil in the core.

5. BREEDER REACTOR - A reactor that produces fissionable fuel as well as consuming it,
especially one that creates more than it consumes.

1. CONVERTER REACTOR : A reactor that produces some fissionable material but less than it
consumes. In some usages,a reactor that produces fissionable material different from the fuel burned.
regardless of the ratio,

4- FAST BREEDER REACTOR : A reactor that operates with fast neutrons and produces more
fissionable material than it consumes,

5. FAST REACTOR - A reactor in which the fission chain reaction is sustained primarily by fast
neutrons rather than by thermal or intermediate neutrons.

5. GAS COOLED REACTOR * A nuclear reactor in which a gas ( CO2, He...) is the coolant.

9. INTERMEDIATE REACTOR - A reactor in which the chain reaction is sustained mainly by
mtermediate neutrons.



LN

8- ORGANIC COOLED REACTOR - A reactor that uses organic chemicals as coolant.

9- POWER REACTOR : A reactor designed to produce useful nuclear power. as distinguished from
reactors used primarily for research or for producing radioisotopes and / or fissionable materials.
10- PRESSURIZED WATER REACTOR - A power reactor in which heat is transferred from the
core to a heat exchanger by water kept under high pressure to achieve high temperature without
hoiling in the primary system. Steam is generated in a secondary circuit,

11- RESEARCH REACTOR * A reactor primarily designed to supply neutrons or other ionizing
radiation for experimental purposes.

12- SODIUM-GRAPHITE REACTOR - A reactor that uses liquid sodium as coolant and graphite
as moderator.

13- SUPERCRITICAL REACTOR : A reactor in which the effective multiplication factor is greater
than one { 1 } - consequently, a reactor that is increasing its power level to a designed and approved
limit.

14- THERMAL REACTOR : A reactor in which the fission chain reaction is sustained by thermal
neutrons.

2) Types of the fuel moderator assembiy:

a) Heterogeneous : A reactor in which the fuel is separated from the moderator and is arranged in
discrete bodies, such as fuel elements.

b) Homegeneous : A reactor in which the fuel is mixed with or dissolved in the moderator or coolant
( i.e. dilute solution of highly enriched Uranyl Sulfate, UO2504, in light or heavy water. )
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2-CANDU POWER REACTOR DATA
( Darlington Power Station )

a) Reactor Core Data -

1- Power ' Net output power is 620 MW

2- Fuel ; Natural Uranium Dioxide ( U0O2),

3- Moderator : Deuterium oxide (D20 } known as heavy water.

4- Coolant: Pressurized heavy water,

5- Reactor vessel ( Calandna ): A horizontal, stepped cylinder comprising main shell, two subshells
and two annulus plates.

6~ Main shell dimensions : - Inside diameter = 8.46 meters.
- Length = 5.95 meters
- Thickness = 3.17 centimeters
- Material - Austentic stainless steel.

7- Calandna end shields : Integral with calandria shell, provide support for an alignment of fuel
channels and shutdown shielding of reactor faces.

b) Reactor ¥uel Elements

|- Fuel Peilet . The smallest solid fuel entity. It is manufactured by compacting and sintering UO2
powder into cylindrical shape and grinding to required size.
Pellet size : 2 cm long X 0.84 cm dia. or 1,108 cubic centimeter
Pellet weight : 24 grams of U2
Pellet density = 17.59 grams U - Nat / Cubic centimeter
= 21.66 grams UQ2 / Cubic centimeter

2- Fuel Bundle | A set of a specific number of stainless tie tubes assembied togather in horizontal
nosition.

Number of tubes in a bundle = 37

Number of UOZ2 pellets in each tube = 24

Number of pellets in each bundle = 24 X 37 = 888 pellets of UO2 / Bundle

3- Fuel Channel - A pipe of specific matenal designed to enclose the fuel bundles. The combination
of a fuel bundles and fuel channels is called a core fuel assembly.
Fuel channel dimensions - Length = 5.95 meters
- Inside diameter = 12.9 centimeters
- Wall thickness = 1.35 centimeters
- Material - Zircaloy- 2 seam welds



Number of Calandria fuel channels ( pipes ) =480

Number of fuel bundles in each channel = 13

Number of bundles in the core of calandrnia = 480 X 13 = 6240 bundles
Number of UO2 pellets in the reactor core = 6240 X 888 = 5 541 120 Pellets

4- Neutron Sources - A combination of two elements, one is a heavy radioactive ( i.e. Th-228 ) and
the other is light stable element ( i.e. Be-2 ). The neutron source to initiate a chain reaction for reactor
start up 1s

s Th""(e,n) ,Be’
JHe'+ Be' aas » C2  + ,n'+ 945 Mev (Thermal neutron)

Several Thorium - Beryllium start- up sources are located within the reactor core. They are positioned
vertically in the reactor by “fit up “ in a slot ( or pin } in the upper grid and a hole in the lower core
support plate. The source materials are entirely enclosed in a stainless cladding with an outside
diameter of approximately 1.7 centimeter.

5. Neutron Flux © A measure of the intensity of neutron radiation. It is the number of neutrons
passing through one square centimeter of a given target in one second.

The initial flux of the neutron source = 1.48 X 10* neutrons / sec/curie

Half Life of neutron source = 1.91 years

(1 Curie = 3.7 x 10" disintegrations / second)

Neutron Emission = 2.5 x 107 n/sec/curie

Maximum thermal flux in fuel = 1.32 x 10" neutrons/ cm*/second

Neutron speed ( fast ) = 42 000 Kilometers / sec

Slow neutron speed =3 Kms / sec.



3- USED NUCLEAR FUEL AND DECAY PROCESSES

In 2 nuclear-powered electricity generating station, heat is produced by fission, which occurs in a
fuel bundle when a neutron is absorbed by certain heavy elements { such as uranium-235 or
plutonium-239 ).

In the CANDU system used in Canada, sach fue! bundle contains about 19 kg of natural uranium,
in the form of high-density uranium dioxide ceramic pellets. These pellets are sealed inside zirconium
alloy tubes, about 0.5 m long, arranged in a circular array 10 ¢m in diameter ( Fig. 1 ). Heat is
removed by passing liquid heavy water over the many bundles in the reactor, In turn, the heavy water
coolant passes through boilers which transfer the heat to ordinary water, producing steam. The
cooled heavy water is then pumped through the reactor again in a closed loop in order to retain the
heavy water. The steam from the boilers drives a turbine generator, producing electricity.

Fig. - CANDU Nuciear Fuel Bundle

When a UU-235 atom is split and neutrons are released, one neutron goes on to split another atom, and
so on, keeping the nuclear reaction going

z] ﬂluﬂﬁ + “nl __""“.}" 55{:51-“] * 37%93 i3 3 unl T :{}D MEV
7). WP 4+ b eeeedm g Ha™" + S + 3,0 + 198 Mev
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A second neutron is absorbed by the non-fissionable matenals i the fuel and the reactor care to form
a radioactive fissionable matenal (Pu-239).
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A third neutron is absorbed by H* ( deuteron ) to form radioactive hydrogen atom \H' known as
tritium.

H + @t eee——s (H + 434 Mev

As the process continues, the concentration of fission products increases until their neutron
ahsorption capacity becomes so large that the nuclear reaction begins to be impeded. At this stage,
after about 18 months, the fuel is removed both because of the partial depletion of the fissile matenal
as well as the build-up of neutron-absorbing fission products and actinides.

a) Fission Products: Fission products are formed when neutrons hit and split uranium 235 atoms.
In the splitting process, several dozen different isotopes are formed. The most significant fission
products, along with their half lives are listed in table 1. Fission preducts generate large of radiation
and heat, so fuel bundles must be handled remotely, and they must be shielded and cooled when first
removed from the reactor.

Table 1-Significant Fission Products

Fission Product Half-Life (Years)
Krypton-85 i1

Strontium-90 29
Technetium-99 213 000

Tin-126 234 000
lodine-129 L7 200 000
Cesium-135 2 300 000

Cesmum-137 30



The following are the Radioactive disintegration processes of the fission products:

4)
3)
6)

7)

sl e
i >
43-[599 —
oS ——=
S -

<135 t
55{:::

58—

.67 Mev
2.27 Mev
0.29 Mev
+ 1.9 Mev
+  0.83 Mev
+ 021 Mev
+ 1.18 Mev
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b) Actinides: Actinides are nuclides of heavy elements in the series beginning with actinium in the
periodic table of the elements. Some absorb neutrons but do not split. The main actinides in used fuel
are listed in tabie 2.

Table 2- Main Actinides in used fuel.

Actinides
Uranium-233
Uranium-236
Uranium-238
Plutonium-239
Plutomum-240
Plutonium-242
Neptunium-237
Americium-241

Thornum-232

Haif-Life (Years)

710 000 000
23 000 000

4 500 000 000

24 000

f 600

360 000

2 100 000

460

14 000 GO0 000
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The following are the disintegration of the above actinides:

1) ol > oTh™' 4+ ,He* + 4.56 Mev
) gl ——— oTh™  + . He' + 4.5Mev
3) A e - ogIht  + He' + 4.2Mev
4) g PU——— LU+ He! + 5.15Mev
5) P ——=: IS 4+ He' 4+ 516 Mew
6) g PUA— > LUB + He! + 49Mev

7) SNpFT———>  Pa®® + jHe' + 1.73Mev
8) geAmH ———= HNpT + Het + 5.5 Mev

9) o THE————> wRa™ + ,He' + 4.01 Mev

Table 3- Actinides neutron absorption processes
1) LU + pt—> U+ Y
2)  SUP 3t —3 PuPP+2 e
3 @B gl P

4) 94P]-1.}1u = GH]

41
> B-tPu ™

v
Y
§)  LPuM 4+ pt— L Pu™ . v
6) o PuF+ pf—— Pu - Y
T

T GNpe a2 Np™* +

8) -}s‘a‘mw"'utﬂ] —h 95Am343:—

v
9 s TH ot > TP+ Y

¢) Activation Products: The third and final category of radioactive materials in spent fuel comprises
the radicactive isotopes resulting from neutron reactions with materials in the fuel cladding as distinct
from the fuel itself. They are called activation products since they arise from non-radioactive materials
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that have been made radicactive{ activated } by fission neutrons.Some of them are shown in table 4

Table 4 - Activation products in fue!

fsotopes Hudf-Life (Years)
Carbon - 14 5 700
Chlonne-36 300 008
Zirconium- 93 1 500 000

Radioactive disintegration of the activation products:

1) AW e 3 N g8 +  (0.156 Mev
) B 6 = S o+ e +0.71 Mev
R = Wi+ e + 0,063 Mev

At the time of removal of the used firgl bundles from the reactor, about 67% of the Uranium-235 in
the fuel bundles has bean consumed. Table 5 provides an overail comparison between the composition
of frash and spent CANDU fuel. The major change hetween fresh and used fuel is the transformation
of about two thirds of the uranium-235 to fission products. There is also an intermediate reaction
in which a small amount (less than 1%4) of the uranium-238 absorbs a neuiron and transforms to
plutonium-239, of which about ‘haif subsequently fissions (splits) to produce additionai fissiie
isotopes. About 30% of the energy derived from the fuel bundles is derived from the fissioning of
plutonuem.
Tabie 5- Compostiton of fresh and spent Canda Fuel

Cinnponent Composition of Compaosition of
Fresh Fuel % {lsed Fuel %
Uramm-235 1 (.23
Uramum-236 i (B4 )
Uramum-2338 96 23 93.58
Plutonium-239 0 0.25
Plutonium-244 i} 010
Plutonium-241 0 0.02
Plutomum-242 (} 0,01

Fission Praducts i 0,74



4- RADIOACTIVITY AND HEAT EMISSICN
FROM THE USED FUEL BUNDLES

a)Radioactivity

Radioactivity is the spontaneous decay or disintegration of an unstable atomic nucleus, usually
accompanied by the emission of ionizing radiation. The unstable nucleus is called a radioactive
isotope or radinisetope | that decays or disintegrates spontaneously, emitting radiation.

Unstable nuclel mav exist in nature or may be produced by nuclear reactions and may undergo
radioactive decay by several different processes . In sach of these processes | the sumof the masses
of the resultant particles is less than the mass of the parent nucleus. The following are the main forms
of the radipactvity emissions

I- Alpha particle decay - Alpha particle is a fast moving positively charged particle emitted by
certain radioactive elements. It is identical with the nucleus of a heiium atom . For example, Uranium-
238 decays by alpha particle emission to thormim-234 and a specific amount of energy is liberated and
associated with the decay process

I S s + LHe* + 4.25Mev

2- Beta particle decay - Beta particles are negatively ( negatron ) or positively ( positron ) charged
electrons that have been expelled from the nucleus, Negative beta emission converts a neutron into
a proton. For example, neon - 23 illustrates this process

A T + 48+ 439 Mev

Positive beta emission converts a proton mto a neutron. For example, carbon-11 illustrates this
process

LW s BY o+ &+ 096 Mev
3- Gamma ray or pheton - Gamma ray is an electromagnetic radiation emitted by atomic nucler and
produced when the nucleus returns to a lower energy state. The energy of the gamma rays correspond
to the eneray difference between two of the energy levels of the nucleus, For example barum-137
and protactimum-21 illustrate this process

Bat s —- B Y+ 480 Mev

T =S B P + Y + 614 Mev
Disintegration energy . It is the energy carried by any process in which a nucleus sends out one or
more particles { including photons ) either spontangously or on baing hit or bombard. This energy 15

measured with Mev { million electron- volt ).

Tiectron 1t is the negatively charged particle ( chargee= Lo 107" Coulomb , massm=9.11 x 10
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gram ) which forms a constituent of all atoms, its positively counterpart of equal mass and charge
being cailed positron. However, the word electron is often used to include both negative electrons(
negatrons ) and positive electrons ( positrons ).

Tiectren-volt {e¥):Tt is a unit of energy equal to the kinetic energy acquired by an electran when
accelerated through a potential difference of 1 volt ( 1 eV =16x 107" ergs )

Miilion eiectron veoit { Mev) or 10° ev: Tt is a unit of disintegration energy used {0 measure the
radicactive transformation and associated heat emanation,

Curie © The hasic unit used to describe and measure the intensity of radicactivity in a sample of
radicactive material. The curie is equal to 37 billion disintegrations per second ( 3.7 x 10" dps ).

Haif - life : The half-life of a radioisotope is the period of time required for the activity to decrease
to half of its original value and disintegrate to another nuclear form.

The uranium-238 is the main radioactive element in the used fuel bundles (98 38%) and it 1s 4 source
of alpha particle and gamma ray decay. The radioactive decay continues when the used fuel is removed
from the reactor, causing emission of radiation and heat at decreasing rates proportional to half life
value and changing compuosition over fime.

b) Heat: Heat is energy being transferred ( Energy Transfer [Heat Flow) [t oceurs between bodies
when they are at different temperatures. The radicactive thermal energy of a substance is the total of
translational kinetic snersies of all atoms and molecules in the substance.

When the used fuel bundles are removed from the reactor, they are placed i water filled pools where
they cool. The surface temperature of the used fuel bundles is measured by the heat generated per unit
time. The heat generated or lost by the used fuel bundles is constant and continuous for long pened
of time and is equal to the heat removed or gained by coolant, and it can be calculated from the
following formula

H=W Cw (Tyn- Ty )

Where H= Heat removed by coolant, in calories
W= Coolant mass flow rate, in grams /sec,
Cw= Specitic Heat capacity of water at constant pressure, in calories/ gram/degree Celsius
T, = Temperature of the pool outlet, in degrees Celsius
Tpi = Temperature of the pool inlet, in degrees Celsius

Specific Heut Capacity: [t is that quantity of heat required 1o increase the temperature of 4 system
ar eubstancs one degree of temperature. It is expressed in calones per gram per degres Celsius.

Calorie: T is 1 unit to measure heat quantity. {0 is the quantity of heat required lo rmse the
remperature of one cubic centimeter of water by one degree Celsius
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Conciusion: Tt is concluded that the heat emanation or emission from the used fuel bundles is a
function of radicactive decay, and it is directly proportional to the liberated disintegration energy, The
physical relationships and mathematical linkages between radiation and heat energy of radioactive
material are exchangeable. Each disintegration is charged with a specific amount of energy. This
energy is associated with radiation and heat emanations. The radiothermal energy is a general
expression to combine the radioactive and thermal energy. in which radioactive energy is expressed
by Mev umt, and thermal energy by calone. The unit for measuring radioactive energy (Re) is a
Million Electron Volt (Mev), and the unit for measuring heat energy (He) is a calorie (Cal), The Mev
and Calorie are exchangeable units. The unit of radicactive energy can be used to measure heat
energy, and vice versa, the umt of heat energy can be used Lo measure radicactive energy. Therefore

1 Mev = 3.83x10°" Calories (1)

I Calorie = 2.62x 10" Mev (2)

| Watt = 0.626x10" Mev/sec (3)

={.238 Calorie/sec {4}

Hefcal) = 3.83Re x 10 (5)

Re(Mev) = 2.62He x 10 (6)

Eh(Cal/sec) = 4.184Er x 10" (7}

o Er (Mev/sec) = 3.817Eh x 10" (@)

Where He = heat energy, in calories
Re = Radiation energy, in Mev
El = Rate of heat energy, in calones/second

Er = Rate of radiation energy, in Mev/second



Table 6-The Radioactive Disintegration of the U-238 in the Used Fuel Bundles

Disintegration Reaction Half~Life
1) UPY ceeeen TH™ + He' +42 Mev 4 500 D00 000 v
) Th™ e, Pa™ 4+ &% +Y +0.47 Mev 24.1d
3) yPa™ e PP + ¥+ 614 Mev 1.18m
4y Pa™ e U+ @ =197 Mev 6.66 h
5) U™ e  THEY + He'  + 5485 Mey 250 000 y
L P T — 5 GRa™  + He' +9.297 Mev 80 000 v
7} gRa™ e R+ He' +9.554 Mev 1620 v
8) LR o > Po™+ He' -+ 548 Mev 38254
9) PO —im A+ et + 6.0 Mev 3.05m
10) gAr™ ——> Rp™ + &' + 1335 Mev 1.3s
1) B comeeee PO+ He'+2 & +774Mev  0019s

12) P

13) uBPrf™ e -,
14) MPGEH .
I oI S
FS o e ——
170 Bl o
18) o PO e
19) o T —e2e

:ﬂ } szh::n{.

GBFt + e +Y +2.13 Mey 268 m
wPo+ e Y o+ 17.04 Mev |88 m
T + . He' + " + 7.68 Mev 0.00010 s
2P+ & 4+ 196 Mev 1.3m
SB +e" + 0,127 Mev 2] y
P+ e+ 623 Mey 5d

o LE®+ He' + & + 6.105 Mev [38.4 d
oPB™ o+ @ + 1.5 Mev 42 m

Stable

Symbol
U = uramum
h= thorium
Pa=protactinium
U = uranium
Th = therium
Ra =Radium
Rn = Radon
Po=polonium
Al = astating
Rn = Radon
Pb = lead
Bi = bismuth
Po=polonium
Tl=thallium
Ph= lead
Bi= bismuth
Po= polonium

Tl= thallium



5- CRITICAL APPRAISAL OF THE NWMO REPORT

In reviewing the NWMO report of Nov. 2003 I noticed three important points required to be revised
and / or modified: The radioactive decay graphs shown in figures 2.2 and 2.3 on page 27, the rate of
decreasing the radioactive heat emission ( page 27,29 and 68 ) and the values of the half-lives of
certain radioisotopes mentioned in tables 2.1 and 2.2 on page 26.

1} Radioactive Decay Graphs :

The rate at which a particular radioactive material disintegrates or decays is a constant factor that is
almost completely independent of all phvsical and chernical conditions. It is an experimental fact that
the number of atoms of a given radioactive substance decreases exponentially with time provided that
no new atoms are introduced. Half of the material will have decayed at the end of a certain time
mterval( half-life ), which can be determined by mathematical calculations and experimental tests. Half~
life is the time required for the activity to be reduced to halfits initial value. Each radioactive substance
was characterized by a particular half-life and the emission of a particular type of radiation, with
definite energy limitations, The experimental investigations showed that the mean life of any group of
emitted particles is 1.44 times the half - life. Its relationship to half-life for any emitter is shown in the
following graphs( Fig. 2.3 4,5 and 6 )

T T ar ar 4T . 57

‘a
tme elapzed in unpits af halfdife T

Fig.2- Exponential decay of a radioactive element with fime
( Source: Henry Semat- Introduction to Atomic and Nuclear Physics,4th edition, New Yorl 1963
Page 333 )
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Fig.3- Decay curve of single radivisotope ( linear plot ).
( Source: R.A. Faires& B.H. Parks- Radioisotope Laboratory Techniques, 2™ edition, London 1964 Page
13)

"-,:-E'L‘-'r' CURVE OF
LECHMPOMENT A

TFig 6~ Decay curve of rwo component system .
( Source: Faires & Parks- Radioisotope Laboratory Techniques, London 1964 Page 15 )
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From the exponential nature of the decay law which based on the laws of chance or probability,it follows
that after two half-lives the activity is reduced to 1/4 |, and that after m half-lives it has become 1/ 2", This
fact is of imporance in the planning of experiments involving radicisctopes, and in the disposal of
radioactive waste. If a nuclide has a half- life of 12 hours, the activity after a week will be 1 /2%
Therefore it will be reduced by a factor of 16384, That means one curie ( 3.7 x 10" Bequerel ) initially
will have decayed to about 60 microcuries after one weelc

Here it must be strongly emphasized that the curie is a unit of disintegration rate, and not the rate of
emission of alpha, beta particles, or gamma photons or other radiations and particles. From the published
half - life of an isotope,a decay curve can easily be constructed using linear plot and / or semi-loganthmic
plot as shown in the following graphs (Fig.7 & 8 )
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Fig, 7- Decay curve of single radioisotope by semi-logarithmic piol.
( Source: Faires & Parks- Radioisotope Laboratory Techniques, 2™ edition, London 1964 P.13)
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Fig 8- The logarithmic decay of radioactive source.
(Source: James M. Cork- Radiocactivity and Nuclear Physics,3rd edition Princeton NJ 1957 P24 )



To construct the graph it is only necessary to mark 100% at a suitable point on the log scale and to draw
a straight line through this and the point where the vertical line through the half-life on the time scale
meets the horizontal through 30 %. By choosing suitable time scales,the decay curves of several nuclides
may be drawn on the same graph as shown in the following graphs( Fig.9,10 & 11)
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Fig.9- Decay of fission product mixture formed during 1 00 days operation of a nuclear reactor.
( Source: R.Lapp & H. Andrews- Nuclear Radiation Physics.3 rd Edition.London 1963 P.311)
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Fig. 10- The analysis of a composite decay curve into its three components.
( Source:James M, Cork-Radioactivity and Nuclear Physics,3rd edition, Princeton NJ 1957 P.24)
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Fig 11- Typical decay curves of multiple radioisotopes by logarithmic plot.
{ Source: Faires & Parks -Radioisotope Laboratory Techniques,2nd edition,London1964 P.14 )

Elements of different afomic number are usually separable chemically. In this way continued
investigations revealed the fact that the atom of uranium-238 and atomic number 92 is the parent of
an entire series of elements of descending atomic weights. In its continued disintegration one alpha
particle and one gamma ray ( photon ) are emitted in the first step. The final residual atom is a stable
isotope of lead of atomic weight 206 and an atomic number 82.( See attached table ). The half-life of
U-238 is about 4.5 x 10 years, which means that the disintegration constant is 4.9x10™"* per second,
Hence a gram of pure uranium-238, which contains 2.33 x 10%* atoms will give rise to 2.53 x 10™ x
4.9 x 10 or about 12 400 disintegrations per second.

In examining the published graphs of fig.2.2 and 2.3 of NWMO report page 27, it appears that these
agraphs are not good representation for the experimental models, The radioactivity of a used fuel
bundle over time ( logarithmic scale ) as represented by the graph of fig.2.2 is not a semi-logarithmic
plot nor a linear plot representation. [t is not in agreement with the known hali-life and disintegration
constant data of the U-238 radioisotope or other fission products which are all in the fiel pellets. The
same observations are applied to the total radioactivity per bundle of used fuel as represented by the
graph of fig. 2.3, The graphs of fission products which are all in the fuel pellets uranium and activation
products are not exponential as it should be in the linear scale, nor are straight lines as it should be in
logarithmic scale.( See fig.2.2 and 2.3 below )
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2-Radioactive Heat Emission:

NWMO report mentioned the radioactive heat emission from the used fuel bundles in the following
statements :

1)-"As shown in figures 2.2 and 2.3 , the level of radioactivity declines rapidly at first, then tails
off. Activity declines to that of material uranium and its associated radioactive decay products after
about one million years. These decay characteristics are well established, having been both
observed in nature ( radioactive decay has gone on continuously since the earth formed ) and
madeled theoretically “p.27

If the level of radioactivity declines to that of natural uranium after about one million years, then
surely it can not be described as * declines rapidly “_then the theoretical model showed in the graph
of fig.2.2 is not an accurate representation of the observed and tested facts of the radicactive decay.

2)-“..8olid nuciear waste is placed in an excavated cavity or a deep borehole. Radioactive heat
generated by the waste would increase, melting the surrounding rock and dissolving the
radionuclides in a growing sphere of molten material “ P68

The rock melting required a tremendous amount of radioactive heat, which means the used fuel
bundles are not rapidly cooled in the water-filled pools.

3)- © Radioactive decay continues when the used fuel is removed from the reactor, causing
emissions of radiation and heat at decreasing rates, and changing compeosition over time. Some
350 different isotopes are present, of which about 200 are radioactive “ P.27

Radicactive decay of the used fuel is a continuous process. The removal of the used fuel from the
reactor has no physical or chemical effect on the radicactive decay or disintegration, nor on the heat
emission which is associated with the value of the half-life of the radioactive material.

4= Wihen used fuel bundles are removed from a reactor, they are extremely Bot, each bundlée
gives off more than 25 500 watts of energy- the equivalent of 250 light bufbs ( 100 watt ) in one

concentrated bundle. In this initial period the heat, alone , emanating would cause injury upon
direct exposure, * P29

That means each used fuel bundle produces 23 500 watts X 0.239 calories / sec =6094.5 cal / sec.
This radioactive heat rate is steady and continuous. It is directly related to the radioactive
disintegration without any local effect.

All the mentioned statements. so far, are in full agreement with observed and tested data of the
radionuchide’s decay charts.

5)-* When the fuel bundles are removed , they are placed in water - filled pools where they cool
quite rapidly. After about an hour, they emit about 35 % of the original heat, after a day, itis 12
%, after a year, about 0.2 % . At this time, the heat emanating from one bundle is roughly
equivalent to a 60 ware fight bulb,” P.29
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The CNSC report of July 2003, admitted that the temperature of the inner carbon steel liner of DSC
is 98" C. In order to sustain this temperature, a continuous source of heat is required.

Bundles lost heat = (inner Carbon steel ) liner gained heat

m, ¢, {ts.t)=m o (ty_t,)
My detailed calculatons mentioned in my second report to the CNSC (September 12" 2003) showed
that millions of calories are required to sustain that temperature.
3- The Vaiues of The Hali-Lives:

In reviewing the values of the half lives of the radioisotopes published in the tables 2.1 and 2.2 the
following values should reviewed and /or corrected:

Radioizoiope H.1 NWMO Published value Scientific Accepted Value
Table 2.1 Technetium- 99 210 000 y 213000y
Tin- 126 210 000 v 234 000 y
fodine- 129 16 000 000 v 17 200 000 y

Table 2.2 Thorum- 232 1 400 000 D00 v : 14 000 000 000 v

(Source: David R. Lide - Editor- in- chief, Handbook of Chemistry and Physics, 82™ edition 2001~
2002 CRC Press- New Yorlk, 2001.)
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Appendix - 1

Canadian Nuclear Generating Stations { NWMO Report P.32 )

OPERATOR |

! SITE | HEACTCRS . LOCATION iz mas Agove

! Bruca-4 [ 4 %825 Mw | Bruce Power Inc. | Wincardine, OM (1)

i Bruce® | 4315 MW | Bruce Power inc. | Kincarding, OM 1}
Pickering-4 | 4% 540 MW | Ontarin Power Ganeration Ajax-Pl_cicering. an rij |

_F'Eg:kenng-ﬂ | b %540 MW | Cntarie Power Genaration | HjaI-PlckE.:nng: oM (2) |

" Dasiington 4 % BE0 MW | Ontzrio Power Generation | Eowmanﬂllle. O (3) :
Gantilly-2 | 1635 MW Hydro-Québes Trois-Riviéras, QG (4) |

| Paint Lepreau | 1 %635 MW | New Brunswick Power | Saint John, N8 ()

Appendix - 2

Canadian Research and isotope - producing Reactors (NWMO report P.32 )

LOCATION 528 Mas 2n0vE

VAW risfrEssrnn RErn poen, wRIGD applies 1@ noR-sawer IRECLHT

LICENSEE HEACTORS
Metdaster Uﬁi‘\lﬂ;'ﬁl_l{'l_.’ (Foul-_t_;..gpe resgarch reactor) MW . |-1a:11'|||'t{:n, O (5
Ecale Polviechnique (SLOWPOKE-2) o o LOE B Montreal, OO0 .;"?:I
Ecole Polytechnique (Subcritical Assembly) O MWt | Montreal, 0C (7)
Dalhousie Uniersity (SLOWPOKE-2) aozaMwt | Halifax, NS (8
Saskatchewan Ressarch Council (SLOWPOKE-2) | 0.02 Mt Saskatoon, SK (3)
| University of Alberta (SLOWPOKE-2) 0.02 MWt Edmanton, AB (10)
Aoyal Military College of Ganada (SLOWPOKE-2) | 0.02 MWt Kingston, ON (17)
AECL (Mapla 1) 10 MW Chatk River, ON (12 |
AECL (Maple 21 10 MWE | Chalk River. ON {12) |
AECL (NAL) o 135 MWE | Chalk River, ON (12]
AECL {ZED-2) 0.0002 MWt | Chalk Rivar, ON (12}
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Appendix - 3

Storage of Used Nuciear Fuel in Canada { as of December 31, 2002 3

( NWMG report P.33)
| STORAGE LIGENSEE FLUEL BUNDLES USED-FUEL : USED-FUEL | TOTAL
LOGATION | 1N AEACTOH BUMDLES N BUNDLES IN FLIEL
[SEE AR ORPOSITE] | WET STORAGE | DRY STORAGE ‘ BUMDLES
1 ._..."_ L -_._. T i K 1'_DMT|!'|H|C|' Fiat . ;
| Bruce A (1) | Brugca Power 0 | 354,567 a | 354,587
| Carporation I .
Bruce B (1) || Bruce Power | 24679 | 356,519 i | 381,188
| Corporation |
| |
| Pickering (2) | Ontario Power | 26756 393,690 99,108 | 520,352
| Genseration I [
r | ' .
| Darlington (3} Ontario Power | 24,5680 | 211,932 a | 236,892
Genaration |
| Douglas Fo’lntﬁ.‘]}| AECL | a l 22 366 22,258
Chalk River | AECL | @ 4,853 4,853
Lakoratories (12)] |
(e fuei |
frmen Anlphton |
Husisar Powar [ | |
Damtonsraben) | | \
R e QUEBEC.
Gentilly 1(714) AECL | o | o 3,213 | 323
T Gentily2(4) | Hydro-Québse | 4,360 EAT 48,000 | sa7ar
T e T e s e e REWIGK i
i = : : ; i
| Point Lepmau{51| Mew Brunswick 4,360 40,482 52.920 497,962
II Pawer
= 57 MANITORA
: T
Whiteshel ‘ AECL | o ' 360 360
Laboratones(15)
w— | |
fram Doegias |
Prent and nan=
minndard wasie) | | |
{ - T
TOTAL | l 1,384,371 230,708 1,720,594 Jl




Appendix - 4

Estimated Future Used Fuel Inventory ( NWMO report P. 34)

T AESRONSIEL= 177} FACILITIES ' WHERE USED: NLIMEIEE-QEUSEI'?U.EE = ,-.. EET'IM.&TE‘EFI_H'UHF‘ [
| B FUEL SUNDLES'ARE - BUMDLES AS OF a7 | USEDFUSLSUNDEES: |
| i e TR ¢ LOCATED T | DECEMBER:ZOOZ” 2 ; il
[ H £ U iFRSMTABLE LT | |
apPs | Bruce A 554,567 :
| r
| Bruca 8 281,788 |
. | i | 3,200,000 (1)
| Pickering | ‘529,552 |
| Daringron 236,092 |
AECL | Chaik River Laborazonies | 4,859 4,853 (2)
| | Dougias Paint | 22,258 22,258 (3
Whitasnel| |
| LzbBoratorias | 260 360 (3
AECL | Gantilly | | 3,213 (3 1.213 (@
Hydro-Cugnan | ceniy 2 | 88741 123,000 {4}
NI5 Pawar | Foint Lepraay | o7.082 111,480 {5}
TOTAL ! 17720,584 TETS, 162

it Refarenco - GPG Raport W-COR R-006821-0052, “Havaes Plan and Sast Sufmatas for Managament af Uead Fus®,
Cotonee 002, submidan o the GNES,

This rapen cravides OPG'S projestan wal inventary ot 323 millen Bunaios ssauming all of the resstors gparaza ler 40 yaars,

12} This iz 2 reseancs facilty thet no ionger progusss usad SANDL fust,

@) Thess amdecemmisisnad fociiftes et na ‘oegsr Sroduca used CANOL L,

(4 Asfamricn - Atzchmant ie Heim-Quebes Sacemen HOG-1 374003, *Prelindnery Docommissioning Plan for (G2 Micipar t3anerating Slatian®,
Apnil Z001, sutestted toihe CMET. This domement rerees o setimats of 133,000 tuncins 1o 5o produced by 2090, The assurmaeg Cizntlhy-2
stominn . dasign iife 1s 00 yeare. Mo decgion has been taxen yat reqardig the renrsnmant i Zanellly =2, IF tha moiereesnt o5 agomoved. tha
eperaten of Gantiily-2would be sxtanasd ang tho esimetaa Sunales will bg revisao aacaroingly,

H Andeence- Anchmang @ of Asgust 2003 laior rom (B Fowar ubmimed by the CHSC, The sitoenmant ta nis kybes saters to an Irreedintes
funl invantary of anproximmialy 171,400 bundlss &t te aad of N8 Pawar's currast Power Foactor Operstina Lesnes (Mirsh 31, 2008, f tha
apsrtion of Point Laprsiy I mctanded bevand Sarch 2008, 4o asormaren buncs e wii 48 ravisad Acgoringy,

=3
L]




Appendix - 5

Nuclear Terminology : Disposal , Storage and Treatment { NWMO report P.61 - 62 )

1} Used Nuclear Fuel

Irradiated fuel from a commercial or research reactor that has served its intended purpose ( for
nstance, for generation of electricity ) and has been removed from the reactor.

2) Method
A technology, technique, technical process or procedure for handling used nuclear fuel.

3 Management Approach

A strategy for the long - term care of used nuclear fuel which encompasses a particular technical
method or sequence of methods, and all of the conditions necessary for its successful implementation.

4) Disposal

A method of isolating used nuclear fuel from humanity and the environment; the method must be
conclusive and without the intention of retrieval or reuse . Disposal methods may require transporting
used nuclear fuel to a centralized location , whether in the home country, to an international repository
or to an offshore location |

5) Storage

A method of maintaining used nuclear fiel in a manner that allows access , under controlled conditions
tor retrieval or future activities. Most storage methods rely on engineered barriers, for radiation
protection . The used nuclear fuel is placed in engineered facilities ¢ which can be conerete containers,
silos or modules ). Storage methods require repackaging of the fuel containers over time | and will

require transportation if the storage facilities are not located at the reactor site where the waste is
created.

&) Treatment

Processes applied to used nuclear fuel that change its characteristics. Currently these include processes
that reduce the volume of the used nuclear fuel and separate the components for individual treaiment
( reprocessing, partitioning and conditioning ). Treatment methods involve applying chemical and
physical processes to the used nuclear fuel, recovering desirable components and separating and
treating residual, radioactive and hazardous waste streams . Treatment methods may require that the
used nuclear fuel be transported to the treatment facility and recovered componenis and residual waste
streams may need fo be transported back.



Appendix - 6

Methods Requiring Review Under The Nuciear Fnel Waste Act
{ NWMO report P.62 - 65 )

The Nuclear Fuel Waste Act obligates the NWMO to examine, in detail, three management methods..
Countries other than Canada are also actively examining or implementing these methods.

1) Deep Geologicai Disposai

Deep seological disposal involves burying the used nuclear fuel deep underground. This method is
currently favored by many countries and by most internationa agencies. It would require transporting
used fuel from interim storage facilities to a disposal facility { wherever it is located ).

2) Centralized Storage

Long - term storage at a central site requires transporting the fuel from the reactor sites, Storage
facilities can be located sither above or below ground. Here in Canada, industry has completed a
preliminary review of centralized extended storage. Their above - ground alternatives include casks
and vaults in storage buildings; and surface modular vaults. Below - ground alternatives include casks
and vaults in buried storage containers; and casks and vaults in rock caverns.

3) Reactor - Site Extended Storage

Both above and below - ground storage alternatives are in use today. Each site has its own
distinguishing characteristics, and many conditions must be factored into the design. construction,
operation and maintenance processes. One advantage of storing used fuel at the reactor siie is that 1t
eliminates the need to transport the fuel to another { centralized ) location.
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Appendix - 7
Methods Receiving International Attention { NWMO report P.66 - 67 )

This discussion looks at additional methods that are being considered in some national programs
around the world and at methods that are likely to receive some atiention in the future.

1) Processing, Reprocessing, Partitioning and Transmutation

a- Processing :It is mainly the method or pracedure for the preparation of fresh fuel before it goes into
the reactor.

b- Reprocessing : It is a general term for applying chemical processes to used nuclear fuel for the
purpose of recovery and recveling of fissionable isotopes .1t takes place after the used nuclear fuel has
cooled for a few years. The fuel is moved to a reprocessing facility where it is stored in large lead and
steel casks.

¢~ Partitioning | Separation and segregation are the main partitioning processes used to isolate
products into different streams, such as useable uranium and plutonium; highly radioactive liquid waste
; and less radioactive solids, liquids, and gases.

d- Transmutation : It is a nuclear research process developed and used to transform some radioactive
components into non- radioactive elements and vice- versa by using nuclear reactions initiated by
neutrons or protons. This process changes one element to another and it is of interest because
successfiul transmutation could significantly reduce the time horizon of risk associated with used
nuclear fuel, unwanted nuclear weapons and surplus plutonium.

Examples of Artificial Nuclear Transmutation
a) - Artificial Gold Production:
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¢) - Transmutation of Radioactive Tlement into Stabie one:
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2) Storage or Disposal at an International Repository

Anv assessment of international storage or disposal would necessarily include all the costs benefits
and rsks of the site and related infrastructure ( including transportation ), linked to all affected
societies and cultures . The design could be either above or below ground . The faciiity could either
be based in another country and accept Canadian waste , or be based in Canada to accommodate its
own and other countries’ waste. Should this repository method be considered. a complex issue would
be choosing a suitable site.

3) Emplacement in Deep Boreholes

Some countries. which must dispose of only small quantities of high- level waste, are looking at a
method called “ emplacement in deep boreholes “. In this method, solid pachaged waste would be
piaced in deep boreholes drilled to depths of seven kilometres , with diameters of typicaily less than
one metre . The waste containers would be stacked in each borehole and would be separated fom
each other by a layer of bentonite or cement.



Appendix -8
Methods of Limited Interest {(NWMO Report Page 63-70)

Eight methods are included in this category. They have been studied over the past 40 vears, but none
are bemng implemented , nor are they the focus of major research effort. Brief summaries are provided
here to share information on the broad range of options that have been raised historically |

1- Direct Injection: This method involves injecting liquid radioactive waste directly into a layer of
rock deep underground. Direct injection requires detailed knowledge of subsurface geological
conditions, It does not incorporate any man- made barriers . There would be no control of the mnjected
matenal after disposal . Retrieval would be impossible.

2- Rock Melting: In this methed, liquid or solid waste is placed in an excavated cavity or a deep
borehole. Heat generated by the waste would increase, melting the surrounding rock and dissolving
the radionuclides in a growing sphere of molten material . As the rock cools, it would solidify and
incorporate the radionuclides in the rock matrix, dispersing the wasze throughout a larger volume of
rock .

3~ Sub-seabed Disposai: In this method, radicactive waste containers are buried in a suitable
geological setting beneath the deep ocean floor. The sub-seabed disposal concept involves using
missile-shaped canisters called “penetrators™ to hold solid waste. The penetrators are dropped from
ships, and bury themselves to a depth of a few metres or more in the sediments on the ocean floor.

4- Disposal at Sea: This method consists of placing packaged waste on the bed of the deep ocean.
The packaging would consist of canisters designed to last for a thousand vears or more, The waste

would be in 2 solid form that would release radionuclides into the ocean s very slowly when the canister
fail,

5-Disposal in Ice Sheets: In this method, containers of heat-generating waste would be placed in very
thick. stable ice sheets, such as those found in Greenland and Antarctica. Three possibilities have been
suggested:

4) In the"meltdown™ concept, containers would melt the surrounding ice and be drawn deep into
the ice sheet, where the ice would refresze above the wastes, creating a thick barrier.

b) In the “anchored empiacement” concept, containers would be attached to surface anchors that
would limit the containers’ penetration into the ice by melting at arcund 200-500 metres.

¢) In the surface storage” concept, containers would be placed m a storage facility constructed

on piers above the ice surface.

6~ Disposal in Subduction Zenes: This method was initially proposed in the 1980s. in theory, it
mvolves placing waste in a subducting ( or descending } plate of the earth’s crust. Subduction zones

are always offshore, so this concent can be considered a variant of emplacement in the sea or beneath
the seabed.
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7-Disposal in Space: The methed would permanently remove radioactive waste from earth by ejecting
it into outer space. Alternative destinations that have been considered include the sun, orbit around
the sun, and ejection beyond the solar system.

8- Dilution & Dispersion: The method would invelve dissolving the fuel in acid. neutralizing the
solution and discharging it slowly down a pipeline into the sea. The discharge site and rate wouid be
such that radiation dose to people never exceed internationally-accepted limits. It differs from all other
storage and disposal methods in that there is no containment of the waste or isolation from the
environment It has never been proposed or considered seriousty for used nuclear fuel disposal because
sea disposal is prohibited by international conventions.
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