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» The World Energy Picture and Issues

» Hydrogen as Green Fuel —as an Energy Carrier

» Nuclear Hydrogen Production- Technology and Efforts
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» High Temperature Reactor
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World Energy Use a day (June 14, 2025)

426,358, 428 MWh -Energy used today of which
352,568,138 MWh- From non-renewable sources
62,234,562 MWh- From renewable sources
2,627,459 MWh - From Nuclear Energy

YV VYV

A\

2,589,456,690,517 MWh -Solar energy striking Earth today

» Nuclear energy now provides about 9% of the world's
electricity from about 439 power reactors.

>
Operable Reactors 439, Power 397,742 MWe

Reactors Under Construction 69, 70,804, MWe
Reactors Shutdown 213, 105,334 MWe

® 36% Coal
22% Gas
® 15% Hydro
® 12% Solar, Wind,

Total
29,270 TWh Geothermal & Tidal
® 9% Nuclear

3% Qil
® 3% Other

https://world-nuclear.org/nuclear-reactor-database/summary
https://www.worldometers.info/

Source: IEA



Environmental Issues

+ CO, Buildup
+ Global Temperature
* Pollution

Pleistocene Late Glacial Holocene
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ftp://ftp.ngdc.noaa.gov/paleo/paleocean/by_contributor/mann1998/mannnhem.dat

Hydrogen as Energy Carrier

v Why do we need it as an alternative fuel?
 Environment

Global warming, local urban air quality

Energy reserves

Increasing consumption vs. decreasing reserves

Global political

Energy security and energy access, independency

Hydrogen value proposition

New technology for car industry

v H, Can be produced from
- Renewables —solar, wind, biomass, wave ===
* Any fossil fuel

* Nuclear energy ¢ammm

Revankar-5



Hydrogen — A Critical Energy Carrier For Future

Specific Energy nuclear

160

| 100000 - chemieal
1 coal ‘
120 ;
100 o electrochemical '
20 1‘3 10000 ang inertia ; hydride
80 | =3 = =
. = hydrogen '
- e, strorage :
» >. 1000 & I n biomass
= ] ultimate
20 I —g ﬂywheel — Li ion battery
: ¢ \ -@"0\ é’-“g 0‘\ Q o &c‘p th’o @ 1 00 ] = b attery
s,o oF & % electrostatic m Phiacid h t natyral gas
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hydro- s T ot
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A. Zuttel et.al., Phil. Trans. R. Soc. A(2010), 368, 3329-3342
. Hydrogen Ethanol Methane/LPG Propane Gasoline Diesel

Source: DOE, Green Econometrics research
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Hydrogen Demand and Use

» World Production 75 Million Tons/year, pure hydrogen,
additional 45 Mt/yr as part of mix gases

» Equivalent to 2.5 % of current world energy demand

» 11 Mt/yr of hydrogen produced in US each year

* 55% Qil Refining,

e 35%Ammonia and Methanol,
e 2% : Metal,

* 8% Other

» 6 Mt/yr consumed by India 2023, Projected demand 12 Mt in 2030.

* Qil refineries 3.0 Mt
* Fertilizer ( Ammonia) 2.4 Mt

o Steel and chemical industries 0.6 Mt.

Revankar-7



Hydrogen Production

Established Technology
o Natural Gas Reforming/
Gasification:

CH, +H,0 - CO + 3H, -Reformation

CO+H,O - CO, + H, - Shift
(over 80%)

STEAM/WATER

INPUTS

AIR

STEP 1

/\

3
HEAT CARBON DIOXIDE

COAL

STEP:2

CARBON MONOXIDE

OUTPUTS

HYDROGEN CARBON DIOXIDE

STEP3  CO+H,0+CO,+H,

C+0,+CO,

C+C0,+2C0O

o Electrolysis: An electric current splits water into hydrogen and oxygen.

Renewable Liquid Reforming: Renewable liquid fuels, such as ethanol, are reacted with
high-temperature steam to produce hydrogen near the point of end use.

o Fermentation: Biomass is converted into sugar-rich feedstocks that can be fermented to

produce hydrogen

v' Biomass Gasification example reaction: C.H,,0, + O, + H,0 — CO + CO, + H, + other

Technology Under Development

o High-Temperature Water Splitting: High temperatures generated by solar concentrators or
nuclear reactors drive chemical reactions that split water to produce hydrogen.

o Photobiological Water Splitting: Microbes, such as green algae, consume water in the
presence of sunlight and produce hydrogen as a byproduct.

o Photoelectrochemical Water Splitting: Photoelectrochemical systems produce hydrogen
from water using special semiconductors and energy from sunlight.

Revankar-8


https://www.energy.gov/eere/fuelcells/hydrogen-production-microbial-biomass-conversion

The Hydrogen Rainbow

-

PURPLE/PINK

Hydrogen produced by

electralyiis

THE COLORS OF HYDROGEN

GREEN

Hydrogen produced by
electralyiis of water, using
electricity from renewable
sources like wind or solar, Zero
OO, emissions are produced,

LR UL II_'._'.I T

4

o

GOLD

Tapped from natural
subsurface accumulations.

BLUE

Hydrogen |;-r-:_:-|:||_||_-|_'|j fram fossil

TURQUOISE

Hydrogen produced by thermal
splitting of methane [methane
pyrolysis). instead of CO,, solid
carbon is produced.

Fuels (e, grey, black, or brown
it A W I:I_J_. s capiiared

and ejither J1oned o repurfpoied

GREY

Hydrogen extracted from natwmal
£as uslng steam-methane
refprming. This is the most
camimon form of hydrogen
praduction in the world today

BROWN/BLACK

Hydragen extracted fram coa

using gasitscation

v

ORANGE
Stimulated by

pumping water into
deep source rocks.
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CREDITS: (GRAPHIC) C. BICKEL/SCIENCE; (DATA) GEOFFREY ELLIS/USGS

| ,  Earth Hydrogen -Natural Hydrogen
\Raiﬂwater Groundwater interacts with iron-rich minerals like olivine- magnesium ® Hydrogen
: . - ) ) @ Water
- iron silicate  (2+x)Fe+ Mg, H,, 510, =Mg,_ Fe, 510, +2FeH,.
FeH, +2H' = Fe’* + (x/2+ 1)H,

- e e R ——— e — S E— ———

Falry \ Hydrogen i e
cm:les seep "

1 Sedimentary
consumption _r_ock |axers__

............ - Iron-rich
intrusion

W ﬁ] i ———— consumption

[ron-rich mantle rock

Science, Vol 379 Issue 6633.

Generation . Loss mechanisms . Extraction
1 Radiolysis i 4 Seeps ¢ 7 Traps
Trace radioactive elements in rocks emit radiation i Hydrogen travels quickly through faults and i Hydrogen might be tapped like oil and gas—by drilling
that can split water. The process is slow, so i fractures. It can also diffuse through rocks. i intoreservoirs trapped in porous rocks below salt
ancient rocks are most likely to generate hydrogen. i Weak seeps might explain shallow depressions ¢ deposits or other impermeable rock layers.

i sometimes called fairy circles.
2 Serpentinization ¢ 8 Direct
At high temperatures, water reacts with iron-rich rocks { 5 Microbes i Itmight also be possible to tap the iron-rich
to make hydrogen. The fast and renewable reactions, i Inshallower layers of soil and rock, i source rocks directly, if they're shallow and fractured
called serpentinization, may drive most production. i microbes consume hydrogen for energy, i enough to allow hydrogen to be collected.

i oftenproducing methane.
3 Deep-seated ¢ 9 Enhanced
Streams of hydrogen from Earth's core or i 6 Abiotic reactions i Hydrogen production might be stimulated by
mantle may rise along tectonic plate boundaries i Atdeeper levels, hydrogen reacts with i pumping water into iron-rich rocks. Adding carbon
and faults. But the theory of these vast, deep i rocks and gases to form water, methane, i dioxide would sequester it from the atmosphere,

stores is controversial. . andmineral compounds. . slowing climate change.
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Nuclear Hydrogen Production

Hydrogen can be production with Nuclear Energy

- Electric power g » Electrolysis
+ Proven technology

+ Overall efficiency ~24% (LWR), ~36% (Hi T Reactors)
(efficiency of electric power generation x efficiency of electrolysis)
~ Heat = Thermochemical water-splitting
+ Net plant efficiencies of up to ~50%
+ Developing technology

~ Electricity + Heat = High temperature electrolysis or Hybrid cycles

» Low-temperature electrolysis (<200°C).

» High-temperature steam electrolysis (550 — 850°C)

» Thermochemical process (550 — 950°C)

» Nuclear SMR process can reduce natural gas consumption
and CO2 emissions by 30%

Revankar-11



Electrolysis

Enthalpy -285.83kd O 0 AH = -285.83kJ

Entropy 69.91 J/JK  130.68J/K  0.5x205.14J/K TAS =48.7 kJ

W = PAV = (101.3 kPa)(1.5 moles)(22.4x10-3m3/mol)(298K/273K) = 3715 J
AU = AH-P AV = 285.83kJ-3.72 kJ = 282.1 kJ
AG = AH-T AS = 285.83 kJ-48.7 kJ = 237.1 kJ

8.00

— mmm Commercial system efficiencies (54-67 kWh/kg)
.00

—— ldeal system (HHV of hydrogen 39 kWh/kg)

o
3

& O
s 8

H, cost ($/kg)
w
;

0.00 C T T r—t— T Tt T e T r—
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100
Electricity costs (S/kWh) Revankar-12




PEM Electrolyzer

O,

H,0 ﬁ:) ﬁ)%"gll[ <
DI water
supply Injection pump  Two phase Recirculation pump i
Inlet water tank P-001 Oxygen Stack

filter
separator tank

(WT-02)

P-002
power supply

CCV104BX|:| :

-

Recirculation

filt e
H2 neer (-i—) ﬁ)
T12
Hydrogen ?WEF)S WIL2L. PR
i PSA
output line HPS >
Storage tank T3 N,  stack L
@ Temperature ® Flow % Electrovalve L- 1 r
Level p >l p tact
@ eve @ ressure ower contactor s CEimanime o
@ Conductivity @ Voltage F Back pressure regulator
@ Current ePlate heat exchanger Cathode - Anode
Balance of plant (BOP) - PEM electrolyzer.\ ,0:  PEMElectrolysis(50°C-80°C)

Pstack= 1047 kWe

Electronics - July 2020

H,

Catalyst

(PY)

Cathode 2H" +2e - H,

Anode

Catalyst

(I)

Membrane

Hy0 = 2H* +0; +2¢
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Serpme flow

30 wt% KOH —>

20H- — 2e~ + H,0 + %0,
02 <«

Heating element —
0,

Ni anode
300 pm

>

30 wt% KOH

pldL&

Agfa Zirfon separator
500 pm

N| cathode

<«—— 30 wt% KOH
H,0 +2e~ — H, + 20H"
— > H,

H,

300 pm

Holst, Et al, Fraunhofer Institute for Solar Energy Systems ISE, Oct 2021

i h b=

e

i

W :.,.7!..-

Alkaline
Electrolyzer

NREL/PR-5900-86490

<30 wt% KO

Centralized Alkaline EZ

1.Stack Modules
1.4 X 2.5 MW stacks
2.Electrical BOP Subsystem

3.KOH Subsystem
4.Gas Treatment Subsystem

2.High Voltage Transformer
3.Feed Water System

4.H, Purification System
'5.Cooling Water System

Revankar-14



Solid Oxide Electrolyzer

System process design for production of
150kg H,/day

System Characteristics
System Process Flow Diagram

Parameter Value Units

Vaporizer
Water 0.25 gpm Oxidant e
Energy Water Pump Recuperator
Heat Recovery/Thermal Input (Q) 30 kw Q A\ ( ><
Total Electrical Input 247 kw i <J e

Air Exhaust —
Total Energy Input 277, kw C% AREn Electrolysis Stacks
Output ;

Hydrogen Production @}‘ Fuel __<.I alliee

Recuperator Steam/H2 |«—

System Efficiencies (HHV) @b .
Stack Electrical Efficiency (HHV) 126% e C
System Electrical Efficiency (HHV) 100%
System Total Efficiency (HHV) 89%
Total Electrical Consumption 39.6 kWh/kg H,
Total Energy Consumption 44.3 kWh/kg H, i
-
</> FuelCell Energy Cathode @i Revankar-15

2H,0 + 4e-+2H, + 20



1.1 MW SOEC Product

Solid Oxide Electrolysis Platform

1.1MW Rated Input

600 kg/day hydrogen production
Power input reduced to 1.0 MW
with supplied waste heat

Two modules — stack/mechanical
BOP and electrical BOP
Stack/Mechanical BOP is repeating
unit in larger systems

kWh per kg

Specifications subject to change without notice. All specifications quoted at initial operation.

Hydrogen
Production Rate ~600 kg/day
Pressure 14.7 psia (1 bar(a))*
Perfo rmance (with and Without Heat Input)
Efficiency (HHV) With Heat 100%
Electricity Consumption With Heat_ 39.4 kWh/kg
Efficiency (HHV) No Heat 90%
Electricity Consumption No Heat_ 43.8 kWh/kg
Efficiency levels are +/- 2%.

Product Composition

H, 99% dry basis, by volume
Purification and compression options available.

N, ~1% dry basis, by volume

Ramping (Increasing or Decreasing)

0% - 100% load 10% per minute

Module Dimensions wxLxH)
Width: 8’ Length: 40’ Height: 10’
Width: 2.43m Length: 12.19m Height: 3.04m

There are two modules in a standard configuration.

Electrical Input
Plant Power Input 1.1 MW
480 V (400 V Option)

60 Hz (50 Hz Option)

Voltage (3-phase)

Frequency.

Water

Water Conductivity. <1 pS/cm
Treatment options available for lower quality water.
1 gpm (5,451 SLPD)

46 gallons (174 L)

Nominal Consumption
Drainage for Maintenance

Sound Levels
Standard <72 db(A) @ 10 Feet (Option < 65)

Optional Customer Steam SUpply for ngher EfﬂCiency (Saturated or Superheated)

Recommended Temperature Range
Recommended Pressure Range

Recommended Flow Rate Range

259 - 295 °F (126 - 146 °C)
20.0 - 47.1 psig (1,379 - 3,254 mbar)
340 - 570 Ib/hr (154 - 258 kg/hr)

*Optional compression is available and will add 2 to 4 kWh/kg power consumption depending on pressure level.

Electricity Required to Generate 1kg of Hydrogen

60

M Solid Oxide

M PEM

M Alkaline

Revankar-16



4kg H2/day Pilot System Performance

Hydrogen
4.0 kg/day
5.6 kW (LHV)
SOEC Stack
6.1 kW

Electrical Input

6.5 kW
P System Performance Parameter Value
Balance of Plant
0.4 kw Stack Electrical Efficiency (LHV) 93.1%
System Electrical Efficiency (LHV) 85.1%
System Total Efficiency (LHV) 73.0%
Th | t, Simulated i e ;
i o o Electricity Consumption 39.2 kWh/kg
1.1 kW
Thermal Consumption, Simulated 6.5 kWh/kg
Total Energy Consumption 45.7 kWh/kg
Water
1.9 I/h
29
N
<, FuelCell Energy Revankar-17



Nuclear Utility Hydrogen Production Demonstrations

Constellation's Nine Mile Point NPP, in Oswego, New York. -
USA's first-of-its-kind 1 MW PEM Electrolyzer, H2 Production,
Feb 2023

Carbon-free
nuclear

generation

Baseload generation

Electric grid

l ___________________ =

electrolyzer for
hydrogen £ L B
\__generation )& -

g On-site )
Hydrogen
storage

J

Self supply of
plant’s hydrogen
use: Offset O&M

Peak power
generation

Sale & injection into
gas pipeline

Hydrogen
transportation

Regional hydrogen
market

On-site hydrogen user
(e.g Gas turbine)
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Nuclear Utility Hydrogen Production Demonstrations

 Energy Harbor -Davis—Besse Nuclear Power Station (Oak
Harbor, OH) Alkaline Electrolyzer, H2 Production, 2024.

« Xcel Energy and Bloom Energy -Prairie Island Nuclear
Generating Plant, Red Wing, MN), 240 kW, HTE , 2024

 Arizona Public Service and Pacific North West Hydrogen
(PNW) Hydrogen -The Palo Verde Generating Station in
Arizona — Alkaline Electrolyzer 2024.

HTE Tech provider demonstrations (“supply-driven”)

o FuelCell Energy: Solid oxide electrolysis (HTE) system
demonstration

o Bloom Energy: HTE hydrogen production using nuclear power

o OxEon Energy: Performance validation of a 30 kW reversible
HTE system

Revankar-19



US Advanced Hydrogen Production Research & Current Efforts

Overall DETAIL Facility Display &
Data Collecticn

INL DETAIL Thermal, Electrical, Control, & Data Integration
v

—  RTDS Data & Commands

Thermal Supervisory Data & Commands
Heat Flow

Coolant Flow

Electrical Power Flow

Energy Systems Laboratory

Systems Integration Lab

BTQ orage = z aroge Powe
|| 'Battery Testing—.__—_ Wireless - "High Temp Grid . - y
k—-(out of picture) —= Char ] I trol -Emulation | INL 25KW High Temperature STDS Supervisory Control
- | | & " | — — - S e o | Co-electrolvsis Test Station (issues commands based
=gy | i . [0 | - k ARTIST PWR Flow Loop S AT A upon monitored grid conditions)
- g : - i ~315 C (600 F) Heat Source N
‘ = ]
’ o \)\
Supplemental Heat <
sscemn < N ELECTRIC
Fast Thermal EnergfyDelivein}/stem Synthesis Distributed b o VEHICLE
i (in review for construction 2
Charging fexcior Erery »mputer controlled molten salt Turnkey 25kW High Temperature  Thermal Supervisory Control CHARGING
ermal load storage and control Electrolysis Test Station (balances heat flows)
allows variable thermal load in
response to RTDS and electrolyzer A\ STAT | 0 N )/

power, and allows integration of the
various scales of heat production /
consumption. Can be phase change
salts.

Focused on Nuclear Hybrid Energy Systems Concept & Dynamic Energy Revankar-20
Transport & Integration Laboratory, at INL



High Temperature Electrolysis (HTE) Technology Progress- INL

S~ 'Pl--_ﬁ.
4

= Completed Design and Installation of Facility Support s e e ‘ AV
Infrastructure A i
» Power, DI water system, drain lift station, enclosure,
ventilation system, H2 vent, gas monitoring, safety
interlocks, fire protection, structural support systems
= 25 KW HTE Test Facility
« Steam generation and supply system
» High-temperature furnace
« High-temperature air supply for sweep gas
* N2 purge systems
« Hydrogen recycle and gas dryer system
« Gas monitoring system with interlocks
* |Instrumentation

= Facility has been commissioned for HTE hydrogen production ;
up to the 25 kW scale-under way

Revankar-21



Thermochemical Water Splitting

» Explored since 1970s several efforts at different scale.

» A set of coupled, thermally-driven chemical reactions that
sum to the decomposition of water in H2 and O2.

= All reagents retuned within the cycle and recycled
* |nput water and high temperature heat, output H2 and
O2 and low heat.
» Numerous possible cycles identified and explored:

* Single Step

I
H>O + heat — SO, + H, 2500°K

Revankar-22



©
Thermochemical Water Splitting r

s Two Step

*» Three Step

H>S0,;—S0.+ H.0+1/205
Decomposition (=800 °C)

-

H>SOq ?

\_O%H+0S

SO+2H,0—HoSO+H, [
Eleclrolysis (80-120 °C)

A

Heat up to

850°C° Heat up to

360°C

Bunsen Reaction

120°C

Sulphur-lodine Process

Revankar-23



Thermochemical Water Splitting

** Four Step, Cu-ClI Cycle

ELECTRICIT"I"

Eiecfroﬂrsrs
2CuCl{ug) + 2HCl{ag)
Eﬂ'\"

ZCuclziaql + H,lg)

0;la)

Separation
CuClyfag) + HCl{ag)
120°C

Thermolysis
Cu,0Cly(s)
530°C

HEAT B %J \ —

2CuCl + ¥204(g) CuCl,(s) + HClig)

Hydrolysis

2CuCly(s) + H;01g)
380°C

Cu,OCl,(s) + 2HCl(g)

< Five Step Cu-ClI Cycle HiO

1af Copper-Chlorine Process
2CUCla+H20— Cuz0CI(s)+2HCl(g)
Hyeralysiz (400 ")

ﬁECuC& e
L |

2 CUC-";(;,@—?? CHC-"E{;J

- 4
.

Cu20C55—2CuCly+1/20;

O generation {500 °C)

X Dirying (>100°C) )
H; generation (430- 475 °C)

2HClig+2Cug—2CuClay+Hz ]

. cuCl CuCl

CuCl; CUF

AW
j-' Ha
4GUG|‘E3E|—?.ECUGJ2{.;Q?+2G Lrs)

4 o 2 Revankar-24




Thermochemical Water Splitting
*» Multistep CYCLE : Calcium -Bromine cycle (UT-3 -Japan, modified UT-3).

HEO, HBr HEO, HBr, Hg
BOORC 3FeBr, + 4H,0 A51°C

Fe,0, + 6HBr + H,

684°C
CaBr, + H,0 |
CaO + 2HBr

) 256°C

I

T CaO0 +Br, » Fe30, + 8HBr -»
H'HH CaBr, + 120, < 3FeBr, + 4H,0 + Br
- 572°C 303°C 210°C

H,0, Br, H,0, HBr 04-GA50022-02
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Sl Cycle:

Sl-Thermochemical cycle | 250+
2 2H,0
v" Sl cycle was developed and flow-sheeted by
General Atomics in the 1970s 2 ([ o,
HI H,SO,
decompositionf| decomposition
a

Integrated Sl loops:

=1980s GA, (US)

=2004 JAERI, (Japan)

=2009 INERI (DOE/CEA), (France)
»2010 Tshingua (China)

=2011 KAERI-KIER-RIST-POSTECH
=2020~ INET, JAEA

Separate Effects Tests
GA, SNL, CEA, JAERI, KAIST, POSTECH

(" el : ! ; & R
H,SO, decomposer unit installed at
GA ILS experiment site Revankar-26



India -Copper-Chlorine Demonstration Plant using FBBR
Jun 2026)

Steps:

1.Electrolysis Step Development
2. CuCl/CuCl,/H,O/HCI Separation
System

3. Experimental Study of CuCl,
Hydrolysis

4. Cu,0OCl,Decomposition

= Low temperature requirement for heat source <530°C
= |deally suited for Small Modular Reactors
= |nexpensive raw materials as recycle agents (for example, compared to iodine for S-I cycles)
= No requirement for catalyst in thermal reactions
Revankar-27



CuClI/HCI Electrolysis Using a Pt/C Electrocatalyst-based Membrane
Electrode Assembly

/ | Electrolysis, RT-100°C ‘
ZCUCI(aq) + ZHCI(aqﬁ ZCUCIZ(aq) + Hz(g) @

cua("“ + HCIM)

Hydrolysis, 350-400°C

=
¥ | Decomposition, 550°C
\ﬂk Cu,OCl, ==» 2CuCly,+ % Oy,

&=
=4
Q.
=
=
O
Y
-
o
=
<

Flow Field GDL PEM Catalyst GDL Flow Field
Layer

CuClzm, + HC'(“)
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Thermochemical hydrogen production
cycles — High Temperature Reactors

Thermochemical hydrogen production cycles

Eff. range (%) | Temp.range | Cu-Cl | Mg-Cl | §I | HYS | Fe(l | CaBr | V-Cl | ZnO/Zn

SCWR 4448 065°C | © | @ | x| x| x| x| O X

VHTR 40-50 wwe | © | O OO0 0|0 x

Advanced nuclear | SFR 3342 450-550°C @ @ X X X X @ X
reactor fypes | GFR 4548 Be0C | © | O O x| © ] © O] x
MSR 45-55 6-80C | © | @ | © x| © ] ©® 6] X

LFR 4245 ss0c | © | O x| x| O] ©® |0 x

o SCWR: Super Critical Water Reactor
o VHTR: Very High Temperature Reactor
*  SFR: Sodium cooled Fast Reactor

GFR; Gas cooled Fast Reactor
MSR: Molten Salt Reactor
LFR: Lead cooled Fast Reactor

Revankar-29



* Electrical generation - Gen IV Energy Conversion Program

 Hydrogen production - Nuclear Hydrogen Initiative (NHI)

3
=)
=
A
=
>
=
?
=)
£
=
>
=
=

EYdor m n @@ @@ o I Mo oo

4_ [with heat recuperation]

[ Gen IV Reactor Output
Temperature Ranges

Hydrogen Production
Temperature Ranges
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High Temperature Gas-cooled Reactor (HTGR)

Superior inherent safety

®Accidents that cause release of a large amount of
radioactive materials to environment do not occur.

®A nuclear accident similar to that in the
Fukushima-Daiichi Nuclear Power Station does not

happen.

Ceramic fuel coating Graphite core structure

Retain radioactive
material at 1600°C

Fuel kernel, 0.6mm

High density PyC

SiC
Low density PyC

8mm

T

39mm

L

-

\ T

0.9mm
-

Coated fuel
particle

Fuel
compact

Temperature limit 2500°C

580mm

Fuel

—1 [
SM

assembly

Helium coolant

at high temperature

(No temperature
limit)

ble

A wide range of heat applications

®Helium gas cooled reactor with outlet coolant
temperature as high as 950°C

® A wide range of heat applications, such as
hydrogen production, electric power generation,
desalination, etc.

Fuel coating:
Ceramic

Core structure:

Graphite

Control rods
ngh temperature

heat utilization

900 °C

—)

Helium gas
(secondary)

Hydrogen Production
Process steam supply

Metallic material:
Heat-resistant alloy

Gas turbine

Electric power
generation

exchanger (IHX)

Helium gas
f— (primary) ))

Low temperature
heat utilization



Block-type HTGR and Pebble-bed-type HTGR

==
Graphite sleeve Gra!ohlte Block B
(Height: 600mm) Ll
Fuel coated multiply Fuel compact ’/ iy |
by ceramics 'aye \ Block-type | 45
g 5iCHE PO - 3 2 A
S . HTGR |\l
\ ‘ Il'_h ":. ! i o I:'
= (HTTR, E HAE I'l
' -t FSV) \N(EASE
—ae i ? %
Utilization of graphite material E “\ @)
for moderator and structural N
material
Pebble-bed-
type HTGR
- | Utilization of helium
(4 TR-10, | gas as coolant
Approx. 1Imm Fuel Pebble HTR-PM,
AVR)

IAEA-TECDOC-358 Gas-cooled reactor safety and accident analysis
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Block-type HTGR and Pebble-bed-type HTGR

HTTR in Japan

| __—Stand pipe

Permanent
reflector block

Replaceable

A Core restraint
! : mechanism
l g _—Fuel element
I

G l|=5..‘ ¢

HUTH /Hot plenum block
Jlaainug \e Support post
e — pport p
P e Bl Lower plenum block
o - A"l.. I \3
! ,llqr#j,#ll A= /Carbon block
E::@;E,',ﬁ 1IN !!:';';3 Bottom block
';,_5 R ﬁ' Support plate

|% Core support grid

‘»ILJ / Auxiliary coolant
¢ outlet [gYpe

Main coolant
outlet pipe

[
— | 'HTR-10 in China |

|
8
¥
¥
3
i
g
B
5
B
7
¥

IAEA-TECDOC-1694 Evaluation of High Temperature Gas Cooled Reactor Performance: Benchmark Analysis Related

to the PBMR-400, PBMM, GT-MHR, HTR-10 and the ASTRA Critical Facility
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HTGR Systems Applications

HTGR Gas Turbine (GT) System HTGR Hydrogen Production System

900°C
THTRBOO I I Seconda ry He | ¥
- 2
He gas [ B .
Reactor turbine L_production |
Reactor
Primary He GT Power
200°C generation
Low temp. Intermediate heat exchanger (IHX)
heat utilization
® Reactor: ~ 600 MWt (~ 300 MWe, 850°C)
® Helium gas turbine (Generation efficiency ~ 50% ) ® Reactor: ~ 600 MWt, 950°C
® High economy ® Hydrogen production ~
® Deployment in 2030s 85,000 Nm3/h

® Deployment in 2040s

HTGR Cogeneration System (hydrogen production & power generation by GT)

900°C
Secondary He

H,
production ® Reactor : ~ 600 MWt, 950°C
® Cogeneration of hydrogen and electricity
® Hydrogen production
~ 50,000 Nm3/h
® Heat utilization rate is about 80%
® Deployment in 2040s

IHX GT Power

Primary He !
generation

GTHTR300C

Low temp.
heat utilization
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Impact of Deployment of HTGR Hydrogen System

H, requirements, numbers of HTGRs, CO, reduction in 2050s

H, umber of units, Contribution ratio HTGR H, supply co,
requirement finstalled capacity | of HTGR H,supply Mt/y) reduction

(Mt/y)

Shaft furnace 18

H, steelmaking 2.2 UnitsX2 80 x« 1.8 34 % 56.0
Car 1.8 X1 20 million units *3 0.5 4.2 %2
Truck 1.0 %1 3.4 million units *3 30 x4 0.3 17 % 7.0 %2
FCV Bus 0.1%1 0.1 million units *3 0.0 0.4 %2
1.81 15.3 million units *3 0.5 4.7 ¥2

. At-home
Stationary FC 30 e 22 s

Business 200 17.8 GW *3 0.6 5.2 %2

77.6
Total 0 2 73 ( 5.9%) %6

H, requirements for H, steelmaking (2.2 Mt/y)
= Total in Japan (85.7 Mt-steel/y) 2 x Contribution ratio of H, steelmaking (40%) *4
X H2 requirement for H, steelmaking (0.065 kg-H,/t-steel) *2

HTGR hydrogen production system has the potential to supply about 40%

of H, needed for H, steelmaking, FCVs, and FCs

1 -Estimated using ref. 1) %2 -Estimated value by JAEA
1) Y. Matsuo et al., Position and introduction prospects of hydrogen X3 :Value from ref. 1)
energy toward a low-carbon society in 2050, The Institute of Energy 4 -Assumed by JAEA
Economics, Japan, 2013 %5 -Thermal power of reactor : 600MWt, H, production :
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2) Steel statistical yearbook 2017, World Steel Association, 2018.
3) Japan’s National Greenhouse Gas Emissions ( 1990~2016 ) , National
Institute for Environmental Studies. Jaban.

85,000 Nm3/h
26 -Reduction ratio to 2013 CO, emission3)



JAEA Progress on Sulfur-lodine Process R&D

Era

» production test facility
(~0.1 Nm3/h scale)

Technology transfer to
private company

Industrial material

component test
2010~

| HTTR-GT/H,test |

R&D on elemental technologies
2005~ 2009

Bench-scale test
1999~ 2004

« 1-week continuous H, mefd

|

production by glass
Lab-scale test ] apparatus
~1997 (0.03 Nm?3/h-H,)

Establishment of
base technology

o\ N SRR
g Helium gas turbine
power generation gp
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JAEA Roadmap for HTGR Hydrogen System
2020 ~2030 ~2040 . ~2050

;HTTR-heat application system (SR) Oversea.s demonstration reactor (power Domestic demonst_ration reactor Domestif:
generation and heat application) under (power generation and H2 commercial
international collaboration production) reactor
H2 production plant m
Connection of carbon-free H2 production plant Expand to various heat sources that can
(Demonstration of technologies necessary for - .
; utilize high-temperature heat
practical use)
Establishment of supply chain
Carbon.-free H2 Improvement of economic efficiency
production plant ’ Divergence of location
. - — echnology
 Establishment of safety design for HTGR-H2 transfer to
production system .
:‘U  Establishment of connection technology private sector
< between HTGR and H2 production plant
o || « =) ;
|| & | | Technology devel t plant | — o
bt g echnology development plan -y REACTOT
® .
Q v HTTR-heat application test with carbon- free H2
g production (100-1000m3/h)
Reflect results of technology development
Implement components of commercial plant S
‘.’ Solar power H2
production system
« Confirmation of carbon-free H2 production 7 100~m?3/h
» Confirmation of overall performance in HTGR —" | E
system - -ﬁ.,——" H2 production
- > W plant
Verify rellablllty of all plant — Infiystl:ial waste heat
components and  stability of Technology transfer of utilization (mining, etc.) H2
long-term operation (made of individual elements production system
metal and 1000~m3/h
ceramics, 0.1 m3/h-H2)
g E @®Review of HTTR heat application system @ Review of HTTR heat application system ® Review of ® Review of
g [ (SR: H2 production by steam reforming of natural gas) (Only carbon free H2 specific part) demonstration reactor commercial reactor
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China INET’s Efforts on Nuclear Hydrogen Production

Nuclear hydrogen program at INET

2 4

(850'C)

R&D route of NH through IS process

H,0
Solid Oxide Electrolysis Cell
\

“ Ha Fuel (M0

¢ lodine sulfur (IS) process: high efficiency, CO2 free, large-scale hydrogen production
technology

¢ High temperature steam electrolysis(HTSE) : high efficiency, modular design, flexible
and suitable to various scale H2 production.

¢ RA&D on the two processes were conducted in parallel since 2005, and IS process was
m:.-:.lselected for scaling up and potential coupling to HTR-10.

IN:GET

3 H
Elapsed tmei

BAREEE

T | Enaineeri Couplin
Key tech. Simulation Engineering techp g
process and materials :

continuous Key Scaling-up
Closed-cycle operation components

Verification 1-10Nm3/h
of feasibility

0.1Nm%h
0.01Nm¥h

Fundamental study System integration Key components Pilot demo

2005-2010 2010-2015 2016-2020 2021-2025
INi:T P Zhang, et al. Renewable & Sustainable Energy Reviews,. https://doi.org/10.1016/].rser.2017.05.225
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Current & Future R&D Activities in SI-Cycle in China

= Development of the key reactor components

 Sulfuric acid decomposer 4 Cel EED Stack
. HI d (Equipped with Temp. rtimtrolcrnml voltmeters)
ecom poser ' (.‘{-1 1 ('rli 2 (‘{-1 3 ('oi 4 '
* Bunsen reactor_ | Fulbiye  polree pponsow Do e
* Electro-electrodialysis (EED). . N! H H M{H m
Anode ' = i = Cathode
= Dynamic simulation _!_ — _'r + _!_ :
Gsketsé‘e: Gaskels & Gaskets & Gaskets & E
| Pllot Scale IS development (tWO phaseS, ~ 10years) .\lemhranit- Membrane  Membrane |[Membrane:
- Safety issues on nuclear hydrogen L0 T
. . T L T e [ H ]
- Key technologies of pilot scale o ‘ ) o —
— Engineering materials (Placedtn Water Ban) | HIx _ L | Placedin Water Bat)
— Reactors, components, loops......
* HTR-IS coupling technology(2021-2025)
» Scale-up of components
 Coupling technology INGET
= HTR technology for H2 production and heat | L
application Current density : 200mA/cm?
*« VHTR (950-1000°C)
Revankar-39
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GTHTR300C: HTGR Hybrid Energy System

HTGR system for power generation and cogeneration of hydrogen, desalination,
steelmaking, etc.

Designed by JAEA in collaboration with Mitsubishi Heavy Industries, Fuji Electric,
Kawasaki Heavy Industries, Nuclear Fuel Industries, Toshiba, IHI, others.

Development status: Pre-licensing basic design completed.

900°C
GTHTR300C 5| « Hydrogen
Reactor T production
E[ | e Process heat
| L M-
ILE 850~ Gas turbine
i 050°C | power generation
200°C Ty |y R —y g >
e Seawater ‘ =k,
desalination THX |
e District heat
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US DOE Initiates
H2@Scale: Enabler for Deep Decarbonization

N Conventional Storage Transportation
(H2@Scdle
« U.S. Department of Energy Power

Generation

Synthetic
Fuels

Upgrading
Qil /
Biomass

Ammonia/
Fertilizer
H20 Hydrogen
Generation
— Metal
Electric Grid Protfuit?on
Infrastructure
Fossil
with CCUS

Chemical/Industrial
Processes

Heat/Distributed

Infrastructure Power

Key Opportunities

*"Industry and Chemicals Steel, ammonia, cement, syn fuels (e.g., aviation), exports
*Transportation  Trucks, marine, buses, etc.

"Power and Energy Storage Long duration storage, NG blending, turbines, fuel cells
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Hydrogen Costs, H2 form Electrolysis and
Methane Reforming- 2035 timeframe

T
"
b
]
(o]
=,
=
(=]
o
%)
=]
=
o
[T
L=
(=]
et
g
o
=
Q
—

Levelised cost of value chain (USD/kgH.)

Steam Methane
Reforming with carbon
capture

Hydrogen cost of production range Hydrogen costs of storage, transport and distribution (i.e. value chain)

Nuclear Energy Agency.: Nuclear-Hydrogen Digest: Nuclear Energy in the Hydrogen Economy,
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Snapshot of Hydrogen and Fuel Cells in the U.S.

Deployment Examples

Backup Power

AN o000 |8

Forklifts

§i+i¢ >172 MW

PEM* Electrolyzers

o T

Fuel Cell Buses

H, Retail Stations

o E

Fuel Cell Cars

* PEM: Polymer
electrolyte membrane

Examples of Hydrogen Production Locations

Examples of Hydrogen Station Plans

California

200 Stations Planned
California Fuel Cell
Partnership Goal

S —— L S
) BT PN
y TR o ?jﬂ..@i -
e, F, . 2, \

S5 Port Arthur N .)

i d
“ g 1 A’ - A, —1 :
3 _ | : 7\
/ Intermountain; I g e J VS X
L__power Project | . ( y /-~ *
/ | samtakecuy X "-“‘”‘# { a 5 Wr
\ = ranag
- [ Al e |== B >5
L N\ — [ G . M _ _ﬁ\
- — ; -
e (B / ;
v 3 J Al | Oklahoma Cin y i’
— g l i '*__"-"- Douglas County, WA
Lo 4 !

0
Southwest, WA . ‘
\\

‘\I SMR+CCS

Northeast
12-20
Stations
Planned

Sonoma, CA
Emeryville, CA
Bay Area, CA

San Carlos, CA(2) @

santa Clara, cA @)
@ santose, ca(2)
cae

@ @
Costa Mesa, CA. .
Palm Springs, CA ®

Tempe, AZ

. Oakland, CA

AZ, HI, OH, SC,
NJ, NY, CT, MA,
CO, UT, TX, Ml
And more

* 11 million metric tons (MMT) H,/yr
* Over 1,600 miles of H, pipelines

* World’s largest H, storage cavern

Arvada, CO

Prairie Island, MN

Oak Harbor, OH
Urbana-Champaign, IL

Austin, TX (2)

®Hie)

. @ Sugar Land, TX

Examples of PEM Electrolyzer Installations

Alabama, NY

Oswego, NY.

NY(2)®

Canandaigua, NY g

. Columbus, OH

L]
Hertford, NC

Orlando, FL

2 0@ Buintree, MA
Mahwah, N @ Lincoln, Rl
PA

S

Leesport, PA

Holtwood, PA
Electrolyzer Power
Capacity

120 KW
180 KW
500 KW
1000 KW
1250 KW
1500 KW
2000 KW
5000 KW
30000 KW
120000 KW
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Timeline for Key Hydrogen Provisions

2022

National Strategy
and Roadmap

Clean Hydrogen
Standard

Hydrogen Hubs
Solicitation

Electrolysis RD&D

Manufacturing &
Recycling RD&D

2023 2024 2025 2026

Ongoing analysis: supply, demand, emissions, Update National Continue to refine
jobs, infrastructure, policies, investments, etc. Strategy & Roadmap and iterate

DOE, in consultation with EPA, to assess Clean Hydrogen Production Qualifications and update Standard
within five years of enactment

Select at least 4 regional clean hydrogen hubs within 1 year of proposal submissions and execute.

Total $8B from FY22 through FY26

Meet $2/kg H, f
Additional electrolysis and related RD&D. Total $1B from FY22 through FY26 eeelsec{rglys,zisrom

Additional Manufacturing & Recycling RD&D. Total $0.5B from FY22 through FY26
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[/ Regional Clean Hydrogen Hubs (October 2023)

» Mid-Atlantic Hydrogen Hub (Mid-Atlantic Clean Hydrogen Hub (MACH2);
Pennsylvania, Delaware, New Jersey)- H2 from renewable and nuclear
electricity

» Midwest Hydrogen Hub (Midwest Alliance for Clean Hydrogen
(MachH2); lllinois, Indiana, Michigan) — H2 from renewable energy,
natural gas, and low-cost nuclear energy.

» Appalachian Hydrogen Hub (Appalachian Regional Clean Hydrogen Hub
(ARCH2); West Virginia, Ohio, Pennsylvania)

» California Hydrogen Hub (Alliance for Renewable Clean Hydrogen
Energy Systems (ARCHES); California)

» Gulf Coast Hydrogen Hub (HyVelocity Hydrogen Hub; Texas)
» Heartland Hydrogen Hub (Minnesota, North Dakota, South Dakota)

» Pacific Northwest Hydrogen Hub (PNW H2; Washington, Oregon,
Montana)
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Challenges and Opportunities

Delivery, Suppl Usage/Application

Solar / biomass %

Coal [
Petroleum
Natural Gas i Hg:r:lop?:?::lzd Hydrogen
Electricity
Nuclear

« Production * Transportation Method  Stack Durability

- Storage method * Infrastructure Development * Power Density

« CO, Stabilization * Codes & Standards * Freeze Start Capability
« Cost * Hydrogen Delivery Cost * Driving Range

* Vehicle Cost
Government, Energy Suppliers Revankar-46




Production: Challenges

» Hydrogen production costs are high relative to
conventional fuels

» Current technologies produce large quantities of carbon
dioxide and are not optimized for making hydrogen as an
energy carrier.

» Low carbon advanced hydrogen production methods need
development.

» Public-private production demonstrations are essential.
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I condensed slide 15 and 16 and deleted what was previously 16.


Production: Nuclear — Electrolysis ad Thermochemical Methods

Scientific Challenges and Opportunities

v" New materials for cost/efficiency (duty cycle) for
thermo-chemical (TC)

v Separations and materials performance

v" Thermodynamic data and modeling for TC

v High temperature materials in oxidizing environments
at ~900°C
- Solid oxide materials and membranes
- TC heat exchanger materials

v High temperature gas separation

v Improved catalysts for reactions
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Recent Research Trends (2023-2026)

v" Al-assisted plant optimization

v" Advanced SOEC materials

v" Digital twin technology

v High-temperature alloys

v Nuclear-renewable hybrid systems
v Hydrogen storage integration

v Autonomous plant operation
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R &D Opportunities in Nuclear hydrogen Systems

GEN-IV Reactor Systems Analysis and Demonstration :

Reactor Design, Advanced Fuel Development , (Advanced Fuel Cycle Initiative),
Moderator, Instrumentation, Energy Conversion Systems

High-temperature, corrosion resistant materials - R&D will be required to develop, test, and
verify materials capable of performing at high temperatures (400-950°C) in the presence
of caustic chemicals to ensure the safety and economics of the facility.

High-temperature heat exchangers — Research is needed to design heat exchangers to
transfer heat from an intermediate heat loop to the process at high temperatures, high
pressures, and in harsh chemical environments

Chemical reaction data - Research is needed on basic chemical reaction data (equilibrium
constants, reaction rates, etc.) to better determine the operating parameters of the
thermochemical system

System design — Studies are needed to study the hydrogen plant and its relationship to the
reactor, including configuration options and operating conditions, scaling, control, system
isolation issues, and intermediate heat transfer loop design.
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Future Outlook

v Expected developments
« Commercial SOEC plants
 SMR-based hydrogen hubs
* Green steel production
* Synthetic aviation fuel
* Nuclear-powered ammonia production
* Net-zero industrial parks
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Conclusions

Nuclear Hydrogen (NH) provides reliable low-carbon hydrogen and is solution to
energy challenges and security

NH development may lead to commercial-scale production of hydrogen
NH is strongly supported by the GEN IV Reactor development
SMRs offer flexible hydrogen production near industrial users.

Continued advances in materials, economics, and regulations will accelerate
commercialization.

Nuclear hydrogen is expected to play a significant role in achieving global net-
Zero emissions.

Several Challenges exist and so new R & D opportunities exist in the NH program,



Thank you
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