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Nuclear Power Today

Total Number of Operating
Reactors today is 440 reactor
with  total net electrical

capacity of 390,000 MWe.

This is 10% of Global

Electricity Production




Nuclear Power Today

Total Number of Operating
Reactors today is 440 reactor
with  total net electrical

capacity of 390,000 MWe.

Second Low-Carbon

Power Source
(~30%)






Role in Climate Change Mitigation
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Nuclear Cogeneration & SDGs

Incorporate new
technologies: heat
pipes, heat pumps
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POWER
of TODAY’s

morethan700,000 MW (th)

heat wasted from today's operating reactors

-
~63% Main
Cooling Water

Power Qutput
~34% Gross
(*31% Net)

~2% Safety
& Non-Safety
Service Water

~1% Other
Heat Losses



Role in Climate Change Mitigation

Waste heat from these reactors Is

700,000 ~ 1,000,000 MWth)!!

Assume: ~ 25% recovery of waste heat
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ROADMAP OF NUCLEAR

ENERGY INNOVATIONS

2050

Commercial deployment of
Slilllie SMRs and Gen-Vl/advanced
Nuclear-Renewable Hybrid for reactors
multipurpose applications g@g 2@35

, Dozen SMRs connected to
\\ the grid as demonstration

* units 2@3@

4 ﬂ*"/ Development of  large shares of
. ” SMRs and Gen-vI  renewables, and 2025
) /. for demonstration ~ deployment of

/ advanced LWRs
(large:1000-1700  2)0)7)(0)
Mwe)

Innovative Nuclear Systems
for non-electric applications

COP28 Tripple Nuclear by 2050

\
Accident Tolerant Fuel

COP21 Paris Agreement 015!




STATUS OF
NUCLEAR
COGENERATION

ANuclear cogeneration is a
well proven technology with
over 750 reactor years of
operation In different
applications.

AAbout 15% of the currently
operating nuclear power
plants are used to supply
heat



POTENTIAL OF NUCLEAR
COGENERATION

Nuclear potential is in penetrating
Transportationand Heat (industrial
and buildingsgectors using Nuclear Transportat
Cogeneration of Power and Heat

Industrial

Theshareof electricity usedin transportation
doubles between 2015 and 2040 as more

p:ug-ir_l _electrifc vehlicles en(‘;er the fleet and World energy consumption by
electricityusefor rail expands end-use sector

The industrial sector includes mining, manufacturing, agriculture, and construction
The buildings sector includes commercial and residentiabktructures (electricity, heating,..)

Data extracted from IEA, 2017



Status of Nuclear

Cogeneration
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Experience on Nuclear Desalination

Plant name Location Gross Water Reactor type/
power capacity Desal. process
MW(e) [m3/d]
Shevchenko Kazakhstan | 150 8000071 145000 | FBR/MSF&MED
Ikata-1,2 Japan 566 2000 LWR/MSF Kalpakkam . India ! ! '
L ] fl
Ikata-3 Japan 890 2000 LWR/RO
Ohi-1,2 Japan 2x1175 | 3900 LWR/MSF
Ohi-3,4 Japan 1x1180 | 2600 LWR/RO
Genkat4 Japan 1180 1000 LWR/RO
Genkat3,4 Japan 2x1180 1000 LWR/MED
Takahama3,4 | Japan 2 x 870 1000 LWR/RO
Diablo USA 2x1100 | 2180 LWR/RO
Canyon
NDDP India 2x170 1800 PHWR/RO
Karachi Pakistan 175 1600 MED




GHG IEmissionsffor
Nuclearr Desalination,
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Current nuclear reactors:

Nuclear Hydrogen Production

- Lowtemperature electrolysis

Future nuclear reactors:

Off-peak power or intermittent
HTSE

- Thermochemical/hybrid
thermochemical cycles,

efficiency (up t095%)

Vv

\%
\%
\%

Sulfur lodine cycle.

SulfurBromine hybrid Cycleycle

Copper Chlorineycle
X @tc

Nuclear Power Plant

[ Water
| Electrolysis

Thermochemical
Cycles

Thermochemical | '!
] EX

Hydrogen Sulphide
Cracking
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Maximum temperatures and theoretical electrical energy
requirements of selected hydrogen production methods

PEM

Electrolysis Alkalilezl-:;e‘c.trol_\'sis
AG 4 123V,80°C _ &
& _~ 60— 80up to 200°C Mg Cl1
g T _ 099V, 450°C
/ - -
e e e x
-~ " |Tas HTSE

== 77 095V, 800-950°C

S S
g ® s Ca-Br g
= l 0.58V, 750°C =
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o 7 N / Py >
’ N N ~ 5 \\ p & T
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300°C 450°C 800°C ~2000°C >3000°C



advanced nuclear reactor (Gé¥) for
Hydrogen Production

GEN I Advanced Nuclear Technologies

SCWR VHTR SFR GFR MSR LFR

o |Core outlet temperaturéC 500 ~ 625 750 ~ 95(Q 450 ~ 550 750 ~ 850 650 ~ 85( 450 ~ 800
-% Efficiency (electric based) % 44~48 | 40~50 | 38~42 | 45~48 | 45~55 42 ~ 45
2 |Thermodynamic power cycle
§ Brayton Cycle - He SCQ He He SCQ
@ Rankine Cycle Steam Steam Steam - - Steam
» |Electrolysis
qg.’, PEM electrolysis (<100) n n n n n n
E Alkaline electrolysis (~20D) n n n n n n
E High temp electrolysis (> 8) n n n n n n
é Thermochemical/Hybrid Cycles
§ Sulfur lodine (> 80Q) - n - n - -
E Hybrid Sulfur (> 80Q) - n - n - -
(qg"a Copper Chlorine (> 60D) n n - n n -
=] Carbon Based Thermochemical
T Steam methane reforming (> 7@) - n - n n -

Coal/Biomass gasification (> 66) 1] 1) - n n -

SCWRSuper Critical Water Reactor
VHTR Very High Temperature Reactor
SFRSodium cooled Fast Reactor

GFR;Gas cooled I_:ast Reactor

MSR Molten Salt Reactor

LFR Lead cooled Fast Reactor




Nuclear Hydrogen Production

coupling nuclear and hydrogen generation plants would serve in

reducing the carbon emissions accompanied with the currently fossil-
powered steam methane reforming hydrogenplants.

HEAT

HSQ

S

HyS

20,

H,SQ Thermochemical
Decomposition

(800°Q)

Electrolysis
(80-120°Q

H

SQ - DepolarizedWater

HEAT

H,SQA SQ +H,0+%0,

HSQ(H0)

(>800°Q)

SQ +H0+%20;

%0, @ SQ +2H,0+, A H,SQ +2HI

SQ +H,0

(<120°Q)

Thermochemical & Hybrid Thermochemical Cycles

He




PEM electrolysis

Stack assembly

1
7 MEA assembly »
/ i — Feasibility aspects:

X . Eﬁcimcym?ge: 50-2839:.4 -
° Current Density: <2 cm ©
e Operation life: ~ 20 years

*  Degradation rate: <l4uVh'
o
L]
LJ

Energy consumption: > 4.2 KWh/Nm'
Cell temperature: 25-80°C
Cell pressure: ~ 30 bar

Mechanical degradation of cell layers due to
clamping pressure

*  Chemical degradation due to poisoning and feed
water impurities

e  Hydrogen embrittlement to Ti based bipolar plates

¢  Corrosion and passivation of flow plates

e  Agglomeration and dissolution of catalyst layers

¢  Thermal degradation of membrane

¢  Membrane poisoning due to Ca2+ and Na+

¢  Membrane thinning due to hydrogen peroxide
existence

¢  Non-uniform stress on bipolar plates

- H,O

o4

A p Flow plates (Titanium, Graphite, Coated Stainless Steel)

ofio + o oy o e o o e o e P Current collectors
T I = Ancde (Ir) and Cathode (Pt) — Gas diffusion layers
b o s s e i > Ancde catalyst layer (Ir black, Ir Oxides, Ir'C, RuO;)
Cathode catalyst layer (Pt black, Pt oxides, Pt'C)
B s seasmunnsuaxaexnusennsssssensunsrunsons = Membrane 0\4’ ;ﬁonﬁ)




Alkaline Electrolyser
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Feasibility aspects:

* Efficiency range: 358-70%

¢ CurentDensity: <3 0mAem’

¢  Operation life: ~ 30 years

*  Degradationrate: <3uVh'

¢ Energy consumption: > 4.2 KWhNm'

¢  Cell temperature: 30-70°C

e  Cell pressure: ~ 30 bar

Durability issues:

*  operational complexity, hydrogen
embnittlement, corrosion at hi
pressure and temperature

¢  Bubble layer formation between
electrodes and electrolyte

*  Gap between electrodes

¢  Membrane, electrode poisoning due to
electrolyte impunties

P Cathode (N1, Pb, Au, Fe, Zn, Co, Pt)

— — — —pp» Membrane (mainly Zirfon)

.. —..p» Anode (Ni, Pt Ir, Co, Rh, and Fe )
B Electrolyte (25-30% KOH/NaOH)




high-temperature steam electrolysis

H,0

3 End plate (Gas domams — Glass denvatives)

—» Cathode (Nickel, Zirconia, Ni-YSZ)
—» Catalyst layer

—3p» Electrolyte (YSZ, LaGaO, cena fluonites)

—» Catalvst laver )
g Anode (LSCF, Manganite, LSF)

End plate (Gas domains — Glass denvatives)

Alr Air+0,

Feasibility aspects: Durability issues:

e Efficiency range: 70-100% ¢  Very high degradation rate compared to other

e CumentDensity: <3mAom’ electrochemical methods

®  Operation life: 5-11 years ¢  Delamination due to high temperature operation
* Degradationrate: >32uVh' ¢  Pollution on seals and mterconnects at stack level
e  Energy consumption: 2.9-5.0 k\WaNm' ¢  Sealing leakage due to high temperature operation
*  Cell temperature: >800°C ¢  Cell layers posioning due to carbon based sealing
*  Cell pressure: ~ 1- 60 bar matenals




Nuclear Hydrogen Production

Driving Forces:

A Replacemenbf CO: emitting fossil fuels
A Savingfresourcesby 30-40%

A Securing energy supdyreducing dependency on foreign oil
uncertainties

40 Coal

Carbon footprint of
nuclear hydrogen

= N N w
[&)] o w o

CO2 Emissions (kg CO2/kg H2)

-
o

Emissions firom
golar Small  Geothermal Nuelwr H'w
ucleam S aPV  Wind hydro h%gg_‘aiomass Producii ! agem
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45
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Cogeneration for
District Heating

A Heatrecoveryenhanceghe plant efficiencyand providesa high
energeticgain(+70%)

A Nuclearheatrecoveryallowslargereductionin CQ emissions

A Heat transport line can readhng distance$> 100 km)

Recent developments in piping
iInsulation allows transfer of heat for
100 km with only ~2% heat loss of the
transported power




Cogeneration for
District Heating

Loviisa 3 CHP — technical data

Finland
B i District heat transport system
Nuclear District Heati T + Distance over 75 km (Loviisa — eastern Helsinki)
g n — 2X @ 1200 mm pipes, PN25 bar, Q =4 - 5 m?®/s
H — 4 -7 pumping stations
3 « total pumping power needed tens of MWs

2 ‘; - « compensates for heat losses

— Control scheme

Nuclear Power Plant

B Primarycicutt District Heating
Network

Substation

« district heat water temperature or flow rate

— Heat accumulator needed, heat distribution to the local district heat
network via heat exchangers

22 October 2010 Harri Tuomisto 28 Q FOI"tUm

Russian Federations

Heat from NPPs — a contribution to the solution of the Therma| power, E|ectr.c power, Heating capacity,
CO, problem? MW

length ~ 150km

i Main Transport Line

Beloyarskaya 1470
SWitze r| an d Balakovskaya 12 000 4000 920
Volgodonskaya 6 000 2 000 460
Novovoronezhskaya 5750 1880 250
Kurskaya 12 800 4000 700
Smolenskaya 9 600 3000 520
Kalininskaya 9 000 3000 420
. e i e Leningradskaya 12 800 4 000 700
Xxampie .
. 10pMio. liter heaiing oil ;;:er year ¥ il > 300 L7680 1
Bilibinskaya 248 48 90

+ savings of more than 26500 t CO,
* equivalent to the CO, emissions of about 12’000 cars every year



|AEATI0BISranth doolkits

on CGogeneration @htl dveBleattiic
Applicatimnsct NN teleatniengrgy

- Desalination Economic Evaluation Programme

- Desalination Thermodynamic Optimization Programme
- Hydrogen Economic Evaluation Programme

- Nuclear Desalination Toolkit

- Nuclear Hydrogen Production Toolkit



performance and cost evaluation
of various power and seawater
desalination cogeneration configurations.

Full screen

q) DEEP 5.1

Desalination Economic Evaluation Program
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FINANCIAL ANALYSIS
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models the steam power
cycle of differentWCRs
coupled with nonelectrical applications

DE-TOP

S °

DE-TOP

Desalination Thermodynamic Optimization Program

DE-TOP POWER AND DESALINATION DE-TOP
Non-Electric Applications

Step 1
POWER PLANT

Step 2
NON ELECTF

Define the power plant (fossil fuel power Define the non e

MAIN PARAMETERS

Gross Efficiency
Net Efficiency
THERMAL UTILIZATION

Heat rate
HEAT RATE

PLANT PERFORMANCE PARAMETERS
HEAT INPUT

49.9%
47.4%

7,201
7,598

DUAL PURPOSE _ SINGLE PURPOSE

ar.4%

DUAL PURPOSE _ SINGLE PURPOSE

49.9%
a7.4%

7,201
7,598

a7.4%

%

plants or water cooled reactors) from user IR R Gl et inputsteam generator Lm0 Lm0, M)
Heat input reheater (Nuclear) 265 MW(th)

values or predefined cases. Heat input reheater (fossil) - - MW(th)
‘GROSS POWER OUTPUT 515.1 5151 MW(e)
High pressure turbine output 1542 1342 MW

I s ma

.—

Total Mechanical Output

AUXILIARY LOADS

Btu/kWh
ki/kwh

Feedwater pump 121 121
Condensate water pump 04 04
Cooling water pump 29 29 DESAUNATION TECHNOLOGY MEDTVC WATER PRODUCTION
Other auxiliary loads 104 104 Max brine Temperature s <
08 2 pom
NET OUTPUT 4893 4893 MW(e) GOR 512 [ 0m3/day
Number of Stages 2 8]
HEAT REJECTED CONDENSER 507 507 MW(th) Cooling water temperature 2 © TOTAL POWER REQUIREMENTS
DESALINATION PLANT CONSUMPTION
Heatto desalination Mw(th)
Power lost due to extraction MW(e) 6.1 MW(e)
UIVE STEAM FLOW 919 w9 kg/s Desal. electric cons. - Mw(e)
Live steam to reheater 1014 1014 kgfs Total specific cons. 612 KWh(e)/m3
Steam inlet to High Pressure Turbine 3906 3906  kg/s POWER LOST RATIO
High Pressure turbine exhaust 2 a2 kgfs INTERMEDIATE LOOP
Moisture serparator condensate (39.0) (39.0)  ke/s ILhot temperature 1255 ©
Steam inlet to Low Pressure turbine 3162 162 kg/s ILcondenser return temp 17.5 °c #DIV/o!
Low Pressure turbine exhaust 2347 247 kgfs ILmass flow - ke/s

ILpumping power

Desalination Thermody

namic

Optimization




DE-TOP

COGENERATION PLANT

Met power output [MW (e]] 130
Rafe e noe plant net ouitpwt 132
Water preduction [m3/d] 4,642
Cogeneration plant eff. 33.1%
Raferenoe plent &fficis noy 30 4%

DESALINATION PLANT

Plant specifications

A ehin Sl oy KED

Number of affecs [=] 1z

GOR [-] 2.6

Energy use

Hg st to desrslination 1
Pawer it dus 5 @ xtm 17
Deinl, #la&dc coni [ Bt 3] az
Ine. Laap &l @Ewic sang L a0
Equiwv. specific cons [wrnie i ma3) 1036

COUPLING OPTIMIZATION

Power lost ratio 12.9%
Optimize steam extraction flows for:

Rasat

SELECT STEAM EXTRACTION PARAMETERS

Current size | Design size |

HeEat supply
13 MW(th)
Targeet: 4 T th)

Modity Desalination parameters

Parametars

CHANGE LEGEND
[Pway =[ree =]
npeang) (=] migr) (=]

TEmp StEmm Stearm ot O.BB bar, 96 'C: kg/s: 6.0 : 1| L3 |
96 *C ElEct ENtFaction clicking & re 1 a|p|
Min Requined: 785 'C & eCT ENTracTior cking a red p "l"'l



HEEP

Evaluates the economics of the most
promising processes for hydrogen production

View Additional inputs Help Exit
M Heb(?) | d ‘ Help (?)
[~ Use "Real" rat ~Equity : Debt 1 Borrowing | Tax Rate|- Depredation Construction  Operating | View/Edit Go Back imat
Discount rate: [?' % | (%) (%) |interest(%)| (%) period (yrs) 5 40 Additional T N ::;'":" iosl
Inflation rate: []— % W : W 10 10 2 Inputs stpore Case Yeres

¥ Nuclear Power Plant ¥ Hydrogen generation ¥ Hydrogen storage ¥ Hydrogen transportation

Help (?) Help (?) I Help (7] Help (?)

o Use library & Read from library Update “ Use ibrary ¢ Read from library Update o Use ibrary & Read from library Update v Use library ' Read from existing Update

utility " Create new data 5 T:P utility " Create new data DHtZEP utility " Create new data b szs utility " Create new data Het

Lt of oo plant fies i3 Bhe dbvar oot | Lt o Huchaen plant e iy he By oo | Lt o HE st s iy bhe dfvary — o | st of HE bansporiation fies i the divey

APWRI117 - SCWR-CuCl « Pipe500

APWR360 aa | SFGTHTR300C A2

‘ Location of H2 Generation Plant - ~H2 Storage Method ~ Type of H2 Transportation

Parameter

@ Colocated  Away from NPP

Thermal rating (Mwth/unit)

¢ Compressed Gas

Heat for H2 plant [Mw/th/unit)

Electricity rating [M'we/unit)

Number of units

Initial fuel load (ka/unit)

Annual fuel feed [kg/unit)

Overmight Capital cost{USD Aunit)

Capital cost fraction for electricity
generating infrastructure (%)

Fuel cost (USD/ka)

0&M cost (% of capital cost)

|| Parameter Value ﬁdd'
ata

H2 generation per unit (ka/yr) 2.52E+08| Edit

| Heat consumption (Mw/th/unit) 0| Edit
Electricity required (Mwe/unit) 1438 [ Edit
Number of units 1| Edit
Overnight Capital cost{USD Aunit)| 8.45E +8| Edit
Energy usage costlf (USD) 0.00E +0| Edit.
Other 0&M cost(% of capital 4| Edit
Decommissioning cost (% of
capital cost)

Decommissioning cost (% of
capital cost]*

" Liguefaction

i & .
" Metal Hydrides Pipe Vehicle

Parameter Value ﬁdd. Parameter Value |Add-

ata data

Storage capacity (kg) 4.83E+6|Edit || Distance for transport (km) 200|Edit |
Compressor cooling water [Lit/hr) | 1.50E+6| Edil Overnight Capital cost (USD]) 1.92E+8

Electricity requir-
Ovemight ©
Compre’

Othes

@ market rate

HEEP Result:

Pie Chart |

Tabular Display

A

Legend

M Debt [ .02USD (32.49%)]

B Equity [ .026USD [ 42.28%)]

B 0&M [.01USD (16.85%)]

B Consumables [ 0USD [ 0%))

B Decommissioning [ .001USD ( 2.38%)]
M Fuel [.004USD [ 6%)]

#: Cost to be entered, if energy is drawn from grid | 4

] (" Hydrogen cost details ¢ Thermal energy cost de'

Hydrogen Economic Evaluation Programme

o ; IAEA
nternational Atomic Energy Agency
' For any query this 5.
o) a reqarding oftware please contact:
Khamis. Nuclear Power Tt a»ology. ?-wlopc::;::aa:on. Division of Nuclear Power. IAEA.
Devewpeg for Internationat Atom: Energy Agency by BARC

Conversion
! usp 1

uso
_ Update Currency Database |
Quit |
——" ¥ "Head existing “/
I 11«3/;1 (z)a. case /

Build new case
for evalya tion

Hydrogen Economic Evaluation Programme




HEEP

™ HEEP

,B' View Main Page

Additionalinputs Help

Bt

Discount rate:

[57 % | (% (%)

- Finance Lletall - Help[7] ——— _— et e e e e — —_—
I Use "Real” rates - Equity : Debt -+ Borrowing - Tax Rate:- Depreciation

| interest (%) J

(%) period {yrs)

Inflation rate:

r‘zrfr"l

I" Nuclear Power Plant

10

o

| 20

(~7 Hydrogen generation

Constructon Operéhng

1175—.

r‘ Hydrogen stmage

Help (?) ]
View/Edit
Additional ||

Inputs

Go Back
AT R A Estimate
Update and hydrogen cost
store Case

I‘ Hydrogen transportatlon

~ Hep(d |

r— Use library

= | 7 Type of H2 Transportation -

" Vehicle

I Iines
i

Transportation

‘ ' Help(?) T Hep (7). f rdcae T = Hebp(?) [
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[ Nuclear Hydrogen Production Toolkit -NPTDS ]

Up-to-date information
Link to IAEA tools
Highlights of IAEA Publications

News on IAEA Activities

o Do Do Io  I»

Newsletter on nuclear hydrogen

production



