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Summary of Projects/Demonstrations Supported by INL

N\

o Exelon: Low temperature electrolyzer (LTE) operation for dynamic participation in an Nuclear utility

demonstrations

organized electricity market
(“demand-driven”)

o Davis-Besse: LWR Integrated Energy Systems Development & Demonstration (originally
planned as LTE but will likely change to high temperature electrolysis, HTE)
o Xcel Energy: LWR Integrated Energy Systems Development & Demonstration (150 kW HTE)

9 * Phase Il of Davis-Besse project with Energy Harbor and Arizona Public Service) y
o FuelCell Energy: Solid oxide electrolysis (HTE) system demonstration [ HTE Tech orovider )
o Bloom Energy: HTE hydrogen production using nuclear power demonstrations

(“supply-driven”)
o OxEon Energy: Performance validation of a 30 kW reversible HTE system . J

o GSE Systems: Modifications to a full-scope, high fidelity full nuclear power plant simulator

for thermal power dispatch to support HTE hydrogen production ~ /e
o ),4{ > IES
L \} Integrated Energy Systems



LWR-H2 Demonstration Project: Exelon with Low Temperature Electrolysis

~ Baseload generation
> Purpose: [Car:szg:fe
* Install a 1 MW Polymer Electrolyte Membrane (PEM) generation o ——
electrolyzer and supporting infrastructure at an Exelon
nuclear power plant

J

A

On-site

. . . ‘guy e E electrolyzer for E

* Provide economic supply of in-house hydrogen R — ‘| hydrogen :
consumption at the plant ae,,supp,yof : geneiation Jt :

) ] o . plant’s hydrogen ! oLk s X

. _Slmulate operation of a larger electrolyzer participating se: Offset O&M onsite ) beak bower |
in power markets Hydrogen generation |
storage ) .

o Partners: Nel Hydrogen, ANL, INL, NREL

o Progress: Project has completed first budget period, which
included testing a 750 kW prototype electrolyzer at NREL

Hydrogen gas pipeline

transportation

Regional hydrogen On-site hydrogen user
market (e.g Gas turbine)
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LWR-H2 Demonstration Project: Exelon with Low Temperature Electrolysis

o INL’s role: 150 -

» Develop a front-end controller to optimize the operation of
the electrolyzer based upon market prices, hydrogen
demand, and hydrogen storage constraints

o Notable outcome: Electricity price threshold at which
electrolyzer turns on varies throughout the year, depending 50
upon daily hydrogen supply/demand/storage capacity ratios 1l

ki ,\‘:_.;‘}i‘i L

o Further information: e 1T i

—NY ISO Pricing Data
- Optimal Production Hour
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- U. Otgonbata_ar, 2021 DOE Hydrogen and Fuel Cells 00 2000 4000 6000 2000
Program Review (https://www.hydrogen.energy.gov/amr- Time (hour)
presentation-database.html) \

Analvsis R . Evaluati N | i Mark 2021 DOE Hydrogen and Fuel Cells
na_ VSIS epor_t. valuation o o_n-e eCtI'I(_': arket Program Review Presentation
Optlons for a LIght-Water Reactor in the Midwest Demonstration c_)f eIecFr(_)Iyz-:_er oPeration at.a nuclear |_)Iz3|nt to
(https:/Avww.osti.gov/biblio/1559965-evaluation-non-electric- e i 1 an organized electrictty
market-options-light-water-reactor-Midwest)
P.I.- Ugi Otgonbaatar, Ph.D. ’
Sr. Corporate Strategy manager,
Exelon Corporation
_ Project ID
6/8/2021 - e

— Exelon.
U N\¢ Integrated tnergy Systems
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LWR-H2 Demonstration Project: Davis Besse Nuclear Generating Station

* Purpose: Produce hydrogen for first movers of
clean hydrogen: fuel-cell buses, heavy-duty
trucks, forklifts and industrial users

Electrical
Tie-In

* Industry Consortium: Energy Harbor, Xcel
Energy, Arizona Public Service, DOE Labs

* Engineering team will design and locate the
hydrogen production equipment such that the
effect on the design and licensing basis is
mitigated (to the extent practical).

« Analysis Report: Evaluation of Non-electric
Market Options for a Light-water Reactor in the
Midwest (https://www.osti.gov/biblio/1559965-
evaluation-non-electric-market-options-light-
water-reactor-Midwest)

Power
Block

* Project has been delayed but expected to start
fall 2021.

o Hydrogen LWRS_£ A B,
* May use a turnkey HTE system that will first be Production Area —_— N
vetted at INL. -:),;t> IES
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LWR-H2 Demo Project: Xcel Energy with High Temperature Electrolysis

(Phase Il of Nuclear Industry Consortium “Davis-Besse” project)

o Purpose:

* Demonstrate High Temperature Electrolysis (HTSE)
at a nuclear plant operated by Xcel Energy

« Complete engineering design assessment for a bi-

GENERATORS

¥ nnnn |

; ELECTRICAL GRID
POWER GENERATION

! Electrical

| Energy

STORAGE FUEL CELL @
M

AE, PEM, SOEC

directional HTE demonstration at the Palo Verde nuclear ELECTROLYSSIFUEL el NS ——
p | ant l TURBINE C.C.
o Industry Consortium: Energy Harbor, APS, ANL, INL @ (’I‘* = _D
O PrOjeCt eXpeCted to kiCk Oﬁ In fa” 2021. HYDROGEN USER THANSPORTATIONSE(:TOR'

o Design and execute thermal and electrical
interconnections for the Xcel nuclear power plant HTE
system

o Design, test, and build a 150 kWe Solid Oxide
Electrolysis Cell (SOEC) system

o INL will commission the HTE system and use it in
hardware-in-the-loop tests prior to plant installation

Nuclear power plants can
produce green hydrogen at a
competitive price with low capital
costs

<SIES
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FuelCell Energy: HTE system demonstration

Vaporizer

o Purpose:

- Validate that the integration of
HTE technology with nuclear OPRL
plants will result in high Controls ™}
efficiency and low-cost Cabinet
alternative for production of
hydrogen utilizing nuclear
electricity and heat

o Partners: FuelCell Energy, INL

Electrolyzer
Stack

Insulation |

Heat
Exchangers

Electric
Heaters

adds |
F
Space filled with

SOEC Electrolyzer System

o Approach: e : loose i
: Stack Module: } W insulation (not
o Build and test a 250 kW turnkey i ey T | shown)
solid oxide electrolysis system « Accommodates 1x150-cell stack or 4x45-cell stacks with adapter SOEC Electrolyzer Module
. . . * Three thermal zones:
o Perform validation with nuclear 2 Hiokizone fou e slackolisar shick
power plant emulator at INL
o Perform technoeconomic o Further information:
analysis for scaled up 500 MW * H. Ghezel-Ayagh, 2021 DOE Hydrogen and Fuel Cells
system (~300 tonnes-H./day) Program Review (https://www.hydrogen.energy. gov/amr-
presentation-database.html) _ ){ . IES
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Bloom Energy: HTE system demonstration

o Purpose:

« Test Bloom electrolyzer with nuclear plant
emulator and also determine long-term system
durability/lifetime

o Partners: Bloom Energy, INL

o Approach:

o Testa 100 KW Bloom electrolysis system with a
nuclear power plant emulator

o Perform a long-term hydrogen production test
(>5,000 hours)

o Further information:

« Delaware facility capable of producing 500 MW
of systems (300 tonnes H, production)/year and
1 GW within a year

* https://www.bloomenergy.com/news/bloom-energy-

unveils-electrolyzer/ https://www.bloomenergy.com/news/bloom-
* https://www.bloomenergy.com/news/bloom-energy- energy-unveils-electrolyzer/

and-idaho-national-laboratory-to-generate- (\ - I ES
hydrogen-powered-by-nuclear-energy/ >
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OxEon Energy: Bi-directional HTE system demonstration

o Purpose: $2.00
. - . . . SOEC stacks, Decommissioning,
+ Validate bi-directional operation of high temperature $0.18 ¢ eplacement, Other var. O&M
electrolysis/fuel cell system with 3,000 hrs of operation $0.09 Comp. & del.
- Bi-directional systems can use the same system 50090 5team
components to reduce capital cost and maximize $1.50 $0.22  Other costs
equipment capacity factor
* May be deployed at small scale to meet needs of T

diverse users for clean energy utilization, storage, and
supply (supports environmental justice)

o Partners: OxEon Energy, INL
o Approach:
* Build and test a 30 kW bi-directional system
« Perform engineering and technoeconomic analyses
« Show path to achieve >85% system efficiency
o Further information:

« T. Westover, 2021 DOE Hydrogen and Fuel Cells

Program Review (https://www.hydrogen.energy.gov/amr-
presentation-database.html) $0.00

$1.00

Electricity

LCOH (5/kg-H,)

$0.50




INL Demonstration High-level Approach

o Full-scope, high fidelity NPP simulators for coupled thermal
and electric power dispatch with human-in-the-loop operations Control room

- Support probabilistic risk assessments (PRAs), design-basis accident (human factors)
scenarios investigation, and technoeconomic assessments (TEA);

« Can capture realistic coupling between NPP and industry partners
* Full-scope simulators have 1,000+ parameters (difficult to integrate with
physical experiments & hardware)
o Reduced-order simulators for coupled thermal and electric
power dispatch with human- and hardware-in-the-loop

Operatlons interactio interaction
* Hardware-in-the-loop tests probe vital system-system & human-system
interactions that can be missed in purely digital simulations;
* Combines human and hardware factors — essential for coupling to new
technology

« Hardware (pilot-scale) equipment does not match commercial scale —
need scaling functions provided by reduced-order simulators

Grid simulation

Existing

Nuclear power Industrial process
emulator (H, production)




INL Demonstration Capabilities: Hardware-in-the-Loop Testing

o Actual process is more complicated than

shown in simplified diagrams
* Nuclear reactor & plant
« Electric grid
« Thermal & electric power dispatch
- Thermal & electric power consumer
 Interface controller/optimizer

o Interoperability tests needed in
controlled, non-nuclear environment

« Simulated electric grid (Real Time
Digital Simulation or RTDS)

* Reduced-order nuclear simulator

- Thermal Energy Distribution System
* Front end controller (optimizer)

* Realistic industrial complex

Reduced order nuclear plant simulator used to interface
with operators and control pilot-scale equipment

Pressurized Water
Reactor

H Air

Hot oil loop  ~
TEDS X

2
WXe
Simplified control interface diagramez ¢ > IES

Switchyard ~ RTDS )
Reduced- -m- ~ Grid
order Operator simulation
nuclear @%Condenser
plant S VN — S —
simulator | Thermal energy Heat sink/ i Front end -
| storage (TES) load ! controller Grid
i : 7N, emulator
Py s S S © T
I D> | . Controllable
| l N T;&S I;Ig ">< rectifier >
]| —» | Heater DI Water i
i Steam
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INL Demonstration Capabilities: Nuclear Control Room Simulator

Operator tests using full-scope high-fidelity nuclear power
plant simulator modified to enable thermal power dispatch

- Two former licensed operators

« Tested 14 normal and off-normal scenarios

« Static “snapshots” or snaps of real simulator data
o Four basic operating scenarios

« Shutdown->Hot Standby-> Online->Back again
o Findings and Issues

« QOperators able to maintain plant in safe condition during all
scenarios, although some unacceptable excursions were

p—

Develop and Test Scenario

Measure Performance
* Process parameters
* Expert Rating

recorded | * Self-report
. . ) ) ) * Physiological
- Automatic thermal power dispatch isolation valve is needed
for acceptable operations TEEEC
473~7" 7920~ 589" 99.1% -

Thermal power dispatch can improve plants response to

some off-normal events

Future: need to determine conditions to

5 VERIFY TH — g.‘ i e ] “ J“:.‘_ ] ...,,;,!}L; :;.";i "ﬁﬂg:
implement automatic isolation of thermal « ey Mock Procedures | foif] Pl mmew e
7. VERIFY TPE3(TPELCV-1002) s dosed . mEEL w—**lﬂ;‘ ;‘:N I?L!;,‘_ e

dispatch system

NOTE: Duringwarming, hot standby, and online modes EHX-1 Hotwell Level should be

operated between 60 and 70%

VERIFY TPE-EHX-1 Ventis in auto mode
TURN ONthe TEDL Pump

67 ¥~ 520"

TE e | g [ ] e

Ot 917 e

TPE and TEDL

TR e | e[| =

== = | Human-System Interface |*=-




GSE Systems Full-Scope Nuclear Power Plant Simulator Modified for
Thermal Power Extraction

GSE Systems® Generic Pressurized Water Reactor
(GPWR) Simulator (RELAP 5-HD™) A FDW HTR:
: — : : MSR Feedwat
* High-definition, real-time simulator of 3-loop R Hii\t(:vra o
Westinghouse PWR design (nominal capacity rating of XA — HP: High
1000 MW) X Pressure
- Typically used for training: operator, controls, thermal- Steam LP: Low
hydraulics, fundamentals, reactor neutronics, etc. Gen. HP Turbine [ -m- Mpsr:fsure
T Moisture
ol Lﬁ_@ﬂ Addition of steam ;Zf;;teir
HI| Coakage = extraction loop in — v v
MSS11 ATM DRN GPWR SimUIator HTR I;'iDVF\{ ':_iD..VRV
DUMP.:T:W : Tg /l/d-g_ //‘_D‘_IA
Steam Leakage o Heat Sink a1 ——— _
e P H, Plant j : et |
| g . e :
* el S : ! plant
- “ : Oil or steam
i i
- =g -t Simplified diagram of thermal power dispatch. Steam from main steam
line passes through a heat exchanger and then sent to condenser. A tertiary

SRR B 2 RS closed loop containing steam or oil provides steam for hydrogen production.




Summary

o Several nuclear utilities are undertaking clean hydrogen demonstration to
respond to growing demand

o Domestic and international electrolysis technology providers are rapidly
scaling up (LTE to 100°’s MW and HTE to 10’s of MW and then 10 100’s of MW)

o A combination of high fidelity, full scope simulators and reduced order
simulators coupled to pilot-scale hardware will prepare for integrated nuclear
and hydrogen plant operations

o INL is developing the needed capabilities

*  Full scope and reduced order nuclear power plant simulators modified for thermal and
electric power dispatch

* Nuclear power plant emulation
* Industrial processes that can benefit from nuclear steam and electricity

« Several integrated energy system demonstrations have been announced and
more are being planned (at scales up to 20 MW)
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New Technology for Energy Transport, Conversion & Storage

IonOreI _qu . a :
el 'i Scrap Metals
* Integrated Energy Systems Involve: ET )| e @D
— Thermal, electrical and process intermediates Electricity Grid © Q |°¢’ > SETS
H M > Elgctricity Stqrage )
integration e %ﬁ.@ - D] -
— More complex systems than co 8ggeneratlon - . I IR
poly-generation, or combindtf HERtSAERMHRWrincregses, turbine steam decregsds - ki

~ Economics of coordinated deen§g¥pstemeaf mass)

=
=5
5
-
|

:‘% :

Natural Gas/H, Power Gen

. ¥

— May provide grid services tiiausghafanaamdteam flow decrease: pr——— S5
response (import or export) Diverting steam from the turbinefsystemerabs %teaF?fré%n : % %

Electricity Bsytsgm F - ES %

. Technology Development Needsthe feedwater heaterg rasmssion == = g
Opportunities: Loss of heat to feedwater heaters reduc . [@ 2 3
H e Dispatchable Eldctrolysis '9 g

- New energy storage technologie¥{i#eiftaing the steam generator SRS ||y @ S o PP @ &
- > 5

23

W3

chemical, electrical) More on this on the next stide=cn= . Cloavothemeil rocees
. . ) B B . el £ —

— Thermo-Electrical chemical conversion R

processes S T @—@ Electricity ) )
— Modern advanced informatics and decision @%Q — S—

systems for massive data a=C )

L

— Embedded sensors for health monitoring and rrocses g o

cyber security




Thermal Power Extraction

GSE Systems Full-Scope Nuclear Power Plant Simulator Modified for

6 Scenarios Evaluated
« 1 Scenario verified with RELAP5-3D

« 1 scenario analyzed for both oil and steam in Thermal
Power Delivery Loop (TPDL)

«  Other scenarios simulated at steady-state with HYSYS

TT-1001

Main Steam TPE Prio
£
— TPE-1 Vo
el ' il
HDR MSS01 P Iﬁl PT-1005
pmiee TPE-EHX-1 Thermal Power
- [ b o
To Tref Prag<ram @@ @ E . — - TPD ge“very Loop (to
FT-1001 FC-1000 ) H 2 P I a nt
DDQ Control Valve CV) FT-1000 VP-1000 )
—-{g) L1002
g Venturi Nozzle (VEN) :
e @ LC-1002
&A1 Bypass Valve (BV) i | TT-1006
P\ Tees PT-1006 "1 CND
™~ Check Valve [CV) i a
| PT-1003 A 1o
) : T7-1003
Isol Valve (I H TT-1002
<] solation Valve (IV) : @ @ ”7@7@ PT-1002
Steam Trap (ST) TPE-5 TPE-3 [ / \
@} =
“ \ Orifice (OR) \ /
_ Condenser TPELHX2 111007
@ Transmitter/Controller (T/C) PT-1007
—&—  Flowmeter F 50 TPD LOOp (from

P&ID Diagram for Design 2. Source: Incorporation of Thermal Hydraulic H2 Plant)
Models for Thermal Energy Dispatch into an LWR... INL/EXT-20-58766

Thermal Thermal Software & model extent
dispatch dispatch
distance
150 MW 1.0 km RELAP5-3D for Steam Extraction
Line & TPDL; HYSYS for TPDL only

150 MW 0.5 km HYSYS for TPDL only

150 MW 0.1 km HYSYS for TPDL only

15 MW 0.1 km HYSYS for TPDL only

200 kW 0.1 km HYSYS for TPDL only

200 kW 0.1 km HYSYS for TPDL only

* Oil vs. Steam in Thermal Power Delivery
Loop (TPDL)

o Qil is much simpler for analysis and matches INL's
Thermal Energy Distribution System (TEDS)

o Pump power for oil is ~20x greater than for steam

o Max. pressure greater for steam (2.7MPa vs. 0.4kPa)

o Mass flow greater for oil: 1,000kg/s vs. 72kg/s

o Oil has additional contamination.ﬁ{\ﬁ@aiEsy
~ %
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Energy Systems Laboratory IES Capability

i / i
Vehicles -\ Power Plant Operations l lll Ill! ro !r”ll’f
p - - ‘ i ..g‘; /| J

T Wireless _ ___—— — Human S ,
. — ——— yStemS - — H h T t =
Charging === Simulation Lab ;.z__i_ 97 TEMpErattiriestuyy
s = fout of picturs) EIectronS|s

‘: \‘

= e Therﬁﬁ Energy DistribytionaSysise ’ - - MAGNET Distrib@ted Energy
ﬂﬁ”* ; Includes Thermal Energy4Storage il “Microreactor Agile Nonnuclear >y M|crog r|d

- Charging o -
- Charging A, Experiment Testbed”




LWR-H2 Demonstration Project: Exelon with Low Temperature Electrolysis

o INL’s role:

» Develop a front-end controller to optimize the operation of
the electrolyzer based upon market prices, hydrogen
demand, and hydrogen storage constraints

o Notable outcome: Electricity price threshold at which
electrolyzer turns on varies throughout the year, depending
upon daily hydrogen supply/demand/storage capacity ratios

o Further information:

« U. Otgonbataar, 2021 DOE Hydrogen and Fuel Cells
Program Review (https://www.hydrogen.energy.gov/amr-
presentation-database.html)

* Analysis Report: Evaluation of Non-electric Market

Options for a Light-water Reactor in the Midwest
(https://www.osti.gov/biblio/1559965-evaluation-non-electric-
market-options-light-water-reactor-Midwest)

o:(),‘i7> I ES
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Xcel Energy HTE Demo at a Nuclear Power Plant

SENSITIVE DATA
- DO NOT SHARE -

« Design and install 150 kWe
HTSE at nuclear plant
* Mechanical and electrical
connections
« Controls, operation,
maintenance

Notification of Engineering Ship to Pl for
award complete install
10/8/2020 2 Quarter 2022 15t Quarter 2023
@ @
@
Funding available to Ship stacks to INL
start project for testing
3rd Quarter 2021 4th Quarter 2022

All installation and
testing complete
3rd Quarter 2023

Integrated Energy Systems



- Finding Hybrid IES Solutions for Nuclear

150 $1.66 Hybrid electricity grid/hydrogen operations
¥ i R R optimizes the cost of hydrogen production
Pmarginal Pmarginal < Pcutoff $1 .64 a
110 > Peuroft
s 23162
S 9 &
~
a | 8 $1.60
.§ 70 F Example cutoff price of $40/MWh =
g ) ! / E’ $1.58
gﬂ o
© S—— o
2 30 [ Electrolysis T $1.56
e plant M ¢ .
S i , production using electricity purchased at LMP _ $1.54
§ 10 i Sltarl]dlbyl P RS Y SR I SR A W ) RV S ST AV W VR S VY iy SIS WA IR n
° T T T T  § { ] T T
= 10 ¢ 10000 2000 3000 4000 5000 6000 7000 8000 ‘ $1.52
i 0 20 40 60 80 100 120 140 160
30 Electrolysis plant receives revenue / bid price ($/MWh)
I for electricity usage when LMP < 0
50 L o —e— $400/kWe CAPEX & $30/MWhe OPEX
Project analysts developed an algorithm to determine the cut-off price Minimum hydrogen production costs
that activates hydrogen production to optimize the revenue of a hybrid versus cut-off selling price for
power/hydrogen production plant. producing/selling electricity

INL/LTD-19-55247: Region-Specific Merchant Hydrogen Market and Techno-

‘ -
N hern Company = .
Economic Assessment of Electrolytic Hydrogen Generation, March 2020 Southern Co pany Exelon @ XeelEnergy
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