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Bl Summary

J Advanced Nuclear Reactors
- Small, Medium, and Large
— Coolant: Light Water: ~325 °C; Liquid Metal: ~450-550 °C,
— Molten Salt ~600-750 °C; High Temperature Gas 750 - 900°C

J Hydrogen production at an existing nuclear plant: Electrical AND Thermal power
Integration

- Four demonstration projects announced with cost-share from

US Department of Energy
— Small-scale demonstrations
— Technical & Economic Assessment (TEA)
— Scale up to commercial operations

- Integration of nuclear reactors with ammonia plants
— Conventional ammonia plant
— Electrolysis for production of hydrogen (two options)
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Advanced Reactor
Design Concepts

Benefits:

Enhanced safety
Versatile applications
Reduce waste

Use advanced
manufacturing to save
money

60+ private sector projects
under development

SMALL MEDIUM LARGE
1 MW to 20 MW 20 MW to 300 MW 300 MW to 1,000 + MW
Micro-reactors Small Modular Reactors Full-size Reactors
Can fit on a flatbed truck. Factory-built. Can be Can provide reliable,
Mobile. Deployable. scaled up by adding emissions-free baseload
more units. power

Advanced Reactors Supported by the U.S. Department of Energy

bl L]

& &

MOLTEN SALT REACTORS - LIQUID METAL FAST REACTORS - GAS-COOLED REACTORS -
Use molten fluoride or Use liquid metal (sodium or lead) Use flowing gas as a coolant.
chloride salts as a coolant. as a coolant. Operate at higher Operate at high temperatures
Online fuel processing. Can temperatures and lower pressures. to efficiently produce heat for
re-use and consume spent fuel Can re-use and consume spent fuel electric and non-electric

from other reactors. from other reactors. applications.



Accelerating advanced reactor
demonstration and deployment

2030

Natrium Reactor
TerraPower & General Electric
2028

raPomh SMR
TerraPower DTN
NuScale
2029
: UAMPS
) Kairos Power ' 2026
MCRE 1)} Kairos Power ) NUSCALE
Southern Co. & TerraPower Xe-100 !\3
2025 X-energy

2027
2{ energy

ToraPome\

A Southern Company

Aurora
Oklo Inc.
TBD

e o -

F Y
£iokLo

LOTUS Test Bed
NRIC F
2024

MARVEL
DOE
2022-2023

DOME Test Be
NRIC
2023-2024

v N RIC National Reactor
w. Innovation Center
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Electrolysis while dispatching as spinning or
non-spinning reserves
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IDAHO NATIONAL LABORATORY

Delivery Heat
Exchangers




- Dynamic Energy Transport and Integration Laboratory (DETAIL)

Integrated Plant Simulator with
Human-in-the-Loop

Power :
Dynamic

Hardware Hydrogen
and Grid-in- Y Elodugtion
the-Loop L P

Thermal Energy
Generation and Transport
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Two paths to H, Earthshot Target
($1/kg-H, within a decade)
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LA IWRS  (Hesce

e ————— LD ” us
- Joint EERE-NE H, Production Demonstration Projects
Four projects have been selected for Davis-Besse Nine Mile Point
demonstration of hydrogen production at Nuclear Power Plant Nuclear Power Plant

nuclear power plants LTE-PEM LTE/PEM

Projects: Hydrogen Production
. for Combustion and
Synthetic Fuels

Prairie Island Monticello

8 IDAHO NATIONAL LABORATORY




- Synergies between nuclear and steam-methane reforming

O Steam generation

E@e&%Fy%is 0 Preheat natural gas

O Flameless reformer with
very high temperature
gas-cooled reactor
(>900°C ROT)

or
Co-Electrolysis

Heat
or Steam

Temperature

Heat a Oxygen from high

temperature steam
Hvdrogen electrolysis
} YOTO8EN 4 Power for CO, compression

I Ba and sequestration

o GAPS:
Heat integration
co, - Efficient CO, separation

Sequestration
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Ammonia Production with a Very High Temperature Gas-
Cooled Reactor / Steam Methane Reforming Process Block-

Flow Diagram

Technical Evaluation Study

Project No. 23843

Nuclear-Integrated
Ammonia Production
Analysis

Nuclear Heat for Gbneral Plant Support
Natural Gas Preheat To EOR or .
(> 350°C) Sequestration Water Power Cooling
I Treatment Production Towers
Nuclear Power for ‘
: CO, Compressors CO2
CO. >
: I T Urea
| Natural Synthesis | oa - TOUAN22
I Gas f Nuclear Power for * Synthesis
* 2 Urea Granulator — Stack I
* Water Fans Gas Urea 4
Sulfur I Y I N *
Removal
Syngas Ammonia  |__
| Conditioning F=Syngas=, Synthesis NHz= Ammonium
: Nitrate
Natural A*'r ? A
Gas < Fuel Ga NHs NH; Ammonium
¢ v Nuclear Power for Nitrate
XN AU S ——— Ammonia Synthesis v
l_\’P"fg'afY Compressors and Ammonium
etormer Refrigeration Unit Nitric Acid Nitric .
— S e = Syngas —\ate = Synthesis [ Aci d—b Nltrate_
A Synthesis
| A I
MNuclear Heat for L |
MNuclear Power for
Primary Reformer—  Syngas Nuclear Power for T\Itr:; Prill Tower Fans
Replaces Natural Gas Compander et
Combustion (700°C) *

Secondary
Reformer

| —p|

MNuclear Power for
Air Compressor

— — — — Muclear Heat Integration

Nuclear Power Integration
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High Temperature Steam Electrolysis for Hydrogen
Production

A Nuclear Power for Urea
H,0 Granulator Fans Nuclear Power for Urea
| f H:0 Granulator Fans
|
_ Natural Gas COz, CO; Urea ?
Natural Gas® g "o 1,0 Purification Natural Gasp| NeturalGas | €Os_ co, Urea
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L A Iy Nuclear Power Hs Nitrate
Nuclear Heat I NH for Compander Ny 3 3 v A Nuclear Power f
For Electrolysis — Nuclear Power for 3 Ammonium Nuclear Heat I NH; for Compander  n, .
(700°C)y Air Compressors N Nitrate For Electrolysis — e A e Hydrogen Ammonium
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Nuclear Power l J v I N, I
for Electrolysis A . T v
. Nitric Acid . mmonium Nuclear Power H :
—Ai—p] —\Vatersp sl :t"he:i's —’i‘é{f—» Nitrate for Electrolysis ,f ' Nitric Acid Nitric , | Ammonium
— — — — Nuglear Heal Integralion Air Separation y Synthesis v —\Nater-p Synthesis _ACid - Nitrate
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—— Nuclear Power Iniegration | qWater-- — I — — — — Nuclear Heat Integration S I o ESIS:I
Nitric  Nuclear Power for : eparation r
Acid Prill Tower Fans Nuclear Power Integration L Water—p- Nitric Npuf:l:q?r POWFQI' for
Aci rill Tower Fans
General Plant Support * cid
General Plant Support *
Power Cooling Water )
Production Towers Treatment Power Cooling Water
Production Towers Treatment
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Jl Comparison of Inputs and Outputs
—’ 1,449 } 3211 Model Basis:

Urea Urea (tons/day)

AmmNit il Ammonium Nitrate
(tons/day)

/) 88 Conventional

} Natural Gas- — [€0:] 1,762

109 to-Ammonia 939
Derivatives [
AmmNit Va2
Natural Gas (millions of

’ cubic feet/day)
@ 430

: 106 | fegrared }2’2] é H:08 Water (gallons/minute)
N i ch;?lg?:to- —>[€02]1,786 Electricity (MW,
)72 Derivafives N (I 2,939 AL 600-MWj, HTGR
(LT 3,799 8% Process Heat (MWi)
g% 222 m @B Carbon Dioxide Emitted {fons/day)
_u.3-58 = 770 =T HTSE-to—Am-monio i Carbon Dioxide Captured
Sercemn |[L] Derivatives ftons/day)
i\ 36— (N5 from Air Separation O, Oxygen (tons/day)
. (HTSE generates
H0) 215" — 606 tons/day Hy) a. Amount needed as feedstock for

hydrogen production.

IDAHO NATIONAL LABORATORY




e Urea Production Cost Comparison

Urea Price (S t})

SEIFETSIRTIETSN (] Cost of HTGR $ kWt thermal (600 MW, total)

Option No COzax S cr) Tax (€O, Tax || €O Tax

Low Mid. | High

J HTGR supported hydrogen production is cost

Low NG | Low NG | Low NG

NG | NG | NG T T competitive when supplying heat for
Urea Price Range in 2020 (DTN, = - = i+ i i
- 225-275 205 | 335 | 308 traditional ammonia synthesis processes
INL - Conventional 2aa | 272 | 3as | 274 | 308 | 363 J High Temperature Steam Electrolysis is
Gas-to-Ammonia competitive with:
gTG:*":egfatE_d 263 | 286 | 3a8 | 203 | 308 | 345 — (a) low-cost manufacturing of a high
as-to-Ammonia
2,000 ($ kW) HTGR temperf_:lture gas—cooled reactor
HTGR Integrated — or (b) high price of natural gas
Gas-to-Ammonia 249 | 272 | 335 270 291 332

J Avoided CO, cost is a key consideration for

1,400 ($ kW) HTGR N g . :
flameless” ammonia and urea production

HTGR Integrated
Gas-to-Ammonia 236 259 | 321 257 277 318
700 ($ kW) HTGR

High Temp Electrolysis
Integrated Gas-to-Ammonia
N, from ASU
700 (S kW) HTGR

365 | 369 | 377 | 368 374 377 High NG 378 408 467
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Mini Ammonia Plant Design

Objective of Research

J Evaluate a novel configuration for small-scale production of
ammonia using low temperature electrolysis

J Local ammonia production

J Use locally sourced heat and electricity (i.e. small nuclear
reactor)

J Eliminate the need for storage of large amounts of ammonia
(ammonia on demand)
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- Outcomes of Aspen Model of Mini-Ammonia Plant Concept
(1 MWe input)

Electrolysis Options

Ammonia Production
Efficiency (Tons / Day-MW)

Production Factor

Low Temperature
Electrolysis: Electrolyte
Solution

High Temperature Steam
Electrolysis*

*~10% to 15% Heat, 85% to 90% Electricity

IDAHO NATIONAL LABORATORY



- Modular Ammonia Plants

3.0 tonne/day skid-mounted production system

* Hydrogen production from
electrolysis

- Small scale application ~ 1 MW

« Simplify process to minimize
capital costs
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Cost of Steam ($US/1000 kg-steam)

Can Nuclear Compete? Natural Gas vs Nuclear LWR

50
Projected Cost of EU
Non-Residential NG
40 ($/6))
Projected Cost of
30 U.rso.jrnd‘:lstr?al I:I’G NG Steam with $50/tonne (02 Tax
$/G)
(/60 s\ Steam with no (0, tax
= == = Fyjsting LWR: Est. Upper Cost of Steam
20 o ==« [xisting LWR: Est. Lower Cost of Steam
‘IO - D G GE T - aE» . T
0 ]

1 2 3 4 5 6 7 8 9 10 11
Natural Gas Cost ($US/GJ)
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- Cost of Natural Gas Steam Reforming

Hydrogen purification
Conventional Auto-thermal for ammonia production

$1.80
$1.60 ™
5 $1.60 %
< g 6%
% S140 3 :
o o, Q0 $1.40
5 2 o
S 5 %
5 £ 5120 Z R
; 5 8% Variable O&M ( )
2 W Variable non-energy

8 51.00 * M Variable O&M (non-energy) § $1.00
T = % e Fixed O&M
N Fixed O&M 9]
T > $0.80 = $0.80 B Capital Cost
3 = m Capital Cost g
p 9 M Electricity & Water
= $0.60 M Electricity & Water = $0.60
] > B Natural Gas Feedstock
0 W Natural Gas Feedstock 9
o $0.40 © $0.40
= U]
< ©
> —
&  $0.20 2 5020
= z

$0.00 $0.00

Low Oil & Gas AEO Reference High Oil & Gas Low Oil & Gas AEO Reference High Oil & Gas
Supply Case Supply Supply Case Supply

Natural Gas Steam Methane Reforming LCOH for selected EIA 2021 Natural Gas Steam Methane Reforming LCOH for selected EIA 2021
AEO NG Price Projection Cases based on SMR plant capital costs AEO NG Price Projection Cases based on SMR plant capital costs
reported in NETL Hydrogen Production Facilities Plant Performance and reported in INL TEV-954

Cost Comparisons

Capital Cost Increases
for gaS Clean—up IDAHO NATIONAL LABORATORY




- How to produce clean hydrogen

Reforming e
as

Electrolysis
Low-Temperature
5& Electrolysis (LTE)

@ High-Temperature
Water O 8 Electrolysis (HTE)

E ¥

A’ Steam
Steam / Methane E "

I’ —»[

| = Q¢

e HLH

Hydrogen

More Heat

ll

Hydrogen

2
Sequestration
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Integratlng systems for the natlon s het-zero future
.“Vé‘l’ﬁd’le ‘ ' Power Plant Oj ions 11 Power Emulatron B power Sy

-nl\-‘ .

Drgrtal Real-Time Grid Simulation

¥

Wireless ~_ Human Systems
Charging . ——=2" — Simulation Lab
T— — Ly mE -y (out of picture)

Hrgh Temperature
Electrolysrs

Battery Testing
(out of picture) ‘/ -

- MAGNET et L Drstrrbi}ted En
@ Microreactor Agile Nonnuclear & Mlcrogrl
Experimental Testbed “3" R
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Energy storage is needed to shift excess
generation to the evening hours

\

Solar Power Net Power Generation (Total minus Solar) “Duck Curve”

~459% Penetration
Total Power
Demand Profile '

Baseload (Nuclear)
Generation Capacity

12am

6 am / 12 pm \ 6 pm

Thermal power plants will be curtailed and then
ramped up as solar energy tails off

12am

IDAHO NATIONAL LABORATORY




- Switching between electricity and hydrogen markets

150

130

110

90

70

50

$/MWh

30

10

>

>

Sell electrical
power at market
clearing price

-
Sell hydrogen produced

using electricity and heat
from nuclear power plant

Cut-off price

/ (bid price)

Approach for calculating H- selling price from HTE coupled

with NPP

= Select a range of cut-off prices » NPP operating cost (i.e.,
$40, $50, $60/MWh, etc.). For each cut off price:

* Time above cut-off price (yellow region) determines
quantity of electricity “byproduct” sold at cut-off (bid) price

= Time below cut-off price (green region) determines
capacity factor for H> production

5% offline (scheduled maintenance, etc.)

Hours

- NPP operating | H» production using electricity costed
L cost at NPP operating cost (e.g. $30/MWh,)
1 1 | ] L | L L L | ] L L | L L L L L L | L ] L | L ] L | L L L
) 1000 2000 3000 4000 2000 6000 7000 8000
I Cut-off time (number of hours
B per year that clearing price Price duration curve compiled from /’—J'
L exceeds bid price) locational marginal price (LMP) data
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Market Arbitrage: Buy low, Sell high

Electricity Production

1000

w
=]
=1

Electricity (MW)
[=]

=500

—1000

—=— BOP, electricity
~¥— Electric_Grid, electricity
—@— HTSE, electricity

Hydrogen Production

Hydrogen (kg/sec)
b o

|
&

|
a

17500

15000 4

12500

10000

Hydrogen (kg)
~
o
=1
=1

5000

2500

—8— HTSE, hydrogen
—*— H2_storage, hydrogen
—+— H2_marketl, hydrogen

H2 Storage Level, Grid Electricity Prices

—=— Storage Level (END of hour) 50

—— Grid Price
Use Starage | 40 &
H
£
I @
condlbanns 101 |1 USRS i SO F30y
£
| £
2
| | r203g
I £
v
2
- e eafe e ea \ e ] I . .\.....A...A.A.‘.,.‘. 10".

'l Fill Starage
o
12 24 36 48 60

Time (h)

Cost (SMM)

$8,000

$7,000

$6,000

$5,000

$4,000

$3,000

$2,000

$1,000

S0

Energy storage Battery vs Physical H, storage (500 MW)

—H2 Power-Storage-Power (Low)
—H2 Power-Storage-Power (High)
—Battery -Lithium-ion LFP (2020)(High)

—Reversible FC H2 Power-Storage-Power (High)
——Reversible FC H2 Power-Storage-Power (Low)
—H2 Power-Storage-Power (Base case)

—Battery -Lithium-ion LFP (2030)(Low)

3000

6000 9000

Energy Storage (MWh)
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Jlll Cost of producing hydrogen with conventional
steam/methane reforming

Levelized Cost of Hydrogen ($/kg)
$0.95 $1.00 $1.05 $1.10 $1.15 $1.20 $1.25 $1.30 $1.35 $1.40 $1.45 $1.50

8
3]
£ 7 T sz s I
1 2 3]
o
6
2
= § SMR Plant CAPEX (case)
38 i R
93 —
05 4 —Low Qil & Gas Supply
© o After-tax Real IRR (%)
§ S, Reference Case £30% [0.07 0.1 0.13] $1.09 -- $1.18
chS N —— High Oil & Gas Supply
s 2 . )
= Plant Design Capacity (tonne/day)
2 . +30% [423 325 228] $1.10 .- $1.18
E
0 Capacity Factor (%)
2020 2025 2030 2035 2040 2045 2050 +6% [0.95 0.9 0.85] $1.11 l' $1.15

Year
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