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Dynamics of the global consumption of energy resources

15 -

10

GTons of "Coal”

CURRENT USE

2012 2016 (IEA)

Source EJly % %

Qil 170 3320 31,9

Coal 139 27145 2741

Gas 109 2130 221
Biomass 51 9.96 9.8
Uranium 30 5.86 5.0

Hydro 12 234 25

Wind 0.72 0.14 083 xen
Otherrenew  0.23 0.045 048

Solar 0.04 0.007 0.29 x40 !
Total: 512 100% 100%

Fossil 448 87.5 86.1
Renewable 64 125 13.9

1EJ (Exad) = 10'8J = 2.78-10" kW-h

J. Mercure, “Energy”, 46 (2012) 322. 3



Fuel Global electricity production

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

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

r’ g =yM, /R;

F=vy

To boil 1 liter of
water
~ 0.1 kWh




Different kinds of “Energy sources”
2) “ Chemical energy ” (carbon oxidation) has Electromagnetic nature

X
C +0,=CO, F =k

r
E ~ 1 eV/atom = 1.6 - 10-"° J/atom

{Xs

¢¢>> To boil 1 liter

< _r
- of water

~ 0.1 kWh

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



“High-Voltage Brigade” of UPhTI

“PRAVDA” October 22, 1932 : Nucleus of lithium atom is

destroyed.
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Different kinds of “Energy sources”

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

Ze’

E N = R— Fission of 1 atomic nuclear of Uranium releases ~ 200 MeV,
N i.e. 108 times more !!! than at oxidation
of 1 carbon atom

produced energy : 200MeV/fission O

mean number-of emitted neutrons:
V=25
O O
neutron

fissile nucleus O
To boil 1 liter of
ﬁssmr_r product(FP) water ~ 0.1 KkWh

(fission fragment)

is equivalent of fission ~ 10!® nuclei of 23U (1cm?3~ 10?2 atoms !)

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



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

/. 2/ pit—.
\ T~ 10%s —thermal n
Va \ %é

Delayed neutrons

fission ®§ Nd < 10/0, At~ 10 s
{%) // Neutron multiplication
A - > & cape % coefficient
é \\ & k=1 !
ﬁ@ @ Reactivity
\ 9\ p:keﬁ_1z10—5 !
leak keﬁ
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NEUTRON CROSS-SECTIONS FOR FISSION OF URANIUM AND PLUTONIUM

i ne 1
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*-a.___h )
U-235 Pu-239
— — |
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1 L i 1 1 | 1 i
107 10" 10” 107 1 10
- e | | =
THERMAL | f FAST
Sowess QECD f MEA 1958, Flutonium fued - BN ESSESEMEN.
Taube 18974, Plionium - 8 genarsl SLrey. Incidant neutron energy (MaV)
1 bam = 10*m2, 1 MeV=16x10""3)
control rods
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coolant channels



Nuclear Power (2019: Total = 450 reactor units)

USA | | ' 104
France | — 59 |
Japan | - 55
Russian Fed. | P 31
Korea Rep. | 20
UK [ 19
Canada 7118
Germany ————117
India [ 17
Ukraine 115
China —1 11
Sweden 110
Spain 18
Belgium 17
Czech Rep. 16
Slovak Rep. 15
Switzerland 15 TOTAL: 439 reactor units
Finland [ 4
Hungary [ 14
Argentina [12
Brazil 02
Bulgaria (12
Mexico 12
Pakistan (12
Romania 12
South Africa 12
Armenia 11
Lithuania [11
Netherlands 11
Slovenia 1

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)




Nuclear Power Today

I
iy "-\.-
I |
L 1
i
i
b
i.'.. ¥
i
- 1 o N ¥ - ] , _'
= 52, _TF-', o T - e ; — |
byt S SR L [ R
. ) - y a5 - %) [ ' o el
; e A e i E3 A otk West Asia . ¢
£ o il i | 1 ki Y
I - % ' " o
(=_. i . F i
“\’ . - ._}-w._-f_i Ji— i
South, America K <% /
) R B,
Yoo o - .
[ T
.-" -“—}I % =iy
| I A o o

. : International Nuclear Safety Center at ANL, Aug 2005
| . | .| |

13



Nuclear Energy in Ukraine

Zaporozhye

S| 7:2004
= South Ukraine

-VVER - 440
- VWER -1000

S - VVER - 1000 buildin m
e - RBMK - 1000 shutdc?wn 4 Blaciisca

S
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.
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Nuclear Power Problems

Safety !!! (after Chernobyl accident) S
Closed fuel cycle (fuel reproduction) Atomic Bomb House, Hiroshima
Ecological problems (nuclear waste utilization)

Nonproliferation of fissile materials (nuclear terrorism) .



Number of Operable Reactors

Nuclear Power 2019
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Explored Earth reserves of Uranium

140000

120000 -

100000 -

80000
60000

ni

— 34-52 $/kgU . 52-80 $/kgU

mm < 34 $/kgU
== > 80 $/kgU

—e— [1pon3BoaCTBO ypaHa

17

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



Nuclear fuel reproduction 27Np

T T,, = 6.75 days

233]) — s 234 —>s 235 — s 236 —s 237

T T,, = 27 days
233Pg Th-U fuel cycle
T T, =22.2 min
232Th — 233Th 241 Am 243Am
TT‘/z = 14,3 years TT‘/z = 4.98 hours

239Pu —_ 240Pu —_— 241Pu —_— 242Pu —_ 243Pu

T T, =2.35 days
239N
P U-Pu fuel cycle
T T, =23.5 min

238U — 239U
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Forecast world demand for Uranium up to 2100
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Opened and closed nuclear fuel circles

The Muclear Fuel Cycle
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Generations of Nuclear Energy

Generation I+

Generation IlI Evolutionary Designs
- - Generation | 3
eneration Advanced LWRs l

Early Prototypes

. e

- ACR1000
- AP1000

W o 2 giﬁ:?u ; - APWR-1400

T B s = i

- Shippingport - BWRs - System 80+ EPR

- CANDU - APB00 _
- Magnox - APWR APWR+
1950 1960 1970 1980 1980 2000 2010 2020

e — e — — — e —

Gen Il Gen llI+

-

evolutionary
Designs
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Generation IV

- Safe
- Sustainable
- Economical
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Generation IV Reactors

IVer}-' High Temperature Rem:mrl Supercritical Water-cooled Reactor

Molten Salt Reactor




Nuclear Burning Wave concept Fission i
products I
. l 1
Lev Feoktistov (USSR, 1988): P Neutron ;Y
2381y : flux :
L.P. Feoktistov. Preprint IAE-4605/4, 1988. I I
L.P. Feoktistov. Sov. Phys. Doklady, 34 (1989) 1071. Nuclear ashes Extinction Burning Breeding  Fertile
zone zone zone zone zone

Concept & Analytical approach

238 (n,y) = 239U (B) — 2*°Np (B) — 2*°Pu (n,fission) ...

0 0’

—n=D—721+vn(aagN8 —(aa +0, )P NPu) T, =2.35 days

at aZ \ Npu _ Zio-ai]\;i

ON ON 1 T (v-Do,” Pu Pu
atS :_vno-agNg : atg :V]/lO'aSN8 —EN9 é Neq > NC’I’

Pu O-aSNS .

ON,, 1 N, = — x=z7+Vt Feoktistov

atp = - N, _V”(O'a +0, )Pu Ny, / ! o, +0, criterion
s

Goldin & Anistratov (USSR, 1992): Nuclear Burning Wave Deterministic approach

V. Goldin, D. Anistratov. Preprint IMM RAS # 43, 1992.  U-Pu fuel cycle 1d non-stationary problem

Edward Teller (USA, 1997): Traveling Wave Reactor Monte Carlo simulation

_E.Teller. Preprint UCRL-JC-129547, LLNL,1997. Th-U fuel cycle
Hiroshi Sekimoto (Japan, 2001): CANDLE Deterministic approach

. 23
H.Sekimoto et al., Nucl. Sci. Eng., 139 (2001) 306.  U-Pu fuel cycle, Stationary problem: x =z + Vt




“A New Nuclear Evangelist” A T I

Breed-bum rate

http://www.ted.com/talks/bill_gates.html

Axial position

TerraPower + Toshiba + China + Korea Rep. = TWR (2026)

The Evolution of the Traveling-Wave Concept

R e —

s 1958 E= 1979 I 1988 1996 e 2000 [ ® ] 2001 ™= Early 2000s

Saveli M. Feinberg Michael J. Driscoll Lev Feoktistov Edward Teller, Lowell Hugo van Hiroshi Sekimoto Sergii Fomin and Intellectual Ventures
proposes a "“breed- and others at MIT works on the Wood (now at Intellectual Dam publishes begins a series N. Shul'ga study the begins detailed
burn” reactor in further evaluate concept in Russia Ventures), and others mathematical of conceptual burning wave in fast physics and

which unenriched breed-burn and publishes at Lawrence Livermore analyses of studies of various reactors in the Ukraine engineering studies
fuel is moved reactor ideas an analysis of Lab detail ways to make waves of fission kinds of TWRs of the feasibility,
around the core to a concept of a breed-burn waves travel moving inside cost, and features of
sustain fission physically safe through a stationary nuclear fuels various TWR designs

reactor fuel supply



2D Non-Stationary Theory of Nuclear Burning Wave

S. Fomin, et al. - 1st IC “Global 2009”, Paris, paper 9456.
D(=z,r)

E.cm t = 0 Mec
R 120
(\

g 238 100 % 60
] ext —

T Jext 0
L .

- 50
AN —

-120

. _' | 0 100 200 300 400 500
Ignition zone Breeding zone Nuclear Burning Wave Z,cm

Non-Stationary Nonlinear Multi-Group Diffusion Equation of Neutron Transport

8 8 8

1997 _ ling o>t _ 9 D# oD + (Zj +X8+ X8 —Zf,fg)CDg - X Pt =
vé ot r or or 0z 0z

G ; ; ) G / / ) .. g1 / /
= /,{?Z(szf)g q)g - ZjZéZZﬁIJZ(Vfo)f q)g + Zj//{djzlﬂljclj + Zzi_)gq)g
g'=1 g'=1 g'=1

Together with Fuel Burn-up Equations and Equations of Nuclear Kinetics

oN %
atl - _(Z O-qu)g T AZJNI + [Z O-cg(z-l)q)g + A(Z—I)JN(Z—I) s (1=1+8); agvg =AN, Metal fuel (44%)
8 8 ! Pb-Bi coolant (36%)

f Precursor Nuclei of Del Neutron 0 ] %

of Precursor Nuclei of Delayed Neutrons Zavm - [Zazq)ngl CM - Fe (20%)
o9C/ o . ! 1=1,4,5,6,7 i ~105cm2s!

—= _;LIJCIJ + :51] Z (V?’fo )zq)g i Jox o 235

ot P t = 400 days



NBW Reactor : R=117cm, L =500 cm, { ;=950 days

,107 cm2 ¢!
t= 0 months

0 100 200 300 400 500
Z,cm
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Fuel burn-up

t=0 days

0 50 100 150 200 250 300 350 400 450 500

X, cm
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The 2D-distribution Ny(r,2) (x102' cnr3) of the 238U isotope

in the NBW regime at different time moments

t=1 day t=2vyears
||“‘IU T i |
20 :
15
|
10 -4l '
: ! : 117
5 ﬁ\\ r,cm
- 0
0 100 200 300 400 500
Z,Cm
t=6 years t=10 years
Nu | Nu |
20 20
15 HHH = 15 HHHHH
TIT T4l 4 d a1 11l L4 IEEFENNENEN]
i = | I = =
10 i o i = : ; .“:. _________________
s e e e e 117 s : ? ey 117
r,cm r,cm
/P NG Y N
0 100 200 300 400 500 0 100 200 300 400 500
Z,Cm Z, Cm
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Reactor Power Control by Reflector Efficiency

S. Fomin et al., Annals of Nuclear Energy, (2020) in print.

—— Wer=70.00
¥~ W,r=67.00
—B- W,.r=63.00
—— Wer=60.00
—d— W,er=57.00
- W,.r=53.00
—— W,r=50.00

P, GWt




Nuclear fuel reproduction 27Np

T T,, = 6.75 days

233]) — s 234 —>s 235 — s 236 —s 237

T T,, = 27 days
233Pg Th-U fuel cycle
T T, =22.2 min
232Th — 233Th 241 Am 243Am
TT‘/z = 14,3 years TT‘/z = 4.98 hours

239Pu —_ 240Pu —_— 241Pu —_— 242Pu —_ 243Pu

T T, =2.35 days
239N
P U-Pu fuel cycle
T T, =23.5 min
238|) ——> 2394
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NBW reactor with mixed Th-U-Pu fuel

S. Fomin et al., ICAPP 2010 (San Diego, USA) paper 10302.
S. Fomin et al., Progress in Nuclear Energy, 52 (2011) 800-805.

238 50 % (\

C
232Th 50 %
/\ \

Ignition zone Breeding zone

Example:  Metallic fuel 232Th (62%) + 238U (48%) volume fraction = 55%,
fuel porosity p = 0.35; Coolant (Pb-Bi eutectic) vol. frac. = 30%,
Constr. materials (Fe) vol. frac. = 15%; R =390 cm

31
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Stability of the NBW Regime

S. Fomin et al., Int. Conf. “Fast Reactors 2013 (Paris, France) paper CN-199-457.

CI)int
R=230cm

30}
25}
201 T = 2.5 days

15t

g8 T —

10 0 10 20 30 40 50 60 70 80tt

Perturbation of integral neutron flux F, , (x10%2 cm/s) caused by an external neutron source
via time t (days). The source with intensity Q,,,= 2x10"" (cm™ s-1) starts at ¢, = 3650 days,
lasts during 1 hour and is situated at 160 <2< 170 cm
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Negative Reactivity Feedback: Stability of the NBW Regime

o

av

t= 2.5 days

Evolution of the volume-averaged neutron flux F_, (x10' cm2 c') and concentrations N, (x10'7 cm-3) of the
main fissile and intermediate nuclides in the fuel of mixed Th-U-Pu cycle with time t (days) at the initial stage
of the neutron flux perturbation #, = 3650 days. The averaged nuclide concentrations: Ny, is for 29Np, Ny, = Ny,

-53.1-10'7 Cm-3, is for 239PUNPU = NPu o NPu |t(i]S_1for 233U. s NU = NU - NU fo—1 34




Negative Reactivity Feedback: Stability of the NBW Regime

k 1 ] v
— 107 1] 020
eff 0,151

0,10
0,051

0,001
20,051

20,101

20,151

20,201

Variation of the reactivity p (dollars) with time t (days)
along the variation of the volume-averaged neutron flux F_, (x10"° CM'2§5'1)



Main features of NBW reactor with mixed Th-U-Pu fuel cycle

Reactor composition (vol. frac.):
Fuel = 55% (F;, = 62%, p=0.20), Coolant = 30%, CM = 15%, R = 215 cm

negative feedback on reactivity - intrinsic safety (!!!)

long-term (decades!!) operation without refueling and external control
possibility of 232Th and 238U utilization as a fuel

fuel burn-up depth for both 238U and 232Th = 50% (one through cycle !)

neutron flux in active zone = 2.107% n/cm?s
neutron fluence during the whole reactor campaign = 3-1024 n/cm?

energy production density in active zone = 200 W/cm?

total power at the steady-state regime = 1.2 GWt
wave velocity at the steady-state regime = 2 cm/year

possibility of nuclear waste burn out (expected)

36
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Thank you for attention !

C.I. ®omuH. “lIpomemeu mpembe2o mbicsiyeniemusi”
YHusepcurtetbl / Universitates, Ne 1/56 (2014) 4—17 n Ne 3/58 (2014) 4-21.

http://alumni.univer.kharkov.ua/zhurnal-universitates-arxiv-nomerov/
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