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Some Housekeeping Items

EE Listen through your computer

Technical Difficulties
To ask a question
Share with others or watch it again

Please take the survey
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Please select the “use computer audio” option and
check that your speakers/headphones are not

Search the Zoom Weblnars Support

Select the “Q&A” pane on your screen and type in your
question

A video/audio recording of the webinar and the slide
deck will be made available at www.gen-4.org

A brief online survey will follow the webinar.



https://support.zoom.com/hc/en/article?id=zm_kb&sysparm_article=KB0064143
http://www.gen-4.org/

To Ask a Question — Use the Q&A function

% GIF Secretariat

Click the
Q&A buton
in the zoom

o000 Q. etR.
menu. Toutes les questions(1) Mes questions(1)
B orrswvous o0
You will ﬁ;npyr:; gifztsi:ne?laborate on the role of GIF in relation to the topic of
then see a
window that
will allow
you to type
your
question.

Type your question here.

Envoyer anonymement Annuler Envoyer

& Qui peut voir vos questions ?
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Meet the Presenter

Dr. Gerhard Strydom is the National Technical Director for the United States Department of Energy’s
(DOE) Advanced Reactor Technologies (ART) Gas-Cooled Reactors (GCR) campaign. He is
responsible for overseeing the ART GCR program activities on graphite and high-temperature
materials qualification, as well as GCR methods development and code validation.

He represents the US DOE on the IAEA GCR Technical Working Group (TWG) and the Generation-
IV Forum (GIF) Expert Group since 2016. Until October 2024, he served for 4 years as the Chair of
the GIF Very High Temperature Reactor (VHTR) System Steering Committee.

He is the author of more than 80 technical publications, including 53 journal and conference papers,
and received his Ph.D. on the development of a multi-phase and multi-physics uncertainty
assessment methodology for prismatic GCRs in 2020.
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Outline

e (V)HT(G)R Basics: Family Members, History, and Main Technical Attributes
e Current International HTGR Deployment Landscape

o Examples of HTGR R&D Activities and Collaborations within the GIF VHTR
Framework

e Questions and Discussion
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Spot the Difference: Which One Is Not a “High-Temperature” Reactor?
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VHTR vs. HTGR vs. GCR vs. HTR?

« High-Temperature Reactors (HTRs) are a general class of non-water-
cooled reactors utilizing gas or liquid coolants

« Can be fast or thermal spectrum

« Gas-Cooled Reactors (GCRs) include:

— AGR: British Advanced Gas Reactors, reactor outlet temperatures 600°C,
UO, rods, CO, cooled, graphite moderator

— HTGR: Reactor outlet temperatures <950°C*, TRISO fuel, helium (mostly)
cooled, graphite moderator

— GFR: Higher temperature systems, UO, pellets fuel in cylindrical silicon
carbide (SIC) cladding, helium cooled, no moderator

— VHTR: Reactor outlet temperatures >950°C, TRISO fuel, helium cooled,

graphite moderator

GEN I International
Forum
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* Some sources use >750°C, some >800°C, some >1000°C...

Source: Choi, Hangbok, et al. "Preliminary Neutronics Design and
Analysis of the Fast Modular Reactor." Nuclear Science and

Engineering (2023): 1-11.
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Do VHTRs Even Exist?

Yes! They used to...and now again in space applications

(But they require refractory metals for vessels)

Ultra High Temperature Reactor Experiment (UHTREX) Los Alamos 1959-1970
« 3 MWH, helium cooled with 1316 °C outlet temp @ 3.45 MPa

« 1420°C average fuel temp; 1582°C maximum

* Uncladded 93% UC, fuel
Space propulsion fuel particle in TRISO

- Graphite moderated with articulated control rods for reactivity control  testing 'first'

Wednesday, 15 March 2023

« Capable of fuel insertion and removal at operating conditions

A coated particle fuel for nuclear thermal propulsion applications, fabricated by
TRISO-X LLC, has undergone testing in extreme conditions representing those
experienced in space.

GEN(IV iers
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Why GIF VHTR?

« While the original Gen-IV approach 20 years ago focused on VHTRS' very high outlet
temperatures for hydrogen production, recent research and market assessments suggest:

— Lower outlet temperatures in the 700-950°C range are sufficient for many industrial applications,

— Lower temperatures also limit material challenges associated with near-term deployment. We
currently do not have alloys qualified for commercial use at VHTR conditions.

« S0, I'll use the more common “HTGR?” for the rest of this presentation

ASME Alloy 617 Allowable Stress as function of temperature and pressure

e At 540°C, the allowable stress is 106 MPa
e At 650°C, the allowable stress is 105 MPa
e At 760°C, the allowable stress is 45 MPa
* At 815°C, the allowable stress is 26 MPa

e At 925°C, the allowable stress is 9 MPa

International e At 980°C, the allowable stress is 5 MPa
G E N I Forum
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Source: https://virgamet.com/offer/alloy-inconel-haynes-617-na50-24663-nicr23co12mo-n06617#:~:text=High%2Dtemperature%20Allowable%20stress%20according,980%C2%B0C:%205%20MPa
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Graphite-Moderated, Gas-Cooled Reactors Are Not New!

e 1942: Chicago Pile (CP-1) (USA, Air-Cooled)
« 1950s+: Production/Power Reactors (CO, cooled): MAGNOX (UK), UNGG (Fr), AGR (UK)
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HTGR Evolution

* Daniels’ Pile (1945)
— F. Daniels (ORNL); Graphite or BeO moderated
— He cooled, 732°C outlet
— Closed Brayton cycle, UC, or UO, in cladding
» Actual Experimental reactors followed
— GCRE, ML-1, EGCR...
« Coated Fuel Particle
— UKAEA, Battelle idea (~1957)

— Superior retention of fission products at elevated
temperatures (especially the TRISO version)

International

GEN I Forum
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1961 ML-1
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Test and Prototypes HTGRs
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Source: Alina Constantin, “IAEA activities on HTGR technology development”, IAEA, 2024.
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Modular HTGRs e

—H-

UO, or UCO fuel kernels.
Tristructural isotropic (TRISO) fuel form.

Pressed into a semi-graphitic matrix and shaped into either compacts
(“prismatic” HTGR) or pebbles (“pebble bed” HTGR).

Hexagonal, cylindrical or annular cores. :

Pyrolytic Carbon

Kernel

Silicon Carbide

~
Coated Particle ~

GEN(IV iers
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What About Micro-HTGRsS?

Developer Name Type Power Output Fuel Coolant moderator r.efuelmg PCU
(MWe/MWsth) interval
Antares Industries Heat Pipe 1.2 MWth TRISO sodium graphite Brayton Cycle
BWXT BANR HTGR 17 MWe/50 MWth TRISO Helium graphite 5 years Brayton Cycle
General Atomics GA Micro HTGR 1-10 MWe gas ?
HolosGen HolosQuad HTGR 13 MWe TRISO Helium/CO2 10 years Brayton Cycle
NuCube Nu3 heat pipe 1 MWe/3 MWth TRISO sodium graphite 10+ years
NuGen, LLC NuGen Engine HTGR 2-4 MWe TRISO Helium Integral direct cycle
Radiant Nuclear Kaleidos Battery HTGR 1.2 MWe TRISO Helium graphite 4-6 years
Ultra Safe Nuclear Micro Modular Reactor HTGR 5 MWe/15 MWth TRISO Helium graphite 20 years Rankine
Westinghouse eVINCI heat pipe 5 MWe/15 MWth TRISO Sodium graphite 8 years Brayton Cycle
X-Energy XENITH HTGR 5 MWe/10 MWth TRISO Helium graphite 3+ years Open air Brayton Cycle

These are just the current US projects we’re aware of...

GEN(I

International
Forum
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HTGR Limits?

 Why don’t we see more micro pebble bed HTGRs?

— Maybe there is a lower limit on both size and power for a PBR to still be economical and technical
feasible?

* |s there an upper limit to HTGR power levels?

— General Atomics and the German program both designed ~3000 MW, prismatic HTGRs

— But ...if you still want inherent safety and without active cooling systems during loss of cooling:
+ ~650 MW, for prismatic (with central reflector). Framatome SC-MHTGR is 625 MW,
« ~250 MW, for pebble bed HTGR (cylindrical), but with an annular core/central reflector, PBMR was 400 MW,
« Have HTGRs been proposed for non-terrestrial uses?

— Yes, for marine and space applications...

GEN(IV iy

Fig.3 Conceptual layout of the marine nuclear power system
Expert ise | Collaboration ‘ Excellence 1- Control rode drive; 2- Radiation shield; 3- Pressure vessel; 4- Cavity cooling system; 5- Ordered bed core; 6- Connected tube; 7- Passive

cooling system; 8- Recuperator; 9- Precooler; 10- Intercooler; 11- Generator; 12- Turbine; 13- Power conversion vessel; 14- Compressor;

CEEEFEEILl s - mEOESEE

Source: Jiafu Tian, "A NOVEL CONCEPT OF THE MODULAR HTGR AND ITS NEW APPLICATION”, Proc. Of HTR2008.
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Primary Loop Features: Framatome SC-MHTGR

Parameter |
Fuel TRISO (<20% LEU) in

Compacts and Blocks Richor Vewed!

102 columns,10 blocks per 350C Core Inlet
Core Geometry column 7500C Core Outlet
Reastor power (A0 -
Reactor Outlet 7500C /
Temperature

SA508/533 if RIT<371C
Shutdown _ [

Reactor Inlet G g%e",ﬁ 1
Temperature Y
Secondary (x2) Steam @ 16.7 MPa, 566°C
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Source: https:

inis.iaea.orq/records/5d8yb-p1y81

Steam
Generator
Vessel

Heat Transport
System

18


https://inis.iaea.org/records/5d8yb-p1y81

GEN IV International Forum

Primary Loop Features: X-Energy Xe-100

Fuel TRISO (~15% HALEU) in
Pebbles

~200K Pebbles in a Cylindrical
Bed

2000,

Reactor Outlet Temperature E®

Core Geometry

Reactor Inlet Temperature 260°C

Secondary Steam at 16.5 MPa, 565°C
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/

-

~18 Meters

Helium Flow Path

Reactor
~5 Meters

Reactor Cavity Cooling System

*:/ (RCCS)

SA508/533ifRIT<371°C

Y
Steam Generator

Source: Xe-100 200 MWt Pebble Bed HTGR (x-energy.com)
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Attributes of Modular HTGRs

« Graphite-moderated and reflected.
« Cooled (usually) by helium (~7 MPa).
Large AT (>400°C) across the core (top to bottom) compared to 30°C

for an LWR.

Fuel: TRISO fuel particles in a carbonaceous matrix.
Uninsulated reactor vessel (not needed anymore for smaller designs).
Large aspect ratio: heat escapes radially via conduction and radiation

if forced cooling is lost.

Slow temperature response during accidents (high heat capacity and

low power density)

GENI

International
Forum
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Inherent Safety: Loss of Forced Flow

Decay heat flow m—)

Centre Reflector Pebble Bed Side Reflector Core Barrel RPV
Conduction Radiaion
Conduction !
Conduclion Radiation
Convection
Convection
Conduction
Radiation
Convection
Prismatic

Source (figure): F. Reitsma, IAEA
International
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Source: “Core temperatures during a DLOFC”, AREVA Technical Document 12-9251926-001, Summary Report-SC-HTGRE Demonstration Reactor.
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Modular HTGR Safety Design Approach

Utilize inherent material properties as basis for safety

— Helium coolant — neutronically transparent, chemically inert, low heat capacity, single phase

— Ceramic coated (TRISO) particle fuel — high temperature capability, high radionuclide retention

— Graphite moderator — high temperature stability, large heat capacity, long thermal response times

Simple reactor design with inherent and passive safety features

— Retain most radionuclides at the source (i.e., within fuel)
— Shape and size reactor to allow passive heat removal from reactor core using uninsulated reactor vessel
« Heat is still removed if system is depressurized due to breach in reactor helium pressure boundary (HPB)

« Heat is radiated from reactor vessel to RCCS panels
— Large negative temperature coefficient supports intrinsic reactor shutdown
— No reliance on AC-power to perform required safety functions
— No reliance on operator intervention; insensitive to incorrect operator actions or inactions

GEN(IV iy
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Modular HTGR Functional Containment
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Outline

e (V)HT(G)R Basics: Family Members, History, and Main Technical Attributes
e Current International HTGR Deployment Landscape

e Examples of HTGR R&D Activities and Collaborations within the GIF VHTR
Framework

e Questions and Discussion
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The Use Case for Non-Electric Industrial Applications

i .S. ioni : 93. Bl Lawrence Livermore
Estimated U.S. Energy Consumption in 2023: 93.6 Quads National L aboratory
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GEN(V

Source: LLNL October, 2024. Data is based on DOE/EIA SEDS (2024). If this information or a raprndu:l’.jon of it is used, credit must be given to the Lawrence Livermore National Lnborcﬂ’.nzy and the
Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA reports consumption of

Expertlse | COllabora renewable resources (i.e., hydro, wind, geothermal and sclar) for electricity in BTU-equivalent values by aasuming a typical foasil fuel plant heat rate. The efficiency of electricity production is
— _ calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 6€5% for the residential sector, 65% for the
o Bl I*IEEEEin - commercial sector, 49% for the industrial sector, and, 21% for the transportation sector. Totals may not equal sum of components due to independent rounding. LLNL-MI-410527

Source: https://flowcharts.linl.qgov/sites/flowcharts/files/2024-10/enerqy-2023-united-states.pdf
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https://nric.inl.gov/wp-content/uploads/2021/06/NRIC-IES-Demonstration-Pre-conceptual-Designs-Report-1.pdf
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Hydrogen Production and Desalination with HTGRs

Seawater Desalination

HTTR Hydrogen Production Seawater Process
zEse \ Chemical reactors
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Heat and Hydrogen Market: EU

7.8 Mt/year hydrogen consumed in the EU

Most hydrogen is captive, i.e., directly consumed by refineries
and fertilizer plants

Heat, transport, synthetic fuels and Direct Reduced Iron (DRI)
are seen as emerging hydrogen markets.

A single HTR could generate up to 189 kT/year hydrogen with

A HTSE
a0
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e (source: J. Kupiecki et al., Centrum Technologii Wodorowych, 2021)
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Right: Current and planned hydrogen
consumption by sector in the EU (source:

1 2 3 4 5
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Total hydrogen production capacity of top 8 hydrogen producers
(source: Hydrogen Europe, 2022)
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HTGRs and Data Centers

ELECTRICITY CONSUMPTION:
TECH COMPANIES VS COUNTRIES

Population
o :
"(’,:) Kairos Power COMPANY TECHNOLOGY UPDATES MEDIA | 223.8M

) -

6.6M

Google and Kairos Power Partner to Deploy 500
MW of Clean Electricity Generation

Data centers account
for the majority of
tech companies'’

Published: October 14, 2024 consumption

wnn

world nuclear news
Home - Energy & . New - Regulation & - Nuclear « Corporate - Uraniun
Environment Nuclear Safety Palicies Fuel

Amazon invests in X-energy,
unveils SMR project plans

Wednesday, 16 October 2024

Amazon has announced it has taken a stake in advanced nuclear reactor
developer X-energy, with the goal of deploying up to 5 GW of its small modular _
reactors in the USA by 2039. 7 VOronoi | where bata Tets the stery
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HTGR Projects: Canada

 OPG X-Energy framework agreement
» Saskatchewan Research Council -
Westinghouse eVinci

Saskatchewan government
announces microreactor funding

Monday, 27 November 2023

The province is providing CAD80 million (USD59 million) for the Saskatchewan
Research Council to pursue the demonstration of a microreactor in Saskatchewan,
with plans for a Westinghouse-designed eVinci micoreactor to be operational in the
province from 2029.

Canadian Nuclear Research Initiative (CNRI)

Supporting Technology Developers

* Program enables collaborative advanced
reactor development and research projects

* The goal is to accelerate the deployment of
safe, secure, clean, and cost effective SMRs in
Canada and make CNL's technical capabilities
and expert knowledge available and accessible

* Projects underway with several vendors, new
projects in negotiation.

* New intake announced at G4SR-5
* Now including fusion

W
* www.cnl.ca/CNRI 'Zﬂ‘NCLEAN CORE

HicUSNC

L)
l’ ULTRA=SAFE*NUCLEAR

ARC)

CLEAN ENERGY

TERRESTRIAL
ENERGY

Participants Including:\

‘mol’rex

clean energy

e o
() Kairos Power

Wesringhw

StarCore Moving Forward in

Manitoba PTA;HE@@E

In the week of December 9, several of the StarCore Nuclear team were in Manitoba to continue discussions with several
parties who are participants in Project Whiteshell. Project Whiteshell is a 9.6 MWe HTGR which is intended to demonstrate

StarCore’s offering for off-grid sites in Canada.

Project Whiteshell will closely follow the NGNP design developed at INL in the late 1990@’s and will incorporate the lessons

learnt at sites who ran similar HTGR reactors, such as the ones at Fort St Vrain and Peach Bottom.

During last week the StarCore team held meetings with the Manitoba Provincial Government, Manitoba Hydro, The Mayor of
Pinawa LGD, Blair Skinner, Southern Chiefs Organisation, the Brokenhead Ojibway Nation and other first nations groups. Davi
Dabney - CEO, Leo Eskin — Director of Engineering and Joe Wiendl — Director of Corporate Strategy made good progress for

StarCore and Project Whiteshell.

StarCore is expecting to commence licensing early in 2025 and work will include: discussions with CNL for siting of the
demonstration plant at Whiteshell, initiating the Vendor Design Review with CNSC, engagement with contractors on various

scopes of work. preparing the 19 focus areas for the VDR and early engagement for critical materials to meet schedule
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HTGR Projects: China

N Wiy
s J Steam Turbine Plant
i - o 7
7 <% ‘.' (
L]

« HTR-PM (two ~110 MWe PBR units)

— Commercial operation in December 2023, and District Heating for local
community in March 2024, demonstrated viability and inherent safety of small-

sized modular approach:
Total loss of primary system cooling demonstrated with no operator actions.

° HTR-PM600 Parameters

- Standardized reactor and balance-of-plant approach (turbines, steam HASe i ow u
generators) ensure economics-of-scale and site flexibility = - (T80 = s
HTR-PM600 HEEE

Next phase: demonstrate economy of scale with much larger facilities
— HTR-PM®600: Electricity only (6-units = 655 MWe)

— HTR-PM600s:
* Cogeneration of steam and electricity for industrial use
+ Government approved 6-module plant in August 2024.
» Three standard HTR-PM modules with optimized plant and site layout.

GEN I International _ _ _
Forum — HTR-PM1000: Replacing GW-scale fossil power plant (12 units = 1,310 MWe)
31
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Source: GIF VHTR China Member Dr. LI Fu (lifu@mail.tsinghua.edu.cn)
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HTGR Projects: Euratom

GEMINI 4.0 and HTGR-POLA

Many industrial sites that use process steam also require
hydrogen for full decarbonization of their processes.
GEMINI 4.0 continues focus on cogeneration of steam and
clean hydrogen.

Recent core design activities looked at larger core size to
mitigate initial high LOFC temperatures and positioning of
control rods. =

« HTGR-POLA (POLish Atomic) project: basic design with a
significant part of Preliminary Safety Report (PSR)
completed

« This reactor will become basis for subsequent commercial

HTGR reactors in the Polish industry.

The fifteen largest Polish chemical plants require at least

6.5 GW of thermal power in the form of steam at 400-

550C.

» Leverage GEMINI 4.0 progress for 30 MWt HTGR test

1 project

Next planned phases: preparation of detailed technical

design (2 years), licensing (1 year+), construction (4

years) and commissioning (6-12 months).

n

O

=sseesr=c D
=
|-
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==
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HTGR Projects: Japan

Safety Demonstration Test in HTTR @@

HTTR demonstrated its inherent safety features which decreases the reactor power
against the loss of forced cooling (LOFC) in full power operation without scram.

Test conditions of OECD/NEA LOFC test Test condition (rRun2)
« Initial power: 100% (30Mw)

Low power (30% (oMw))  LOFC (Runi)

(Shutdown of GC) (Completed in PY2010) N « Reactor coolant flow: Stop
High power (100% (30Mw)) _LOFC (Run2) )[ >+ VCS: Active

(Shutdown of GC) (Completed in March 27, 202471 « Shutdown Operation (scram): Not active
LA Low power (30% (9Mw))  _LOFC (Run3)

(Shutdown of GC and VCS) (Completed in PY2021) Test result™ (runz)

Heat sink (Air)

HTTR ¢ 1
| | AN\ "~ Tripping gas circulators
o
Reactor s — Flow rate become zero
vessel \M/ Vessel g 20 - .
= : i Core cooling flow rate
@) Natural cooling 0 . . . . . ‘
8 convection Water Sz/ster)n
o) VCS 100
s O ey i
8 g ~7
o
8 g,é‘, s0 | Reactor power
o YW 25 |
o .
D Primary » 0
8 coolant -2 0 2 4 6 8 10 12
ol Elapsed time (h)

Obtained data will be used for
validation of the analysis code.

Gas circulator (GC)

[1] JAEA, “Success of Safety Demonstration Test in HTTR (High Temperature Engineering Test Reactor) — Confirmation of the Inherent Safety Feature of HTGR-", https://www.jaea.go.jp/english/news/press/2024/032801/
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HTGR Projects: Japan

Prismatic HTGR Demonstration Reactor

Japanese government approved development
and construction of HTGR demonstration
reactor to be operated in 2030’s

Reactor power 150-250 MW with outlet
temperature 800C+ to supply hydrogen

production plant.

Estimated ~$3B funding, with Mitsubishi Heavy
Industries, Ltd. (MHI) as prime contractor

Will include fuel, core and system design, site

evaluation

GEN(I

International
Forum
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Construction &
operation of
demonstration
reactor

(Steam turbine, conventional H;
production technology)

R&D

Construction &
operation of fuel
manufacturing
facility

800-850°C

H, plant

Bl

IHX
He circulator

P a—

2030

2040

‘l’ Secondary He

2050

echnology Roadmap for Developing HTGRs

2020

Licensing,

Basic \Fina> Manufacturing,

design /design

Installment*

Construction,

)

Operation*

)

Improvement of fuel and core
performance

T T —T
- High burn-up fuel, graphite material data

ional H (CF H, pro

= CF H2 prod. Technology development

—

Hg&(?gﬁ‘}ei?pllcatlon m HTTR-heat a[fpllcat)c-n te‘st

production technology)
- Safety design licensed by NRA
ty

logy) /

| |
Compone _ T,
Evelo ment & Non nuclear test :\
emonstration (He gas turbine) [ _/

- High temperature

aaaaaaaaaaaaa

component, large-
scale comp nt feasi ty

Development of code,
standards

*Schedule may change due to site and owner’s business plan

Conceptual design,
basic design, final design,
t

construction, irradiation tes

Operation*
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HTGR Projects: Republic of Korea

« In July 2024, it was announced that Republic of Korea will spend $32 million to develop a prismatic HTGR by 2027.

» Public-private partnership: KAERI will design the nuclear reactor while five industrial firms will design and build the
power plant (POSCO E&C Co., Daewoo Engineering & Construction, Lotte Chemical, SK Ecoplant and Smart
Power).

« POSCO E&C is expected to use HGTR technology for steel-making; SK Ecoplant to commercialize high-
temperature water electrolysis hydrogen production, and Lotte Chemical for its petrochemical business.

Public-Private Partnership Project for Advanced SMR

Yr ~'24 24 25 26 27 28 ~ 34~
Leading

vaojeCtDetaib Development of (1 Phase) (@9 Phase) |+ PSAR-EIA Detai Design (FSAR)
Technologies | Conceptual Design | Basic Design_ | St Selection - CP- OP

Business

(™ g Core Design / System Design / Safety Analysis ) > DAEWOO E&C Radiation Protection System Design
K At E . :
C /XA Research Institute Fuel Design / Core Structure Design Radioactive Waste Management System
SOEC System D Hyd B Pl
G E N I F pOSCO Project Management / Plant Design (BOP) P ystem Design / Hydiogen SREE S
orum E&C
Expertise | Collaboration | Excellence @ LOTTE CHEMICAL Process Heat System Design/ Process Heat Business Plan
A EIFIEEIL v s mEOESEE m gg\@'élg Electrical System Design for Plant N 35
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HTGR Projects: UK

« JAEAIs collaborating with UK and Poland to accelerate
deployment of HTGRs.

 The UK government aim to have a demonstration HTGR in
operation by the early 2030s.

« National Nuclear Laboratory (NNL) and JAEA performed Front
End Engineering Design (FEED) and supporting activity
studies in July 2023. NNL selected Jacobs to review the initial
designs and delivery plans for the HTGR in May 2024.

Phase A Phase C
* (Permissioning, Construction,
(Pre- t : i
Detailed Engineering &
FEED) .
Operation)
ﬂ ﬂ *Phase A assessment ﬂ‘ ﬂ
20229 2023.2 2025.3 Early 2030s

GEN(IV iers
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UK government also launched a Coated Particle Fuel
(CFP) program in conjunction with the HTGR
demonstration reactor program.

NNL was awarded UK CFP Program Step 1 in July
2023.

JAEA and NNL signed Collaboration Memorandum on
fuel manufacturing technology and License
Arrangement in April 2024.

NNL will take the role as integrator to develop the UK’s
first CPF Program, which will carry out R&D and
prototype production activities to prepare the UK's first
prototype TRISO fuel block for irradiation testing in
April 2025. A match-funded grant of up to £16M has
been awarded to NNL for this scope.

Phase A SEE

(Pre-FEED)

(Development of fabrication
technology of CPF)

ﬁ ﬁ *Phase A assessment ﬁ

2022.9 2023.2 2025.3



X-energy: XE-100 (up to 12 units)

Richland, WA
GEN IV International Forum \
Framatome: LWR fuel fab

\
Richland, WA ®

X-energy will site the first 4 XE-100 (200MWHt)
units at Dow Chemical’s facility at Seadrift,
TX. Planned operation by 2029. Los Alamos, NM

Los Alamos, NM

Kairos Power starred construction on fluoride-cooled
Hermes test reactor (35 MW1t) at Oak Ridge, TN in July
2024. It is the first non-water-cooled reactor approved
for construction in the US in more than 50 years.

Two commercial units (Hermes 2) with intermediate
liquid-sodium loops and a common power conversion
unit will also follow at the same site.

Hermes 2 Demonstration Plant Hermes Demonstration Reactor

L= [\

GEN(IV i g, .
Fo S = e o
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Source: GIF VHTR USA Member Dr Gerhard Strydom (Gerhard.Strydom@inl.gov)

BWXT: PELE (1 mobile unit)
Idaho Falls, ID

| H T G R P r Oj e C t S : U SA Idaho Na-jonal-Laboratory sl

Idaho Fay ID Piketon, OH

BWAXT: Pele & BANR fuel fab
Lynchburg, VA
X @
Oak Ridge

National Laboratory ()
Oak Ridge, TN

Los Alamos National Laboratory (@

X-energy: TRISO-X fuel fab

Kairos Power: LEFFF TRISO fab facility

: Kairos Power: Atlas fuel fab
akHides i Oak Ridge, TN
Kairos Power:
o HERMES 182 (3 units)
X-energy: Oak Ridge, TN
XE-100 Dow plant (4 units)
Seadrift, TX

Radiant and Westinghouse were awarded DOE funding for
front-end engineering and experiment design of their
respective TRISO-fueled microreactor designs.

Will be housed in
repurposed EBR-II
DOME testbed facility
at INL.
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HTGR Projects: USA

PROJECT PELE
DoD & BWXT | MICRO

NRIC DOME
FEEED STUDIES

eVINCINTR *
Westinghouse | TEST REACTOR

KALEIDOS
Radiant | TEST REACTOR

PYLON
USNC | TEST REACTOR

o 1°

NRIC | TEST BED

NEXT MSRR s

Natura Resources &4
& Abilene Christian
University | TEST REACTOR

International

GEN I Forum
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Source: GIF VHTR USA Member Dr Gerhard Strydom (Gerhard.Strydom@inl.gov)

NATRIUM
AURORA TerraPower
Kairos | SMR -
N
X-energy & Dow | SMR
MARVEL

TOR

DOE | TEST REAC

SMR-300
HOLTEC| SMR

=

LOTUS '4!

NRIC | TEST BED

MM
USN('Z‘& UIUC | TEST REACTOR .

TRISO-based HTGR designs by BWXT, X-
energy, Kairos Power and USNC currently

under development,

&
=

Kairos | TEST REACTOR
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Outline

e (V)HT(G)R Basics: Family Members, History, and Main Technical Attributes
e Current International HTGR Deployment Landscape

o Examples of HTGR R&D Activities and Collaborations within the GIF VHTR
Framework

e Questions and Discussion

GEN(IV iy

Expertise | Collaboration | Excellence
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GIF VHTR System and Project Arrangements

« 10 country signatories are currently part of GIF VHTR System Arrangement (SA)
 GIF VHTR R&D activities are defined within 4 Project Arrangements (PAs) — members shown below

— Materials (MAT)
— Fuel and Fuel Cycle (FFC)
— Hydrogen Production (HP)
— Computational Methods, Validation & Benchmarking (CMVB)
« Examples of current R&D activities within these PAs will be provided in the following slides

:?éienr:;:tt Australia Canada Euratom Fraenc Japan China Korea ZA Russia Switzz UK US
VHTR SA S S S S S S S O S S S
HP PA S S S S O S O S
FFCPA O S S S S S O S
MAT PA > S S S S S S S S S
CMVB PA 0 S S S S 0 S

GEN(IV £
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Typical TRISO (and Graphite) Characterization Path: Make It, Irradiate it,
Deconstruct and Stress Test It, Model It

Modeling
and
Simulation

Post-
Irradiation
Examination

Irradiation

Fabrication

Source: GIF VHTR FFC Chair Dr Paul Demkowicz (paul.demkowicz@inl.gov)
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GIF Technical R&D Projects: Materials (MAT)

VHTR Materials “Handbook” - a database for graphite, composites and metallic alloy data

 As of October 2024, the Handbook has collected
551 R&D reports from 11 Signatories

' les. _ As of April 2024 As of October 2024
« Access procedure detailed on website (next slide), S Submitted_Uploading _Submitted _ploading

Australia (+1) 19 1 19 2

—_— Canada (+5) 16 1 16 6
GENJgs=="" China 6 2 6 2
Materials Handbook EU 73 1 73 1

for Generation |V Reactors France (+14) 90 15 90 29
Japan 10 0 10 0

‘y( S8 L South Africa 27 0 27 0

A 2 a1 South Korea 62 1 62 1

? ’/ \¢ - Switzerland 21 0 21 0

UK 8 0 8 0

US (+7) 149 0 149 7

@ oml VHTR (HLDT) 21 1 21 1

| Sub-Totals 502 22 502 49
GEN/( 1V Bternational TOTAL 524 551

Expertise | Collaboration | Excellence
CCEEEEEITE e o =D SEE 42
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GIF Technical R&D Projects: Materials (MAT)

VHTR Materials Handbook Access

GEN IV Lngsarr:’?tional Q Search Yy SAVED RESOURCES ()]

Expertise | Collaberation | Excellence

GENERATION IV CRITERIA
GIF ACTIVITIES INDUSTRY ENGAGEMENT EVENTS AND RESOURCES AND TECHNOLOGIES ABOUT GIF

GIF TOOLS AND DATABASES VHTR

&3 Share as public link / Updated on 18/62/2625

WHAT IS THE GEN IV MATERIALS HANDBOOK?

The Generation IV Materials Handbook is the authoritative, single, durable data source to share materials information within the Generation
IV International Forum (GIF). Specifically, it efficiently stores and manages materials data, facilitates international research and
development (R&D) coordination, and supports modelling to predict damage lifetime assessment.

It contains a variety of data for structural materials such as metals, graphite, ceramics, and composites. These data involve various
activities including materials selection, component design, stress analysis, and code development. As of October 2624, the Handbook has
collected 551 R&D reports from 11 Signatories.

A table of contents for the GenIV Materials Handbook has been made available, which contains the report title for all entries to the

Handbook. In many cases there is also additional supporting data provided to support a given report entry.

DOWNLOAD TABLE OF CONTENTS FOR THE GENIV MATERIALS HANDBOOK dj

GEN IV HANDBOOK ACCESS PROCEDURE

Access to the Gen IV Materials Handbook is defined by the
Very High Temperature Reactor Materials Project

https://www.gen-4.org/resources/qif-tools-and-

databases/generation-iv-materials-handbook

Handbook POC: Courtney Otani (INL) —
Courtney.Otani@inl.gov
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Example of Current R&D Contributions: Materials (MAT)

Korea: Metals and Design Methods

Task 6.2 (Testing)

® Diffusion-welded Alloy 617: creep-rupture e’ KAERI

( 7

7

- Temperature: 800, 850, 900, 950 °C
- Comparison of time-to-rupture of the diffusion weldment to that of the as-received alloy

/-"1
- SERAIXIR I

Korea Atomic Energy Besearch Institute

1000 C LELE | L |
Dash line: as-received
E 100 - T A — = 5
s ==t gs S WLl St ]
= Dol A Ay - . P R Ik 5 1 800 °C => completed
% _L%-H “h—/_s,_._:‘h—‘c't" = -
2 4 et~ SR RS A e -----| 850 °C => completed
w V";-'_‘.;-.—,-_g- ***** -—__- .
v S T -——-___ 77| 900°C=>running
10F ST 4 950 °C => running
GEN I International
Forum
Expertise | Collaboration | Excellence 1 T A A A
L EEEFIEEIL v . mEEOSEE 100 1000 10000 100000

Time to rupture [h]
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Example of Current R&D Contributions: Fuel and Fuel Cycle (FFC)

China France

- Deconsolidation and burnup analysis of HTR-10 ~ * Along with CEA support for startups, there are
spheres. more interest in TRISO fuel activities.

- High-temperature annealing of SiC coating to « Planning fuel modeling activities as part of next
examine microstructure. work package with the ATLAS code.

« ZrC coating layer deposition and annealing tests
(to 2200 °C).

« HTR-PM:
— 1,190,000 pebbles made for HTR-PM

— First load fuel (4.2% 23°U) completed; started 8.5%
235( fabrication

45
Source: GIF VHTR FFC Chair Dr Paul Demkowicz (paul.demkowicz@inl.gov)
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Example of Current R&D Contributions: Fuel and Fuel Cycle (FFC)

EU/Poland US

« HTGR-POLA project plan to develop an advanced  AGR-5/6/7 irradiation experiment PIE and high-
TRISO laboratory with capacity to manufacture 2-3 kg temperature safety testing in progress
a day. Laboratory Mission includes fuel development : _
and fabrication, characterization, irradiation and PIE. — 15 compacts have been deconsolidated; 17 safety tests

performed.

AGR-3/4 fission product transport experiment

— PIE experiment reporting and data analysis to support
fission product transport parameter refinement

SERRERR
® N o O B WN =

Development of air/moisture testing capability for
irradiated fuel; will start operations in 2025

2 Ztvornik adnienk

mmmmmmmmmmm
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Example of Current R&D Contributions: Hydrogen Production (HP)

Canada EU & France

EU: R&D progress on hybrid sulfur cycle includes
demonstration projects scaling up to 500-700 kW, in
collaboration with industrial partners such as Grillo (Germany),
a key player in sulfuric acid manufacturing and recycling.

* CNL is making significant progress in the development
of co-electrolysis demonstration at a cement production
facility.

St Marys Cement

* France: Largest HTSE electrolyser installed in an industrial
environment ready to start : ~ 2.6 MWe, = 60 kg H2/h

Existing cement plant operated by St.
Marys Cement (Ontario)

GEN(IV iy
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Source: GIF VHTR HP PMB Chair Dr. Pierre Serre-Combe (pierre.serre-combe@cea.fr)
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Example of Current R&D Contributions: Hydrogen Production (HP)

UK us

- UK’s contributions to the VHTR HP PMB focus on High * U.S. is advancing HTSE technology through the HZNEW
Temperature Steam Electrolysis (HTSE) modelling work, program, focusing on improving cell performance and
coupling technologies, and industrial engagement to durability, optimizing operating conditions, and reducing
understand end-user needs. hydrogen production costs.

 The UK is also working on creating a supportive * Also working on scaling up hydrogen production and post
regulatory environment for hydrogen, including the processing technologies at the Idaho National _
development of the Low Carbon Hydrogen Standard Laboratory's Energy Technology Proving Ground, which
and the Hydrogen Regulators Forum. aims to demonstrate industrial scale hydrogen and

synfuels production by the late 2020s.

10 MW System Test Power

©
=
=8 Low and High Compression H2 Tanks
T =
©
g E H2 Multi-Stage Compression
(S
g § H2 Processing
‘; cg’ Multi-MWe Electrolyzers (10MW Total)
©
£ S
o @ DI Water Supply and MWe Boiler
(<}
'55 P 4 MW Balance of Plant Power
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Source: GIF VHTR HP PMB Chair Dr. Pierre Serre-Combe (pierre.serre-combe@cea.fr)
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Example of Current R&D Contributions: Computational Methods,

Validation & Benchmarking (CMVB)

us
* Task2.2 Lower Plenum Mixing Facility Progress Update

g
©
©

Great agreement at the lowest MFR

£ 091

Wall

Agreement still acceptable at higher MFR. Within a mixing efficiency of 1%

o
®
< :

=]
-3
&

Outlet 1 2 3 4 5 6
Total Mass Flow Rate (kg/s)

—s-Star-CCM+ O Reference
16000

2000

Total Mass Flow Rate (ka/s)

==-Star-CCM+ O Reference

Source: GIF VHTR CMVB PMB Chair Dr. Paolo Balestra (Gerhard.Strydom@inl.gov)

o o
o ©
& 9

C\\

°

Mixing Efficiency
o (=]
= «© K
o «w

nle
LA
B
.
o
-
N
X §
14000 o
1
. _ 12000 Agreement is generally good
1 " 296006 e 926 ¢ 10000 *
3 - E | s
o
® 8000
Temperature (K) 2
293 345 337 § 6000
| i &
% 4000

Work is currently being
erformed to créeate an all-
exahedral mesh for LES

code. This includes sensitivity tc
geometric simplifications tha
will aid in the mesh generation.

Data between LES and RANS
simulation will be compared to
determine the efficacy of RANS
models for lower plenum mixing

Simulation data for both the
LES and RANS simulations will
be compared with experimental
data once it is received.
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Example of Current R&D Contributions: Computational Methods,
Validation & Benchmarking (CMVB)

Canada Japan

® PIRTs for GCRs is ongoing and progress was (@) Modelling of ATR

presented at the G4SR-5 conference at Ottawa
. Comparison between the OECD/NEA Benchmark model and our model
held in October 2024. v The geometry and the material composition are set to the same as the OECD/NEA

® Stand-alone and coupled code predictions for Genchmark_model
the lower plenum configuration representative
of OSU HTTF PG-28 test (OECD/NEAT TH BM) )
was presented at the NUTHOS-14 conference
in Vancouver, held in August 2024.

® CNL coupled STAR-CCM+ with its system TH
code: ARIANT and benchmarked it against OSU
HTTF experiments (segregated domain
coupling approach).

® License for INLs GRIFFIN code was procured

wod 00Z~

315>

. . . . . Core reflector tank adius
and the self-directed user training is ongoing. Wi 037 I
GEN I International ' v
Forum Fig. Schematic view of the OECD/NEA Benchmark model(!! Fig. Output data of ATR full core model with MVP-3 code
Expertise | Collaboration | Excellence [1] NEA, NEA/NSC/DOC/(95)03/11, HEU-MET-THERM-022 (2019) 15
CCAEEIIEEE v o mmBE0EEE ou

Source: GIF VHTR CMVB PMB Chair Dr. Paolo Balestra (Gerhard.Strydom@inl.gov)
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GIF VHTR Activities: External Interfaces

We interface with several IAEA activities and groups focused on HTGRs: Technical Working
Groups on HTGR, NPLCES*, NEXSHARE **, IAEA Consultancy Meetings etc.

VHTR SSC was instrumental at the origin of work on energy system integration, performed
today in the GIF Non-Electric and Cogeneration Applications of Nuclear Energy (NECA) WG &,

VHTR SSC and RSWG worked collaborated on HTGR System Design Criteria #, a joint white
paper on non-proliferation and safety, and a new project on “3S By Design” with PRPPWG #,

HTGR waste (TRISO fuel and graphite, mainly)
— Back-end is included in the FFC PMB scope, but with limited activities so far.

— Euratom is performing work on this in the CARBOWASTE project and produced an HTR
2024 paper (reference below). A full report on GEMINI 4.0 waste options will be available
by end of February.
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https://www.iaea.org/topics/small-modular-reactors/technical-working-group-on-nuclear-power-in-low-carbon-energy-systems-twg-nplces
https://www.iaea.org/topics/small-modular-reactors/technical-working-group-on-nuclear-power-in-low-carbon-energy-systems-twg-nplces
https://www.iaea.org/topics/small-modular-reactors/technical-working-group-on-nuclear-power-in-low-carbon-energy-systems-twg-nplces
https://nucleus.iaea.org/sites/connect/NEXPublic/SitePages/Home.aspx
https://www.gen-4.org/resources/reports/safety-design-criteria-generation-iv-very-high-temperature-reactor-system-2023
https://www.gen-4.org/resources/reports/safety-design-criteria-generation-iv-very-high-temperature-reactor-system-2023
https://www.gen-4.org/gif-activities/working-groups/gif-proliferation-resistance-and-physical-protection-working-group
https://www.gen-4.org/gif-activities/working-groups/gif-proliferation-resistance-and-physical-protection-working-group

GEN IV International Forum

A Few More Resources

Gen-1V VHTR: https://www.gen-4.org/generation-iv-criteria-and-technologies/very-high-temperature-reactor-vhtr

IAEA: https://www.iaea.org/topics/gas-cooled-reactors

OECD/NEA: https://www.oecd-nea.org/icms/pl 20497/high-temperature-gas-cooled-reactors

US HTGR program: https://art.inl.gov/SitePages/ART%20Program.aspx

MINEA (2022), High-temperature Gas-cooled Reactors and Industrial Heat Applications, OECD Publishing, Paris, https://www.oecd-
nea.org/upload/docs/application/pdf/2022-06/7629_htgr.pdf

Fltterer, M., et al. 2020. The High Temperature Gas-Cooled Reactor. Encyclopedia of Nuclear Energy https://doi.org/10.1016/B978-0-12-
409548-9.12205-5.

Gougar, H. et al., “The US Department of Energy’s high temperature reactor research and development program — Progress as of 20197,
https://doi.org/10.1016/j.nucengdes.2019.110397

Demkowicz, P. et al, 2019, “Coated particle fuel: Historical perspectives and current progress”, https://doi.org/10.1016/j.;nucmat.2018.09.044

Windes, W. et al, “Discussion of Nuclear-Grade Graphite Oxidation in Modular High Temperature Gas-Cooled Reactors”, 2017.

Kugeler, K. et al. 2017. The High Temperature Gas-cooled Reactor - Safety considerations of the (V)HTR-Modul. EUR 28712 EN, Joint
Research Center.

IAEA, 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, IAEA-TECDOC-1694, IAEA, Vienna (2013).

IAEA, Evaluation of High Temperature Gas Cooled Reactor Performance: Benchmark Analysis Related to Initial Testing of the HTTR and HTR-
10, IAEA-TECDOC-1382, IAEA, Vienna (2003).

IAEA 2001. Current Status and Future Development of Modular High Temperature Gas Cooled Reactor Technology. IAEA-TECDOC-1198.


https://www.gen-4.org/generation-iv-criteria-and-technologies/very-high-temperature-reactor-vhtr
https://www.iaea.org/topics/gas-cooled-reactors
https://www.oecd-nea.org/jcms/pl_20497/high-temperature-gas-cooled-reactors
https://art.inl.gov/SitePages/ART%20Program.aspx
https://www.oecd-nea.org/upload/docs/application/pdf/2022-06/7629_htgr.pdf
https://www.oecd-nea.org/upload/docs/application/pdf/2022-06/7629_htgr.pdf
https://doi.org/10.1016/B978-0-12-409548-9.12205-5
https://doi.org/10.1016/B978-0-12-409548-9.12205-5
https://doi.org/10.1016/j.nucengdes.2019.110397
https://doi.org/10.1016/j.jnucmat.2018.09.044
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Overview and Update of the GIF VHTR Activities

Questions and Discussion
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GEN IV International Forum

Upcoming Webinars

27 March 2025 Nuclear power: electricity and beyond the grid. Data- Marta Gospodarczyk, IAEA
driven insights from IAEA's Power Reactor
Information System (PRIS).

15 April 2025 Advanced manufacturing supporting Gen IV reactor Isabella Van Rooyen, PNNL, USA

systems.
14 May 2025 Advanced Nuclear Technologies for Maritime Hussam Khartabil, IAEA
Application. Nadezhda Salnikova, OKBM,

Russia Kirk Sorensen, Flibe
Energy, USA Andreas Vigand
Schofield, Seaborg Technologies
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GEN |V International Forum

2025 Pitch your Gen IV Research Competition

» Are you a PhD student, post-doctoral fellow, or junior
engineer with a PhD working on Generation IV nuclear

GEN@ i Ihational N " energy systems? (Completion of the PhD must be after
Expertlse | Collaboratlon | Excellence ‘ y f Jan 1, 2023)

BE T e CMBOERET =S e mgm=
K ,; AV, \ » The GIF Education and Training Working Group (ETWG)
ATTENTION JUNIOR e T A 4 invites you to participate in the 2025 edition of the "Pitch
RESEARCHERS! X | Your Generation IV Research" competition (PYG4RC).

GETREADY TO.:

* This competition provides a platform for you to showcase
your research and gain recognition within the nuclear
energy community.

GENIV i

Expertise | Collaboration | Excellence NttPS://WWWw.gen-4.org/resources/events/pitch-your-generation-iv-research-competition-2025
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