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Hydrogen-Carbon ratio in energy mix
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Shares In primary energy
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Hydrogen-Carbon ratio in energy mix
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Shares In primary energy
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Nuclear energy consumption

chart of nuclear energy consumption by area
Million tonnes oil equivalent
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Nuclear enargy maintained its record of steady growth during 2001, registering a 2.8% increase,
somewhat ahead of the 10-year annual average of 2,4%.
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Hydrogen: primary energy sources,
energy converters and applications
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Thermochemical watersplitting

H,O0+ X > XO + H,
2X0 - 2X + O,
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Number of publications by year
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Metrics used to score TC processes

Metric | Score = 0 1 2 3 4 5 I’ 6 7 8 9 10
2 i
1. Number of chemical 6 = — 5 - _ 4 - = 3 | 2
redctions |
2. Number of chemical 10 9 8 7 6 5 4 3 2 T
separation steps i
3. Number of elements 7 ] - 5 - 4 - 3 2 | 1
4. Least abundant element Ir Rh, Te, Os,{ Pr, Bi, Pd. | Ag, In.Cd. |1, Tb, W, Ho,| Th, As, Gd, | Nb, Be, Nd.| Cu, Zn, Zr. | Mn,F. P 8. THC, il(fa. Mg, (1,
in process Ru, Re, Au | Hg, Se U8h, Tm, Tl, | U, Ta, Mo, | Dy, Sm, Pb,jLa, Ga,Y, Ce| Ni, B, Ba, K, N | Na, Al, Fe,
Lu Eu. Cs. Yb|  Pr Co, Sc. Rb{ Li, Br; Cr, | Si
Er, HF. Sn, Ge v, Sr |
5. Relative corrosiveness Very corrosive, e.g. — _ Maoderately corrosive, - = - !Nul COrrosive
of process solutions aqua regia i c.g. sulfuric acid {
6. Dégree to which process | Batch flow _ B Continuous Flow of gases or liguids through B Continuous MTow of liquids
is continuous and flow | of solids flow of solids packed beds and gases

of solids is mimimized

7. Maximum temperature <300 300-350 350400 400430 450-500 500-550 550-600 600-650 650-700 700-750 %

in process (°C) or or or or ar or ar or or or | 750850
<1300 12501300 | 1200-1250 | 1150-1200 | 1100-1150 | 1050-1100 | 1000-1050 | 9501000 H00-950 830-000 |

8. Number of published 1 paper A few papers Many papers Extensive literature base
references to cycle!

9. Degree to which No laboratory = = Test tube _ _ Bench scale ~ B _ " Pilot plant
chemistry of cycle has work scale testing festing ! scale testing
been demonstrated™ |

10. Degree to which good No efficiency estimate | Thermodynamic efficiency | Thermodynamic efficiéncy | Thermodynamic efficiency | Detailed cost caleulations, based on
efficiency and cost available estimated from elementary | estimate hased on rough calculanon based on detailed Mowsheets agilable from one
data are availahle? reactions. Nowsheet detailed flow sheet or more independent sources,

T
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score

First stage screenin
¥

Punay | (¢

g ° F P ErSPLIELOFIigd
- 3 @ X 3 5 353235353835 E
£ 3 “ w 7 7]
1 Westinghouse [12] H 85 S 1 2 210 8 10 89 5 10 9 10 6 8 85
2 Ispra Mark 13 [13] H 850 BrS 2 3 3 9 7 9 7 510 9 10 6 8 80
3 UT-3 Univ. of Tokyo [8] T 750 BrCaFe 3 3 4 6 7 8 7 5 6 10 10 10 10 79
4 Sulfur-lodine [14] T 8001S 2 3 3 9 7 9 4 510 10 10 6 8 78
5 Julich Center EOS [15] T 800 Fe,S 2 3 3 9 7 9 9 9 610 3 3 3 68
6 Tokyo Inst. Tech. Ferrite [16] T 1000 Fe,Mn,Na 3 2 210 8 8 8 10 10 6 2 2 0 b4
7 Hallett Air Products 1965 [15] H 800 Cl 1 3 210 7 10 10 5 10 10 0 0 0 62
8 Gaz de France [15] T 825K 1 3 3 9 710 9 5 6 10 2 2 2 62
9 Nickel Ferrite [17] T 1000 Fe,NiMn 3 0 210 10 8 7 10 6 6 0 3 0 60
10 Aachen Univ Julich 1972[15] T 800 Cr,Cl 2 3 3 8 7 9 7 5 610 2 2 2 59
11 Mark 1C [13] T 900 Br,Ca,Cu 3 4 4 6 6 8 7 510 8 2 3 3 58
12 LASL- U [15] T 700CU 2 3 3 9 7 9 410 6 9 1 3 0 58
13 Ispra Mark 8 [13] T 900 ClMn 2 3 3 8 7 9 8 5 3 8 3 2 3.4
14 Ispra Mark 6 [13] T 800 ClCrFe 3 4 4 6 6 8 7 5 6 10 2 3 3 5
15 Ispra Mark 4 [13] T 800 ClFe 2 4 4 6 6 91 5 010 3 3 3 5
16 Ispra Mark 3 [13] T 800 CLV 2 3 3 9 7 9 7 5 010 2 3 3 85
17 Ispra Mark 2 (1972) [13] T 800 CNaMn 3 3 3 9 7 8 8 5 010 2 3 3 5
18 Ispra CO/Mn30s4 [18] T 977 CMn 2 3 3 9 7 9 8 9 6 7T 0 0 0 5
19 Ispra Mark 7B [13] T 1000 ClFe 2 5§ 5 3 5 910 510 6 0 3 3 54
20 Vanadium Chloride [19] T 700 CLV 3 5 4 6 5 8 7 5 6 9 3 2 2 8
21 Ispra Mark 7A[13] T 1000 ClFe 2 % 6 3 5 %1 & & B 3 3 3 53
22 GACycle 23 [20] T 85038 2 4 5 3 6 9 9 510 9 0 0 0 51
23 US -Chlorine [15] T 993 Cl,Cu 2 3 3 9 7 9 7 6 5 7 0 0 0 5
24 |spra Mark 9 [13] T 450 ClFe 2 8 3 9 2 910 5 3 4 2 3 3 8
25 Ispra Mark 6C [13] T 80CICrCuFe 4 5 5 3 5 6 7 5 6 10 2 3 3 5

%
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Second stage screening scores

Cycle SNL UK GA Score

! SRR T SR
2 0 0 0 0
%'3 ﬁj;m : Jlll o j_;:w 13? £
5 J uhch Center EOS 3 IS [ | -1

6  Tokyo Inst. Tech. Ferrite -1 0 0 -l

7 Hallett Air Products 1965 ot 0 0

&  Gazde France -1 -1 -1 -3

9  Nickel Ferrite -1 0 0 =1
100 Aachen Univ Julich 1972 0 -l O
11 Ispra Mark 1C -1 -1 - -3
12 LASL-U 1 -1 -1 -1
13 Ispra Mark 8 0 -1 -l -2
14 Ispra Mark 6 -1 -1 -1 -3
15  Ispra Mark 4 o0 -1 -l -2
16  Ispra Mark 3 0o -1 = -2
17  Ispra Mark 2 (1972) T o
18  Ispra CO/Mn304 -1 o o0 -l
19 Ispra Mark 7B -1 -1 -l -3
20  Vanadium Chloride Ul e S SRSl )
21 Mark 7A -1 -1 -1 =3
22 GACycle23 -1 -l 0o 2
23 US—Chlorine [y o I
24 Ispra Mark 9 0 -1 -l =2
25 Ispra Mark 6C -1 -1 -l -3
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S-I thermochemical process
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S-I thermochemical process

2H,0 + SO, + |, > H,SO, + HI
H,SO, > H,0 + SO, + O,
2HI > H, + 1,
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It's there...
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Nuclear reactors in the world
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Boiling Water Reactors

Boiling Water Reactor System

Reactor Building
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Pressurized Water Reactors
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Evolution of nuclear power

The Evolution of Nuclear Power
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Effect of temperature on sustainability
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Process Heat Applications

Temperature(C)
200 | 400 | 600 | 8oo | 1000 | 1200 | 1400 | 1600 |

i Glass manufacture ———
Cement manufacture | ]

Iron manufacture | : ]
Direct reduction method with Blast furnace

Electricity generation (Gas turbine) ]

G asification of coall ]
[ : ] Hydrogen (IS process)
[ ] Hydrogen (Steam reforming )
' — Ethylene (naphtha, ethane)
Styrene (ethylbenzene)————1 |

[— Town gas
1 Petroleum refineries

1 Deesulfurization of heavy oil
L1 Wood pulp manufacture
L—1 Urea synthesis
L Desalination, Dlstrlctheatlng

HTGR 850 C
LMFBR 550 C

Nuclear Heat
LWR, HWR 320 C
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Assessment of reactors for S-1 DI‘OCESS

Heavy | Liquid | Alkali
Coolant Gas | Salt | metal core | metal | PWR | BWR | Org. | core
1. Materlals
compatibility 4 3 3
2.Coolant
stability 4 3 4
3. Operating
Pressure 4 4 4
4.Nuclear issues 4 4 4
5. Feasibility 4 3 2
1. Safety 4
2. Operations 3 3
3. Capital costs 2 3 3
4. Intermediate loop | 4 3 3
compatibility
5. Other merits and 3 | 3 3
issues
Unweighted Mean 35 | 33 32
Score ' ’ '
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Arbeitsgemeinschaft Versuchsreaktor
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Arbeitsgemeinschaft Versuchsreaktor
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Thorium High Temperature Reactor
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High Temperature Reactors

Project Description

AVR 15MWe Experimental pebble bed reactor operated for 21 years in Germany
THTR 300 MWe German pebble bed reactor with steam turbine operated for 5 years
Fort St Vrain 330 MWe US HTGR operated for 14 years

HTR-MODUL 80 MWe German modular pebble bed reactor design by Siemens, 1989
HTR-100 100 MWe German modular pebble bed reactor design by HRB/BBC

HTTR 30 MWth Japanese HTGR reached criticality in 1998

HTR-10 10 MWth Chinese HTGR reached criticality in 2000

PBMR 110 MWe South African direct cycle pebble bed design

GT-MHR 300 MWe US direct cycle HTGR design

-
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CONTROL RODS

e GAS-COOLED NUCLEAR REACTOR

CORE OF A PEBBLE-BED nuclear
reactar [shown in concept form)
i contains hundreds of thousands of
EREIURE eSSl _pebbles—spherical uranium oxide
- fuel and graphite elements. This
“ ‘ i novative design offers significantly

higher thermal efficiencies than
current light-water reactors do.

———FLECTRIC
GENERATOR

URANIUM DIOXIDE
FUEL KERNEL
PARTIELES N (0.5-MM DIAMETER)

GRAPHITE MATRIX

COATED

NUCLEAR
FUEL PEBBLES

ROUND FUEL ELEMENTS,

which permit continuous
refueling during operation, |
cannot melt and degrade QUTER PYROLYTIC |
only slowly, providing a CARBON LAYER |

: ; SILICON CARBIDE
| in. Y
substantial safety margin SRRRIEREOATING
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Pebble-bed reactor fuel

- Grapnite :ayer—5 mm

Coated partcies embedded
in graphite matox

-
P

Dig —A0 mm
Fuel sphere

e - Pyrolyte caroon—40/1000 mm
- _-3iicen carbide barrier coating—35/1000 mm
_—Innar pyrolvtic carbon—20A 00D mm

Section AN
Dia.—0.52 mm
TRISO Dia —0.5
. 2 —0.5 mm
coated particle uranium dipxige

Fuel kernel
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TRISO coated particle

Interfacultair Reactor Instituut 1(-‘U Delf'[



HTR response to Loss of Coolant
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Advanced High Temperature Reactor

Passive decay Electric power cycle
heat removal Reactor Multi-reheat helium Brayton cycle
Hot air out

Control
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Very-High Temperature Reactor
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Gas-Cooled Fast Reactor

Gas-Cooled Fast Reactor
Y]
R Generalor Eletricral
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Example GFR Prismatic Fuel

Cermet or Metmet
0100000 fuel in a metallic
D: 00 0:00:0:10 matrix for concept
00000 0-0-C G2 - Cercer fuel
(OO0 000000 for concept G7
(2=-C)=C ()= )L )"0 0)-0)
(-0.- 00 0O000-0-0-C
OLOLOrOLOLONOL OO
- O 0O-0-0O0-0O--CJ
0:-0:0:0: 00U

Replaceable low-

density reflector _ coffimise e Replaceable

TN aVEEEh outer reflector

Permanent sidé&:N\0

— Active core
reflector G
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Spectrum thermal/fast reactor

70

Spectrum of a : g

Spectrurﬁ of ;
a GCFR:

Flux per unit lethary

Energy [eV]
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Molten Salt Reactor

[

~Pre-
cooler
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Conclusion: sustainable hydrogen

eNuclear energy is a promising option to produce
hydrogen with no emission of greenhouse gases

eHydrogen production can become a major nuclear

energy application {1 L. '

He loop

A Hydrogen
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Conclusion: sustainable hydrogen
Short term:
eIntroduction of HTR (generation III+)

eHydrogen production via steam reforming natural gas
(or combined production of hydrogen and methanol)

Medium term:

eIntroduction of AHTR and VHTR

eHydrogen production via thermochemical processes
Long term:

eIntroduction of GCFR and MSR

-
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