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Civilization & Power Consumption

First cave-fire ~ 500 000 years ago : “Chinese Prometheus”
Metallurgy: Copper (5 ky BC) > Bronze (3 ky BC) - Iron (1 ky BC)

Organic Fuel Consumption
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From the book: lan Hore Lacy,“Nuclear Energy in the 21st Century”, Elsevier Publ., 2006.



Dynamics of the global consumption of energy resources

CURRENT USE 2012 2016 (IEA)

15 _ Glons of "Coal”™ Nuclear Source EJy % %
Oil 170 33.20 31,9
Hydro Coal 139 2715 27.1
Gas Gas 109 2130 221
Biomass 51 9.96 9.8
Uranium 30 5.86 5.0
Oil H)./dro 12 2.34 2.5
Wind 0.72 0.14 0.83 ol
Otherrenew  0.23 0.045 0.48
Solar 0.04 0.007  0.29 "
Coal Total: 512 100%  100%
Fossil 448 87.5 86.1
Biomass Renewable 64 125 139
Wind et al.
SN 1EJ (ExaJ) = 10%8J = 2.78-10" kKW-h

J. Mercure, “Energy”, 46 (2012) 322. 4



Fuel Global electricity production

Primary energy demand by types fuel 2016 (2023)
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Different kinds of “Energy sources”

1) “ Mechanical power ” is the work by Gravitational field of the Earth

m-M E=¢g-m-h
r’ g='YM3/R:2%

F=vy

., To boil 1 liter of
water
~ 0.1 kWh
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Different kinds of “Energy sources”

2) “ Chemical power ” (carbon oxidation) has Electromagnetic nature

qX
C +0,=CO, F=k——
r

E~1eV/atom=1.6 - 10-19 J/atom

%

~ 0.1 kWh Lﬁ‘,’ ‘

i To boil 1 liter
of water

~ 10 g of gasoline ~ 40 t:m mech. energy - 108 times !!!



Different kinds of “Energy sources”

3) “ Nuclear energy ” is the binding energy of the nucleons in the
nucleus - “Strong interaction”

v Fission of 1 atomic nuclear of Uranium releases ~ 200 MeV,
RN i.e. 108 times more !l than at oxidation
Q of 1 carbon atom

produced energy : 200MeV/fission O
mean number of emitted neutrons :
v=25

O % O
neutron e
fissile nucleus O

‘% To boil 1 liter of
fission product (FP) water ~ 0.1 KkWh
(fission fragment)

is equivalent of fission ~ 1016 nuclei of 235U (1cm3~ 1022 atoms !)

~ 10 g of gasoline ~ 40 t*m mechanical energy



Nuclear chain reaction (Leo Szilard and Enrico Fermi - 1939)

Neutron lifetime
~ 10-7s — fast n
~ 10-4s — thermal n

Delayed neutrons
Ny < 1%, At~ 10s

Neutron multiplication
coefficient
k=1

Reactivity

Koy =1 ~107° 1M

k.,

P =




Source of nuclear energy is the mass defect
Am = (Z -m(p)+ N -m(n)) — M,(Z, A) AE=A(m-c)=c"-Am
Specific binding energy in the nucleus ¢ =AE/A (MeV/nucleon)

Ua23s
U238

Fess

Nuclear fusion

(1)D+T— 4He (3.5MeV) + n (14.1 MeV)
5 @) D+D — T1.01 MeV)+ p(3.02MeV) (50 %)
G)D+D — 3He (0.82 MeV) + n (2.45MeV) (50 %)
@)D +3He — 4He (3.6 MeV)+ p (14.7 MeV)
(5)T+T — 4He+2n+11.3 MeV
3#H33 (6) 3He +3He — 4He +2 p
[He (7)3He+T — 4He + p +n+12.1MeV (51 %)
(8) *He + T — 4He (4.8 MeV) + D (9.5 MeV) (43 %)
(9)3He + T — 4He (0.5 MeV) + n (1.9 MeV) + p (11.9 MeV) (6 %)

Mittlere Bindungsenergie pro Nukleon in MeV
N

0 30 60 90 120 150 180 210 240 270
Anzahl der Nukleonen im Atomkern 10



NEUTRON CROSS-SECTIONS FOR FISSION OF URANIUM AND PLUTONIUM

REsOnancs ragon

Fission cross-section, ¢ (barns)

10°° 10°¢ 10 10 : l 1 10
- THERMAL' i | FAST >
Sowrces: QECD / NEA 1989, Plutonium fuel - an assessment.
Taube 1974, Piutonium - a general survey. Incident neutron energy (MeV)
1bam=1022m2. 1 MeV=16x10""3

control rods 0,4rN(E). M5B
reflector
Reactivity margin !!!
k. -1
_ 105
p=—y =10
eff /
fuel rods moderator

coolant channels



Nuclear Power (2019: Total = 450 reactor units)

USA | ; ? 104
France | 1 59
Japan | 1 55
Russian Fed. | e 31
Korea Rep. | 20
UK | 19
Canada | 118
Germany | 117
India | 117
Ukraine | 115
China | 111
Sweden | 110
Spain | 18
Belgium 17
Czech Rep. |
Slovak Rep. |
Switzerland |
Finland |
Hungary |
Argentina |
Brazil |
Bulgaria |
Mexico |
Pakistan |
Romania |
South Africa |
Armenia |
Lithuania |
Netherlands |
Slovenia

0 20 40 60 80 100 120
Number of reactors in operation worldwide (2008/10/02)
(Note: 6 reactors in operation in Taiwan, China, included in the total)

TOTAL: 439 reactor units
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Nuclear Power Today
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Nuclear Energy in Ukraine

South Ukraine ap zhye
P 8 D L)

o -VVER - 440
o - VWER -1000
O - VVER - 1000 building

e - RBMK - 1000 shutdown

Electricity production by nuclear plants is> 50% of total

4 Nuclear Power Plants (13 WWER-1000 and 2 WWER-440)
Total Electric Power — 13,835 MWe.

14



N l P P bl The Nuclear Fuel Cycle
ine
Uran| ore
Mining and Milling
Plant i
...... * ) Uranium
D — Enrichment Plant
Yellg cake -""—/ Enriched
(U>Q8) UFe &=y Ur:
Conversion r_i Ez‘x’“’em" -
Plant -— -r-_fﬁ )
uo:
uo:
Uranium recycliing S MOX Fuel
Uranum recycling T ' Piant
Vitrified Waste - Plutoniurm —
Storage Center
' a— ‘ s;%ocessmg 5 L1
s Vg MOX fuel -'_'.|
Fuel i:eblrx:auon
tive waste - - SretRfue! ]‘-‘ as! Y Plant
.-
¥ e Nuclear F:wef Plant
_ﬂ. = Spent fuel Hl radioactive waste
n -
Safety 1! (after Chernobyl accident) e S
0 F;d\si dis:posal otf high-level ﬁ
r ve wi T
Closed fuel cycle (fuel reproduction) e L

Ecological problems (nuclear waste utilization)

Nonproliferation of fissile materials (nuclear terrorism)

15




Nuclear Power 2019
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Explored Earth reserves of Uranium

140000
120000
100000

80000

60000

ni

mm 52-80 $/kgU

—e— [lpon3BoaCcTBO ypaHa

— 34-52 $/kgU

< 34 $/kguU

== > 80 $/kgU

Nuclear plants are provided with Uranium-235 only until 2035!



Nuclear fuel reproduction 237Np
1 T, =6.75 days

233 > 234 » 235 > 236 » 237
T, = 27 days
233Pg Th-U fuel cycle
T,, =22.2 min
232Th » 233Th 241Am 243Am
A A
T., = 14,3 years T.,, = 4.98 hours
239Py » 240Py » 241Py » 242Py » 243Py
A
T, = 2,35 days
239Np
A U-Pu fuel cycle
T.,, = 23.5 min
238 > 239J



Burnup and Reproduction of Nuclear Fuel

HapaboTka 0CHOBHBIX U30TOTIOB Pacxon n3oToros TorinBa
(xr/T) (xr/T)
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Forecast of ensuring uranium production until 2050
with explored reserves
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Production was provided with uranium reserves until 2035 (!)



NEUTRON FLUX, (n/cm?2-s)
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Fast Reactors
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Fast Reactors

>y

] Neutron balance
|

Vys = 2,42 — average number
of fast fission neutrons

vaZfS Vs

TI: =
2+t2, l+a

o = Z/
Zfs
738 7 k3B 7M3B

Hepeus HeilmpoHob n—(1+L)>1

3aBHCHMOCTL YHC/Aa MTHOBEHHBIX HEHTPOHOB 1 HA OAHH aKT MNOIJOLIEHHUS
OT 3HEeprHH NajaioliHX HeHTPOHOB n >24+ => n >

3HayeHHs1 1) NPH YCPeAHEHHH NO
CMEKTPaM TEMJIOBbIX U GLICTPHIX HEHTPOHOB

BR=nmn-(1+L)
PeakTop 239 Py 235U idd - breeding ratio
y = 2,9 2,5 2,5
JIBP 2,04 2,06 2,26

BH 2,45 2,10 2,31



Fast Reactors

The main advantages of fast neutron reactors:

1) the possibility of reproduction of nuclear fuel (breeding reactors) Kr=1.4
2) deep fuel burnout (economy)

3) high temperatures of the coolant - higher efficiency

4) small size (transportability)

Disadvantages of fast neutron reactors:

1) higher enrichment of nuclear fuel (4+5 times)

2) higher energy tension (4+5 times)

3) coolant problem (liquid metal: Na, NaK, Hg, Pb, Bi; gas: He)

(TM =98C, 20C)

4) construction materials
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Forecast world demand for Uranium up to 2100
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Opened and closed nuclear fuel circles

The Nuclear Fuel Cycle
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Generations of Nuclear Energy

Generation 1+

B

Evolutionary Designs

Generation Il
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PWR : émaRu 6 SR
. 5 2 &
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1950 1960 1970 1980 1990 2000 2010 2020
Gen Il Gen lll+
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Thank you for attention !
“
Time for questions!



Poisoning of the reactor with fission products

Y =0.003
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Reactor poisoning -

For powerful reactors : @ ~ 1014 ¢cm-2¢-1:
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Overpoisoning after reactor shutdown: "lodine pit"

lodine pit is a non-stationary Xe poisoning of the reactor at the time of shutdown,
due to the excess of the rate of iodine decay accumulated before the moment of
shutdown, over the rate of xenon decay

A ,OXe (T )

-

0

~ T,
%

8=12 h
v 2+ 2

=25+28+2(2].)
J

- Utilization factor for thermal neutrons

0

o
Pxe

Determined by the
stationary level
of reactor power
Y Px—~-04 ° before shutdown

- Depth of lodine pit

— — — — — ——— —— — — —— — — — —

<

Regardless of the power level for which the reactor worked before the shutdown,
complete recovery of the reactor after the Xe poisoning occurs in 3 days after the reactor shutdown



Poisoning of the reactor with fission products

- /)XeCT 9
0.06
0.054

0.04

0.02

Dependence of the value of stationary Xe poisoning of the reactor
on the average flux density of thermal neutrons in the active zone
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Dependence of the iodine pit depth from the reactor power
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Poisoning of the reactor with fission products

Xenon poisoning is essential for thermal reactors,
Insigible - for intermediate and
Not essential - for fast reactors!

n(k)

Nuclear safety regulations require that after the thermal reactor is shutdown an excessive
concentration of boric acid was created in the water of the first circuit, guaranteeing the
impossibility of self-restarting of the reactor due to its recovery after Xe poisoning



