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Background

* Nuclear energy can be a
continuous source of thermal
and electrical energy with
near-zero emissions.

 Using the existing light water
reactor (LWR) power
stations, there are potential

opportunities for coupling

nuclear plants with hydrogen
production and heat delivery.

N

N v

Thermal

Storage

&

ﬂi'r

r/ :
\.M ‘ u‘ :Hl | J '.:‘
— ) —~ | Clean, firm,
Peaking / | flexible dispatch

Generator ‘ to grid

Primary
Generator

///
o‘/ Transportation fuels
—* | Steel production
*—- \ Fertilizer
Hydrogen | Polymers/chemicals
Production Hydrogen

/,.' N
y
——* Minerals
| Cement

I Wood/paper plants
| District heating
| Refineries/oil production

[1] Knighton, L etal (2021) Techno-Economic Analysis of Product Diversification Options for Sustainability of the l\/lontlcello and Prairie Island Nuclear Power Plants. https://doi.org/10.2172/1843030

High Temperature Steam Electrolysis Process Performance and CostEstimates.

[3] Westover, T et al (2023) Preconceptual Designs of Coupled Power Delivery between a 4-Loop PWRand 100-500 MWe HTSE Plants.
[4] Diaz,M et al (2024) Hydrogen Generation and Industrial Heat Opportunities for Nuclear Plantsin the Gulf Coast, INL/RPT-24-80189, https://doi.org/10.2172/2439929



Objectives and Goals~FY24 and FY25

H2> Market Assessment

 H2and Heat market opportunities

around Light Water Reactors in the
Gulf Coast Region.

Nuclear integration withQ
hydrogen opportunities
to provide heat and
power to existing
industry via existing
infrastructure

Business Case Assessment

« Opportunities to produce and
distribute hydrogen (via HTSE and
LTE) and heat at Gulf Coast NPPs to
local industry.

O * Inclusion of options, pipelines, and PTC
credit.

Goals

« FY24: Steady State TEA for Hydrogen
Production

@ « FY25: Steady State and Dynamic TEA
for Heat delivery, against H, and
Electricity Generation.
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Case Study Selection

Light Water Reactor in Gulf Coast Region

H. demand close to the LWR in the Gulf

Plant design CO ast
Thermal Electricity Capacity
Capacity Capacity Thermal Factor
NPPs in Gulf Coast (MW-th) ici (As of 2022) 2000
Browns Ferry 1 3458 1200 34.70% 90.0% 2
Browns Ferry 2 3458 1200 34.70% 100.0% % 6000
Browns Ferry 3 3458 1210 34.99% 87.3% 2 5000 HTier3
Comanche Peak 1 3612 1205 33.36% 88.7% S 5 4000 mTier 2
Comanche Peak 2 3612 1195 33.08% 100.0% S, £ 3000 u Tier 1
I
Farley 1 2775 874 31.50% 72.7% = 2000
Farley 2 2775 883 31.82% 93.6% £ 1000
Grand Gulf 1 4408 1401 31.78% 73.1% & 0 - - Wl .
River Bend 1 3091 967 31.28% 100.0% & . & & & ¢ &
> D
Saint Lucie 1 3020 981 32.48% 91.3% F @@ & & & ST & «
© P & Q)*O N
Saint Lucie 2 3020 987 32.68% 96.2% o
South Texas 1 3853 1280 33.22% 100.0% Nuclear Power Plant
South Texas 2 3853 1280 33.22% 90.8%
Turkey Point 3 2644 837 31.66% 100.0% Waterford, Riverbend, and South Texas
Turkey Point 4 2644 821 31.05% 91.3% LWR NPPs have the highest nearby H2
Waterford 3 3716 1168 31.43% 77.4% existing demand




Potential Hydrogen Demand

Existing facilities using hydrogen:
» Petroleum refineries
« Ammonia and fertilizer production

Future demand:

» Natural Gas (NG) blending with hydrogen
for NG electricity generators

» Direct-reduced iron for metals
* Fuel Cell Electric Vehicles

Hydrogen Demand (MT/day)
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Case Study Selection~ Hydrogen Opportunities

US Gulf Coast Hydrogen Pipelines in 2020

TEXAS LOUISIANA ALABAMA
o Mobile
New Orleans
Houston ®
@
Corpus Gulf of Mexico
Christi
g’ ~— Active Hydrogen Pipelines

Congressional Research Service. (March2, 2021). Pipeline Transportation of Hydrogen: Regulation, Research,and Policy.
https://crsreports.congress.gov/product/pdf/R/R46700)

Potential U.S Geologic Storage

Salt Deposits in the United States

[JSalt Deposits
Oil & Gas Fields x
!Sedimentary Basins ’
[ JHardrock Outcrops

Praxair/Linde and Sandia National Laboratory
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Closest and largest H2

Hydrogen delivery from selected NPPs diamens (5 mear Ll

and Riverbend

Demand |Market Demand Max H2 Dist. Pipeline Delivery
NPP Name Type (MT/day) Supply (mi) costs from
y y (MT/day) HDSAM ($/kq)
HTSE to Nearby Pipeline Pipeline 351 351 0.2 $0.09
Waterford LTE to Nearby Pipeline Pipeline 231 231 0.2 $0.09
HTSE to Dyno Nobel (Ammonia) 400 351 15.5 $0.10
LTE to Dyno Nobel (Ammonia) 400 231 15.5 $0.10
HTSE to Nearby Pipeline Pipeline 351 351 19.9 $0.10
Riverbend LTE to Nearby Pipeline Pipeline 351 231 19.9 $0.11
HTSE to Exxon Mobil Corp (Refinery) 535 351 24.7 $0.10
LTE to Exxon Mobil Corp (Refinery) 535 231 24.7 $0.11
HTSE to Nearby Pipeline Pipeline 351 351 105.4 $0.19
Grand Gulf LTE to Nearby Pipeline Pipeline 351 231 105.4 $0.22
HTSE to Ergon Inc (Refinery) 28.2 28.2 19.6 $0.24
LTE to Ergon Inc (Refinery) 28.2 28.2 19.6 $0.24
HTSE to Nearby Pipeline Pipeline 351 351 25.2 $0.10
STP LTE to Nearby Pipeline Pipeline 231 231 25.2 $0.11
HTSE to HIF Global (Methanol) Future 600 351 2 $0.09
LTE to HIF Global (Methanol) Future 600 231 2 $0.09
HTSE to Nearby Pipeline Pipeline 351 351 267.8 $0.37
cp LTE to Nearby Pipeline Pipeline 231 231 267.8 $0.48
HTSE to Hereford Renewable (E-fuels) Future 110 110 08.6 $0.29
LTE to Hereford Renewable (E-fuels) Future 110 110 98.6 $0.29




Sample of Financial performance for producing H2,
without and with 45V tax credits

South Texas NPP
Example

Without With

Case 45V 45V

HTSE-pipeline $2.02 $1.33

LCOH+COD HTSE-industry $2.01 $1.32
(3/kg-Hz) LTE-pipeline $3.06 $2.42

LTE-industry $3.04 $2.39

*LCOH: Levelized cost of Hydrogen
*COD: Cost of Delivery

Assumes 500 MWe design for H,

plant but only 200 MWe qualifies
for 45V Tax credits.




General Sensitivity Analysis (LCOH after taxes)

(a) HTSE : Parameter Sensitivity of LCOH after tax ($/kg)
-52.0 S0.0 52.0 54.0 $6.0 $8.0

$1.23
Electricity Price, S/MWh [17, 31, 122] $0.82 $4.75

Electrolyzer Plant Capacity, MW-dc [500, 500, 100] SL.23| I $3.92

Direct Capital Cost (Base), S MM [151, 301, 900] S0.99 [ $2.37

Hydrogen Market Price, $/kg-H2 [0.9, 2.02, 7] $1.16| [ s52.51

NPP Capacity Factor, % [100, 93, 73] $1.19| [ $1.38

Indirect Capital Costs Multipliers, % [20, 41.35, 50] $§1.18|| $1.25

Shows the sensitivity to different assumptions.
Electricity price and Electrolyzer Cost and Capacity
are the largest factors in Hydrogen LCOH




Comparisons with blue Hydrogen (LCOHSs vs. elec price)

For example, for NPP-HTSE and H, sale price of $2/kg-H2:

-W/ PTC, LCOH would be $1.42 @ 35 $/MWh electricity price

Levelized Cost of Hydrogen, $/kg

‘ (a) HTSE: Competitiveness with Respect to Electricity Price
6.00

$5.00

$4.00
$33.53,52.02

3.00
> $17.48,51.39

$2.00
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$1.00
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$35.00, 51.42

$0.83,50.73
$16.36, 50.74

$0.00 =

S0 510 $20 $30 $40 $50 $60 §70 $80 $90 $100

Electricity Price, $/MWh
= =NPP-HTSE, PTC=51.2/kg
#$ Intersection Points
+sse+ |COH: SMR without CCS (Correlated with NG price)

—=NPP-HTSE, PTC=50/kg
—— Hydrogen Market Price (LCOH+COD)
= = = | COH: SMR with CCS (correlated with NG price)

*Because design was
already done for 500 MWe
when clarification on 45V

came out—to pseudo adjust
to 200 MWe at $3/kg-H2,
the calculation here was re-
run at $1.2/kg-H2 PTC

nnnnnnnnnnnnnnnnn
SUSTAINABILITY



Avoided Cost of Carbon for Total CO, Avoided

CO, Emission Reduction by Substituting Nuclear H, for SMR H, (with tax credits)
500

B case la (Witrfrd)
O case 1b (Wtrfrd)
O case 2a (Wtrfrd)
O case 2b (Wtrfrd)

400
A case 1a (STP)

Simple
version of this

A case 1b (STP)

2a (STP
A cose 22 B17) chart to be

o incorporated
@ @ cose 12 afternoon 3/10
R

300 A case 2b (STP)

(Riverbend)
Ocase 1b

(Riverbend)
O case 2a

200 (Riverbend)
O case 2b
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® case 1a (CP)
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O O case 2a (CP)

2 2
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0 5 10 15 20 25 Gulf)
® case 2b (Grand LWRS

Gu |ﬂ -/%’ LIGHT WATER REACTOR

SUSTAINABILITY

Avoided Cost of Carbon (with tax credits), $/ton

Total CO, Avoided, million tons/yr.



Conclusions~FY24

* The Gulf Coast region, with its extensive hydrogen pipeline infrastructure,
could integrate H, production with LWRSs.

« Key findings highlight the highest hydrogen demand surrounding Waterford,
Riverbend, and South Texas NPPs, with ammonia and refineries being
predominant consumers.

« HTSE scenarios (Case 1A and 1B) have lower LCOHs than LTE scenarios
(Case 2A and 2B) due to higher hydrogen production rates.

* LCOHs for Grand Gulf and Comanche Peak due to reduced hydrogen
demand in close proximity to the plants.
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Study assumptions for Technoeconomic Analysis

Parameters used for TEA Values Assumptions
_ It is assumed that the timing of study analysis window for hydrogen adoption is within

Start-up year of the hydrogen production 2030 5 years.

Electrolyzer plant lifespan 20 years Specific lifetime specified consistent with INL previous studies
NPPs are simplistically evaluated as merchant entities to avoid the complexities of a

Hydrogen market type Regulated regulated utility framework.
Integration of steam extraction and electrical take-off modifications will be

Maximum electrolyzer capacity 500 MW-dc appropriately licensed under NRC rules without a license amendment to a maximum
500 MW -direct current of the electricity from NPP

Tax Credits: IRA 45V $3/kg-H2 hydrogen tax credit of $3/kg-H2 for 10 years (2030—2039)

Tax Credits: IRA 45U

Gross receipt dependent

Nuclear clean-electricity tax credits from January of 2030 to December of 2032

Total installed direct capital cost (DCC)

$397 million (in 2021

The contingency is included for all sizes of the HTSE plants

dollars)
Additional integration costs including mechanical $64 million The total DCC is calculated by adding the installed DCC and the additional integration
interface and switchyard for HTSE costs for HTSE
Additional integration costs including mechanical $32 million The total DCC is calculated by adding the installed DCC and the additional integration
interface and switchyard for LTE? costs for LTE
NPP capacity factor 93% The averaged factors for all the plant in US.
NPP thermal efficiency 34% The averaged factors for all the plant in US.

U Jacob Prosseretal. (2024). CostAnalysis of Alternative Large-Scale High-Temperature Solid Oxide Electrolysis Hydrogen Production Facilities. International Journal of Hydrogen Energy 49, pp. 207-227

2

Tyler Westover, et al. (April 18, 2023). Preconceptual Designs of Coupled Power Deliverybetween a 4-Loop PWR and 100-500 MWe HTSE Plants. INL/RPT-23-71939, Rev 1. htips://www.osti.gov/hiblio/2203699




Location-dependent Parameters

Parameter Waterford Riverbend Grand Gulf South Texas Comanche Peak
Electricity price $35/MWh $35/MWh $35/MWh $31/MWh $20/MWh
State Tax 9.45% 9.45% 9.45% 6.25% 8.25%
WACC 5.66% 5.66% 5.66% 5.73% 5.69%




Financial performance for NPP producing hydrogen before

and after tax credits =T

design for H2 plant but only 200 MWe qualifies for 45V Tax credits

Nuclear Waterford Riverbend Grand Gulf South Texas Comanche Peak
Plants
After
After After After After | After Tax Tax
Before Tax Before Tax Before Tax Before Tax Credit | Before | After Credit
Tax Credit Tax Credit Tax Credit Tax Credit (new) Tax Tax (new)
HTSE-pipeline $2.08 $0.25 $2.08 $0.25 $2.08 $0.28 $1.92 $0.09 $1.23 $1.49 | -$0.27 $0.87
LCOH (8kg-Ha) HTSE-industry || $2.08 $0.25 $2.08 $0.25 $3.00 $1.25 $1.92 $0.08 $1.23 $1.67 | -$0.11 $1.04
LTE-pipeline $3.18 $1.41 $3.18 $1.41 $3.18 $1.44 $2.95 $1.16 $2.31 $2.31 $0.63 $1.78
LTE-industry $3.18 $1.41 $3.18 $1.41 $3.90 $2.21 $2.95 $1.16 $2.30 $2.47 $0.75 $1.89
HTSE-pipeline $2.17 $0.34 $2.18 $0.35 $2.27 $0.47 $2.02 $0.19 $1.33 $1.86 $0.10 $1.24
LCOH+COD HTSE-industry $2.18 $0.35 $2.18 $0.35 $3.24 $1.49 $2.01 $0.17 $1.32 $1.96 $0.18 $1.33
($/kg-Hz) LTE-pipeline $3.29 $1.50 $3.29 $1.52 $3.40 $1.66 $3.06 $1.27 $2.42 $2.79 $1.11 $2.26
L TE-industry $3.29 $1.51 $3.29 $1.52 $4.14 $2.45 $3.04 $1.25 $2.39 $2.76 $1.04 $2.18
HTSE-pipeline | -$1687 | $1219 | -$1674 | $1228 | -$1552 | $1316 | -$1459 | $1306 -$233 -$532 | $1950 $408
($M)A:NI\FI’;/VH2_ HTSE-industry || -$1674 | $1228 | -$1674 | $1228 | -$119 $105 | -$1472 | $1296 -$243 | -$201 | $583 $100
NPVaau LTE-pipeline ! -$1769 $292 -$1769 $305 -$1651 $378 -$1531 $389 -$649 -$619 | $1019 -$21
LTE-industry | -$1760 | $299 ~$305 $43 $376 -$663 -$75
?

*LCOH: Levelized cost of Hydrogen

*COD: Cost of Delivery

*Entergy plants being a regulated public utility may not qualify for 45V being in a non-competitive market




Sensitivity Analysis STP (ANPV after tax credit)

(a) HTSE: Parameter Sensitivity of ANPV after tax ($ Million)

-$10,000 -$6,000 -$2,000 $2,000 $6,000
-$233
Electricity Price, S/MWh [122, 31, 17] [ | $801
Hydrogen Market Price, $/kg-H2 [0.9, 2.02, 7] -58,310 -S1,651 | I 54,734
Direct Capital Cost (Base), $ MM [900, 301, 151] -$1,763 |- N 597
Electrolyzer Plant Capacity, MW-dc [100, 500, 500] -$769 B -5233
NPP Capacity Factor, % [73, 93, 100] -$330(] -$201
Indirect Capital Costs Multipliers, % [50, 41.35, 20] -$260[—-5166
Weighted Average Cost of Capital, % [5, 5.73, 10] -5253 |~}—-5163

(b) LTE: Parameter Sensitivity of ANPV after tax ($ Million)

-510,000 -56,000 -$2,000 $2,000 $6,000
-5656
Electricity Price, /MWh [122, 31, 17] I, A 5384
Hydrogen Market Price, $/kg-H2 [0.9, 3.05, 7] 58,755 -$2,497 | I 52,025
Direct Capital Cost (Base), $ MM [900, 273, 136] -$2,770 - IR -5255
Electrolyzer Plant Capacity, MW-dc [100, 500, 500] -5931 I -5656
Weighted Average Cost of Capital, % [5, 5.73, 10] -$697|-1 -5486
Indirect Capital Costs Multipliers, % [50, 41.35, 20] -$681 |} -5595
NPP Capacity Factor, % [73, 93, 100] -$692 -$644 /‘_[_LJ:WRS
T —




Comparisons with blue Hydrogen (LCOHSs vs. elec price)

For example, for NPP-HTSE (left), H, sale price of $2/kg-H2:

-W/o PTC, LCOH would have to be $1.39/kg-H2 to compete with SMR LCOH w/ CCS
-W/ PTC of $1.2/kg-H2, LCOH would have to be $1.42 @ 35 $/MWh electricity price

Levelized Cost of Hydrogen, $/kg

(a) HTSE: Competitiveness with Respect to Electricity Price (b) LTE: Competitiveness with Respect to Electricity Price
$6.00 $6.00 —
&
¥ -
~
$5.00 v 55.00
c
Q
oo
$4.00 O sa00
$33.53,$2.02 4 $12.71,51.38
= I
$3.00 = ‘5 $3.00
$17.48, 51.39 - = b
=} $3.76,51.37
[&] ’ I 43.83,53.05
——————————————— Q = -—an an ar as an Gn G» G5 Sh G G Oh G5 G G o - .-
____________________ N o ?_@___.____-___--___--
SO0 T e e oS PSS STOYe Ll O T TS SYTETSY FYTSTI NTTTS FOYSTT SYSTYT RV SYTPTPY
$0.83,$0.73 s =
4 35.00, 51.42
$0.00 = $16.36, 50.74 $0.00 $0.35,50.73
S0 S10 $20 $30 $40 S50 S60 S70 $80 $90 $100 S0 S10 $20 $30 $S40 S50 S60 S70 S80 $90 $100
Electricity Price, $/MWh Electricity Price, $/MWh
—=NPP-HTSE, PTC=50/kg = =NPP-HTSE, PTC=51.2/kg —=NPP-LTE, PTC=50/kg = =NPP-LTE, PTC=51.2/kg
= Hydrogen Market Price (LCOH+COD) # Intersection Points —— Hydrogen Market Price (LCOH+COD) # Intersection Points
= = = | COH: SMR with CCS (correlated with NG price) @ seeee LCOH: SMR without CCS (Correlated with NG price) = = = | COH: SMR with CCS (correlated with NG price) @ essese LCOH: SMR without CCS (Correlated with NG price)

*Because design was already done for 500 MWe when clarification on 45V came out—to

pseudo adjust to 200 MWe at $3/kg-H2, the calculation here was re-run at $1.2/kg-H2 PTC

LWRS
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Comparisons with blue Hydrogen (LCOHs vs. NG price)
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(b) LTE: Competitiveness with Respect to NG Price
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Competitive analysis with respect to natural gas for hydrogen production through (a) HTSE or (b) LTE with
500 MW-dc of electrolysis design capacity, 20 years of plant life, 5.73% of WACC, user-defined electricity fixed

price, and hydrogen market price equivalent to summation of LCOH and COD.
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Total Carbon Emissions Reduction

* NG-SMR pathway:
9.4 kg CO2e/kg H2

e Nuclear HTE-SOEC:
0.35 kgCO2e/kg H2

94

GHG Emissions, kg COse / kg-H,
»

-

EWTG

-5
SMR SMR-CCS
Us Us
. NPPHTE-SOEC
Capacity H2 Production Emissions NG-SMR DeltaCOze
(tonnes/day) (kgCO2e/day) (kg CO2e/ day) (kg CO2e/ day)
500 MW 351 122,850 3,299,400 3,176,550

# Onsite
IRA limit for full
tax credit is
<0.45 kg of CO,
per kg of H,
1.5
_..0.'.2...___:‘___..0:_.._..01)___._..-
i by
SMR-LFG HTE-SOEC LTE-PEM LTE-PEM  Chlor-Alkali NGL Coal Gas.-CCS  Poplar Gas.
US LWR LWR Renewable uUs uUs Us UsS

H, Production Pathway

https://www.energy.gov/sites/default/files/2023-12/greet-manual_2023-12-20.pdf
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Designing and implementing configurations
for delivering nuclear heat to industrial
customers.

Developing a thermal energy transport loop
to transfer heat to industrial customers.

Conducting both time-dependent and steady-
state techno-economic analyses (TEA) to
understand the long-term viability and ensure
consistent evaluation of these applications.

Explore and develop
hybrid non-grid
applications of Light
Water Reactor (LWR)
nuclear energy,
specifically focusing on
using the generated
electricity and heat to
produce hydrogen and
supply heat to nearby
industries.



Case Study Selection~ Industrial Heat Opportunities

Light Water Reactor in Gulf Coast Region

Plant design

Thermal Electricity Capacity

Capacity Capacity Thermal Factor
NPPs in Gulf Coast (MW-th) (MWe-ac) Efficiency (As of 2022)
Browns Ferry 1 3458 1200 34.70% 90.0%
Browns Ferry 2 3458 1200 34.70% 100.0%
Browns Ferry 3 3458 1210 34.99% 87.3%
Comanche Peak 1 3612 1205 33.36% 88.7%
Comanche Peak 2 3612 1195 33.08% 100.0%
Farley 1 2775 874 31.50% 72.7%
Farley 2 2775 883 31.82% 93.6%
Grand Gulf 1 4408 1401 31.78% 73.1%
River Bend 1 3091 967 31.28% 100.0%
Saint Lucie 1 3020 981 32.48% 91.3%
Saint Lucie 2 3020 987 32.68% 96.2%
South Texas 1 3853 1280 33.22% 100.0%
South Texas 2 3853 1280 33.22% 90.8%
Turkey Point 3 2644 837 31.66% 100.0%
Turkey Point 4 2644 821 31.05% 91.3%
Waterford 3 3716 1168 31.43% 77.4%

* Industries Within the
Maximum Heat Delivery

Distance (~10 miles)

 Heat Demand

* Hydrogen demand is also

considered based on the

selected industries




Steady State Case
Definitions TEA



Case 0O: Base case/industry standard
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Compressor
Industry



Case 1: Steady State case providing baseload steam demand

Turbine

HP Saturated
Main Steam

Entergy
Nuclear
Plant

3716 MWth

This Case

*  Average steam
demand +10%

. Deliver HP steam
that can be let down
to MP and LP

. Extra steam can be
used for elect. gen.

 NoTES

Electricity

— Steam
- H2

extraction
~1115 MWth
900 psia, 532 F
2,965,000 Ibm/hr

|| m | e
Max possible 30% MS

l;‘)ndenser

Generator

Reboilers

Conditioning

Battery

A

System

h

-+ Storage
Grid
8 7
g =
N
l Al
7
_ > %l’!]l Industry 1
Conditioning ~miles _-
System
: ‘ Industry 2
Conditioning g %[ ]I
System ~miles
— 7

S ndustry 3

A




.‘ LWRS Case 2: Static case providing baseload steam demand

ER REACTOR

Turbi Generator - Battery
HP Saturated urbine . | Storage
Main Steam
| m | e
Max possible 30% MS
extraction
~1115 MWith
Entergy 900 psia, 532 F l_‘ Grid
2,965,000 Ibm/hr e
Nuclear Condenser rﬂ
Plant Z— 5 IH2
3716 MWth = Hydrogen
N O24 - o=H2 = Storage
> 111 ~140MT/day I
~36 MWth ‘U .I' i " (22,860 Ib/hr)
This Case 700-800 C 0ol T
* Average steam Steam ) g R
demand +10% 57,870 Ib/hr Hydrogen ElE E|Z
- Deliver HP steam Production T =
that can be let down M !
to MP and LP Z00ue f
. Extra steam can be > %l’!‘ll Industry 1
used for elect. gen. o ~miles
R No TES > &q > Conditioning
System
~ miles . v
Conditioning < f :
System Conditioning > %[ ]
v System ~miles
. —— — 7
Electricity (% ] : Industry 2
. A
— Steam Reboilers > %l’ ‘II |
— [ ]
H2 Industry 3




Waterford



Waterford
Candidates

 Dow
Chemical

e Occidental
Chemical

 Norco

,Waterford

Occidental
Chemical

X w1 < Bong (ms\m ’
= ’ ) f

Dow Chemical NorCo

L (

o.

'1 ln'

N0 Stal & -

i
z

sm.lu e

® DOW qate 14 & Vop:
truck control centerf.

Nu-Wayv-‘Q v e, .
Specialized Services :



.‘ LWRS Data Collection for Waterford NPP

LIGHT WATER REACTOR

Turbi Generator T Battery
urpine
HP Saturated e Storage
Main Steam
- | i ||
This case: ~18.6% MS
extraction
~693 MWth
mpaser
,842, m/hr —
Eluclfar Condenser g rﬂ
an = H2
P
3716 MWth ‘ ’ s Hydrogen
Max possible 30% MS A ©
extraction > | ' ~140MT/day _
~1115 MWth ~36 MWth -'*-'I' 1 (12,860 Ib/hr) 2| 8 o >
900 psia, 532 F 700-800 C = ; = -
2,965,000 Ibm/hr Steam — [
57.870 Ib/hr Hydrogen N w0 Q=
. ' Producti ~398 MWth /g NI
This Case roauction 604.95 pSIQ v ! ! %
+  Average steam 200MWe 719.29 F — z
demand +10% 1,056 Mib/hr _
«  Deliver HP steam — %l’!‘l Dow Chemica
that can be let down R Conditioning ~4.21 miles =
to MP and LP > P> System
. Extra steam can be ~ miles v
used for elect. gen.
* NoTES Conditioning | f
System Conditioning %l’ ‘I
v System ~187 MWth ;
Electricity " Shell Refiner 719.26F Occidental
_ Reboilers ~108 MWth 462,000 Ib/hr Chemical Corp :
- el e
— H 719.29 F a6 mi
SRR ;7 000 |b/h o miies




Data Collected for the Delivery of Nuclear Steam and
Hydrogen from Waterford to Dow Chemical

O Waterford

@ ~4.21 miles

O Dow Chemical

Thermal H2
Pipe Industrial Demand |Length |demand
Segment |User (MWth) ((mi) (mt/day
1 - 0.5
2 - 2.71
4 Dow 398 1.0 50.5




HP Saturated
Main Steam

Entergy
Nuclear
Plant

3716 MWth

This Case

Average steam
demand +10%
Deliver HP steam
that can be let down
to MP and LP

Extra steam can be
used for elect. gen.
No TES

Electricity

—— Steam
— H2

This Case: 11.6% M
extraction
~434 MWth
900 psia, 532 F
1,995,870 lbm/hr

Reboilers

Battery
____J Storage

~398 MWth
604.95 psig
719.29 F
1,056 Mlb/hr

. Generator
Turbine
Condenser
’ O2+4 A - Ho
> | ~140MT/day
~36 MWth | . (12,860 Ib/hr)
700-800 C
Steam
57,870 Ib/hr Hydrogen
Production
200MWe
_ Conditioning
- System

4

A

~4.21 miles

Grid

Er——— A2

Hydrogen

S @ |

< | Storage
l

8| £

£l s

N| w0

< O

1| 1O

v {

%l’ '|I Dow Chemical




Initial Modeling Set Thermal Delivery Loop Mode

Vapor compression
required to deliver HP
steam with specified
superheat

Calculate heat loss in
pipeline from NPP to
industry

Adjust superheat by
adjusting pressure of
TDL return

—_—
NPP main steam

532 F
*900 psia

————————————
Condensate to FWH

*275F
875 psia

-Compressor Rotor Power

Total Rotar [hp] 5.050e+004
Transient Rotaticnal [hpl 0.0000
Friction Loss [hp] 0.0000
Fluid [hg] 5.050e+004
A
P O - ADJ-1
Q-103 Q-102
K100
PIPE-100
. - =
TDLA TDL2 TDL3
*500 F 7455F 7386 F
525 psia 1225 1164 psia
psia
0 E-100 T
- By P
TDL return DL5 TDL4
1782 F *175 F
550 psia 1139 psia

1775F VLV-100
*100
psia

—
Q-100

~Dow

E-101

B

process
steam
supply
*T20F
615 psia

-

process
steam
feedwater
*100 F
*640 psia
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Inputs

TDL 2

Parameter Value

Final Temperature
Final Pressure
Mass Flow Rate

396.4 C (745.5 F)
84.5 bar (1225 psi)
143.3 kg/s (1.137e+6 Ib/hr)

Process steam supply

Parameter Value

Final Temperature
Final Pressure
Mass Flow Rate

382.2 C (720 F)
42.4 bar (615 psi)
132.4 kg/s (1.051e+6 Ib/hr)

Assumptions

‘_:

Dow~2 miles

Parameter Value

Return Temp
Distance

Q loss Max

Pipe Material

Pipe Mat Cost
Insulation Material
Insulation Mat Cost
Electricity Cost (pump)
Project Lifetime
Interest Rate

Max Velocity

50 C (122 F)
3.2km (2 miles)
2%

SS-316
$7/kg
Mineral Fiber
$12.3/kg
$0.168/kWe
30 yr

5%

50 m/s



o ns

LIGHT WATER REACTOR
uuuuuuuuuuuuuuu

TDL 2

NPS 24 Sch 80

Insulation Thickness 49mm
Pressure drop 11.7 bar
Temperature Drop 19.6 C
Total Length 6km

106 Expansion Loops

Pipe mat OCC $18.99 M
Pipe ins OCC $92,000

Pipe OPEX Cost $6.94 M/yr

;_:

Process Steam Supply

NPS 24 Sch 40

Insulation Thickness 47mm
Pressure drop 14.7 bar
Temperature Drop 26 C
Total Length 6km

101 Expansion Loops

Pipe mat OCC $10.88 M
Pipe ins OCC $87,100

Pipe OPEX Cost $14.7 M/yr



Conclusion

» Quite large pressure drops, could be reduced but would require larger more expensive
pipes.

The expansion loops almost double the length of the pipeline due to the high operating
temperatures.

Parallel pipelines would reduce pressure drop and operating cost, while increasing
capital cost.

Would need around 450 supports for each pipeline (every 12.8 m for NPS 24).
Cost for supports, labor, and welding not included.
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LIGHT WATER REACTOR
INABILITY

Updated Waterford Case Inputs

Common Inputs

Parameter Value

Pipe material 55-316
Insulation material Mineral Fiber
Heat loss 1% per mile
Electricity price $0.168/kWh

Delivered steam temperature

719.28F(381.8C)

Delivered steam pressure

604.95 psig (42.7 bara)

Project time 20vyears
Discount rate 5%
Return condensate pressure 10 bara
Return condensate temperature 50C

Mote: OPEX is equal to the pump power required to pump condensate to overcome pressure drop along the

pipe.

Pipe Segment Industrial User Thermal Demand Length (miles)
1 - - 0.50

2 - - 1.35

3 Occidental 187 0.61

4 - - 1.36

5 Dow 398 1.00

Mote: Steam demand is assumed to be at the same conditions for both users, and flow rates are calculated to

he thermal demand divided by the difference in the enthalpy between the delivered steam condition and

condensate return condition, taking into au:u:ountithe heat loss along the pipe segments.
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LIGHT WATER REACTOR
SUSTAINABILITY

\_______‘__

Modified Model

-103
K100 a z%_ /@4
process

process process

o prep— steam steam  E-101steam
NPF_' (legn steam 12%510 sy glxé gggwgrgd gggcg?nsate I n p u tS tO DOW
62.05 bpr 29.36 bar *98.1 91.02 11.02 bar
bar bar
Parame Value
— 1< E-100 . .
Distance 4.21 mile (6.8 km)
Q delivered 398 MW
- = CIEE R 16.75
%%r%dgnsate to FWH feedwater
O 3778C Mass flow rate 140.2 kg/s
Q-fuperheat Q-102-2 -104-2
NPP PIPE}100-2-2
main —l
;t%,a?é TDL1-2 process process steam process steam
%5205 =~ E-100-2 *260 CE-102 steam delivered-2 E-101-2 condensate-2
bar 46.92 supply-2 4555C *50 C
bar *468.1 C 26.15 bar 10.15 bar
Condensate 46.92
to FWH-2 bar
*135C
60.33 bar
process
steam
feedwater-2
*37.78 C

48.64 bar



Dow Chemical
Supply Pipe

NPS 24 Sch 40
57.5 mm

$2.96 Miyr

$24.69 M

$0.98 Miyr

123

8.4 miles (13.5km)
36.0 bar

720C

This would require the steam to be sent from the NPP at
78.7 bar and 453.8 C Because this pressure/Temperature
is higher than what the NPP can provide the AP has to be
made up with a compressor not a pump. This would
increase the OPEX by ~30 times.

Return Pipe

NPS 14 Sch 5
34.5 mm

$0.46 Miyr

$3.38 M

$0.18 Miyr

284

8.4 miles (13.5km)
8.86 bar

1.93C

Condensate is returned to NPP at 1.14 bar and 8.86 C

Total Case 1 Costs

$3.42 Miyr
$28.07 M
$1.16 Miyr




Results

MVC power requirement: 53.2 MW
koo Q-103 p|p% /ﬁg@

process process

NPP main steam TDLA steam steam  E-101steam
277.8C * supply delivered condensate
< 260 C IR 463.4 C *50 C
62.05 ber 29.36 bar *98.1 91.02 11.02 bar
bar bar
— Y E-100
ptroc‘;ss
PR
Condensate to FWH focdtmater
O e RN
SET-1 . 31.09 bar
— i
Q-fuperheat Q-102-2 1042
NPP PIPE}00-2-2
main ‘Q/ il it
gtﬁa?é TDL1-2 process process steam process steam
%5205 =~ E-100-2 *260 CE-102 steam delivered-2 E-101-2 condensate-2
bor 46.92 supply-2 4555C *50 C
bar *468.1 C 26.15 bar 10.15 bar
Condensate 46.92
to FWH-2 bar
*135C
60.33 bar
process
steam

reedwater-Z

48.64 bar

Electrical heater power requirement: 77.9 MW

 MVC pressure ratio: 3.070

« Rerun analysis for electrical
heating case with a specified
pressure drop of 4.22 bar



O Waterford

~4.21 miles

» OQDow Chemical

~2.46 miles
Thermal H2
Pipe Industrial Demand |Length |demand
Segment |User (MWth)  |(mi) (mt/day
0.5
2.71
3 Occidental 0.61
Corp
4 - 1.36
5 Dow 398 1.0 50.5

» O Occidental Chemical Corp




.‘ LWRS Steady State Data collection case providing baseload steam and Hydrogen demand~ Dow and Occidental Chemical

LIGHT WATER REACTOR ‘ O rp

Turbi Generator — + Battery
HP Saturated urbine N Storage
Main Steam
| m ||
This case: ~15.7% MS
extraction
~585 MWth
wopar
, ) m/nr -
E:Jacr:far Condenser g ﬂﬁ
~ IS 2
3716 MWth ‘ ’ = Hydrogen
- O24  [=H2 © Storage
Max possible 30% MS A ©
extraction > | ~140MT/day _
~1115 MWth ~36 MWth ;_,|' J’ (12,860 Ib/hr) 2| 3 0| =
900 psia, 532 F 700-800 C = ; é -
2,965,000 Ibm/hr l:_S);e8a7r(r; . Hydrogen &. - o E
’ . ~398 MWth S| 2 oo
This Case Production 604.95 psig IVL? U | o
+  Average steam 200MWe 719.29 F — z
demand +10% 1,056 Mib/hr _
«  Deliver HP steam — %l’!]l Dow Chemica
that can be let down Conditioning ~4.21 miles =
to MP and LP > &q > system
. Extra steam can be " | !
used for elect. gen.
- NoTES _ -
Conditioning ~2.46 miles > %l’ ‘ll
v System ~187 MWth .
Electricity x 719.26F Occidental s —
S Reboilers 462,000 Ib/hr Chemical Corp
Steam 170 psig ‘
— H2
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LIGHT WATER REACTOR
SUSTAINABILITY

kJtoo Q-103 PIP
process process process
NPP malin steam TOL1 steam steam E-101steam
2778 C *260 C supply. delivered condensate
62.05 bar 29.36 bar *98.1 91.02 11.02 bar
bar bar
1) £100
ptroc'gss
—_—
C%%nsdgnsate to FWH ?e:glmater
i *37.78 C
SET-1 60.33 bar 31.09 bar
——t - |
Q-fuperheat Q-102-2 104-2
m‘;iﬁ PIPE}100-2-2
F —
gt}%@g\—g TDL1-2 process process steam process steam
6205 E-100-2 *260 CE-102 steam delivered-2 E-101-2 condensate-2
bar’ 46.92 supply-2 455.5C *50 C
*468.1 C 26.15 bar 10.15 bar
Condensate 46.92
FWH-2 bar
*135C
60.33 bar

process
steam
feedwater-2

Inputs
1+2

1.85 mile (2.98 km)

Q delivered 595.53 MW

11.02 MW

197.80 kgls
3

0.61 mile (0.98 km)
187 MW
POl 114 MW

63.23 kg/s

4+5

2.36 mile (3.80 km)
398 MW

9.39 MW

134.57 kg/s



‘-._\__—__

Dow and Occidental Corp

Supply Pipe
445
1+2
NPS 24 Sch 60 NPS 24 Sch 30
38.5mm 54.5 mm
$2.15 Miyr $1.34 Miyr
$14.95 M $11.35M
$0.95 Miyr $0.43 Miyr
Number of Expansion Loops [h! 67
3.7 miles (5.9km) 4.7 miles (7.5km)
24.0 bar 16.9 bar
36.6 C 406 C
3
NPS 18 Sch 40s
92.0 mm Because this pressure/Temperature is higher than what the
$0.16 M/yr : :
$1.47 M NPP can provide the AP has to be made up with a compressor
ORI not a pump. This would increase the OPEX by ~30 times.
19
1.2 miles (1.9km)
3.71 bar

103C



Return Pipe

142 4+5

NPS 18 Sch 5
28 mm

$0.23 Miyr
$2.01 M
$0.07 Miyr

Number of Expansion Loops kK]

NPS 18 Sch 5
44.5 mm

$0.27 Miyr

$2.60 M

$0.03 Miyr

146

3.7 miles (5.9km) 4.7 miles (7.6 km)
2.3 bar 1.4 bar

09C Temperature drop 1.17C

3 Condensateis returned to the NPP at 6.3 barand 48.2 C

NPS 10 Sch 5
66 mm Total Case 2 Costs
$0.04 Miyr

Total 0CC 50,33 M

OPEX $0.01 M/yr
Number of Expansion Loops B S0 i
Total pipe length 1.2 miles (1.9km) Total OCC $32.71 M

10 bar 5 61,53 iy
03 c




Model Results

MVC pressure ratio: 3.24

Rerun analysis for electrical
heating case with a specified
pressure drop of 4.22 bar

Kfim Q-103 p|p@
process process process

NPP main steam TDL1 steam steam E-101steam
2778C *260 C gugglv delivered condensate
*62.05 bar 29.36 bar 1468 C 463.4 C 50 C
98.1 91.02 11.02 bar
bar bar

— < E-100 )
MVC power requirement: 78.3 MW
p{oc?ss
PR
Condensate to FWH ?ezgmater
& S,
SET-1 - 31.09 bar
_q " -
Q-fuperheat Q-102-2 104-2
NPP PIPE}100-2-2
main ‘9/ P —
3%??'5 TDL1-2 process process steam process steam
*62.05 E-100-2 *260 CE-102 steam delivered-2 E-101-2 condensate-2
bar 46.92 supply-2 4555C *50C
bar *468.1 C 26.15 bar 10.15 bar
Condensate 46.92
to FWH-2 bar
*135C
60.33 bar
process
steam
feedwater-2
*37.78C
48.64 bar

Electrical heater power requirement: 114.0 MW



Equipment Costs
MVC:

« Atlas Copco: ongoing pilot project in Netherlands using mechanical
vapor recompression (MVR) to upgrade low-pressure steam to supply
energy.

— Pressure ratio of ~4
— COP 7.5 (every 1 MW electricity produces 7.5 MW thermal energy)
e Chart/Howden: MVR blower and compressor
Electrical resistance heating:
e Thermon Vapor Power
« Chromalox steam boiler
« HTSE topping heaters- high temp products
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LIGHT WATER REACTOR
SUSTAINABILITY

Steam Integration Costs (SL-016181, Rev. 1 )

* 105 MWth extraction case
for integration with HTSE
* Provides costs for mods to
divert steam

su Process
Description Notes Quantity Cost Equipment Material Cost ~ Man Hours Labor Cost  Equip Amount  Total Cost
Cost
STEAM SUPPLY
CIVIL WORK
EXCAVATION
FOUNDATION EXCAVATION, CLAY USING 1 CY BACKHOE HYDROGEN INTERFACE EQUIPMENT 19422 CY - - 53 4224 938 5,158
FOUNDATION EXCAVATION, CLAY USING 1 CY BACKHOE  (2) DRAIN COOLER FOUNDATIONS 3956 CY - - 1 860 190 1,081
FOUNDATION EXCAVATION, CLAY USING 1 CY BACKHOE  (2) DEMINERALIZED WATER TANK AND 20333 CY - - 55 4422 are 5,400
PUMP
FOUNDATION EXCAVATION, CLAY USING 1 CY BACKHOE  (2) STEAM REBOILER 21733 CY - - 59 4,726 1,048 5772
TRENCH EXCAVATION 6FT TO 10FT DEEP, DENSE HARD  BURIED R/Q SUPPLY PIPE 117448 CY - - 106 845 1,870 10,321
CLAY USING 0.75 CY EXCAVATOR
EXCAVATION 284 22,683 5019 27,701
DISPOSAL
DISPOSAL OF EXCESS MATERIAL USING DUMP TRUCK, 4 HYDROGEN INTERFACE EQUIPMENT 19422 CY - - 19 140 330 1.821
MI ROUND TRIP
DISPOSAL OF EXCESS MATERIAL USING DUMP TRUCK. 4  (2) DRAIN COOLER FOUNDATIONS 3956 CY - - 4 4 &7 n
MI ROUND TRIP
DISPOSAL OF EXCESS MATERIAL USING DUMP TRUCK, 4 BURIED R/O SUPPLY PIPE 42293 CY - - a0 2435 539 24973
MI ROUND TRIP
DISPOSAL OF EXCESS MATERIAL USING DUMP TRUCK, 4  (2) DEMINERALIZED WATER TANK AND 20333 CY - - 20 1,561 348 1.008
MI ROUND TRIP PUMP
DISPOSAL OF EXCESS MATERIAL USING DUMP TRUCK. 4  (2) STEAM REBOILER 21733 CY - - 21 1,668 389 2,037
MI ROUND TRIP
DISPOSAL 93 7,458 1,650 9,108
BACKFILL
FOUNDATION BACKFILL, SELECT STRUCTURAL FILL HYDROGEN INTERFACE EQUIPMENT 7002 CY - - 2241 17 1,344 297 3.882
FOUNDATION BACKFILL, SELECT STRUCTURAL FILL (2) DRAIN COOLER FOUNDATIONS 3629 CY - - 1,161 9 696 154 2,012
FOUNDATION BACKFILL, SELECT STRUCTURAL FILL (2) DEMINERALIZED WATER TANK AND 8751 CY - - 2,800 21 1,679 vz 4.851
PUMP
FOUNDATION BACKFILL, SELECT STRUCTURAL FILL (2) STEAM REBOILER 12216 CY - - 3,909 29 2,344 518 B8.772
TRENCH BACKFILL, PREVIOUSLY EXCAVATED MATERIAL BURIED R/O SUPPLY PIPE 1.045.14 CY - - 125 10.027 2,218 12.248
TRENCH BACKFILL, SAND BEDDING BURIED R/O SUPPLY PIPE 40066 CY - - 6.811 63 4.997 1,108 12.914
BACKFILL 16,923 264 21,087 4,666 42,676
FENCEWORK
SECURITY AND FENCING MODIFICATIONS 1.00 LS 200,000 - 200,000
FENCEWORK 200,000 200,000
CAISSON
3FTDIAX 8 FT DEEP CAISSON PIPE RACK PIERS - EACH CAISSON = 180.00 EA 367,380 - 367,380
1.57CY X §1,300 = 52,041 EA.
CAISSON 367,380 367,380
CIVIL WORK 567,380 16,923 641 51,227 11,335 646,865
CONCRETE
CONCRETE
MAT FOUNDATION LESS THAN 5 FT THICK, 4500 PSI HYDROGEN INTERFACE EQUIPMENT 13333 CY - - 19,233 267 18,216 3472 41021
MAT FOUNDATION LESS THAN 5 FT THICK, 4500 PSI (2) DRAIN COOLER FOUNDATIONS 2800 CY - - 1,160 16 1,092 208 2,481
MAT FOUNDATION LESS THAM § FT THICK, 4500 PSI (2) DEMINERALIZED WATER TANK AND 127.24 CY - - 18,449 254 17,383 3.3 30,145
MAT FOUNDATION LESS THAN 5 FT THICK, 4500 PSI (2) STEAM REBOILER 11111 CY - - 16,111 222 15,180 2,803 34,184
CONCRETE 55,053 759 51,872 9,867 116,812



South Texas Project



Thermal

Pipe Segment Industrial User Demand Length (mi)
(MWth)
1 6.11
2 LyondellBasell 0.12
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LIGHT WATER REACTOR
SUSTAINABILITY

o Ccotot ¢

5 Partne 6 PN

b ey
Bay 3 GolfiC 4

3ay-Cel EishingRi

“hgistics)
rers|LLPs

d
Y,

'Corporatior

@Air Liquidetar
o INdustriesiBayICity TX

EEG'Polymers @ "
£ 9

Thermal
Pipe Segment Industrial User Demand Length (mi)

(MWth)

1 - 4.71

2 Rohem America 1.35

3 - 0.11

4 oxea 1.40

Corporation
5 - 0.36
6 EFG Polymer 1.70







Case 0: Dynamic Base case/industry standard

Heat
Recovery
Steam
Generator
_ Condensate
Turbine >
L
Feedstock @
Steam
—> _
I [
A
("3 ") (") ("
Natural Gas
Generator v
. f
AT - =
[ ]

Compressor
Industry



I -
Entergy

Nuclear
Plant

3716 MWth

* Hourly steam
demand data
provided into
HERON

Electricity

— Steam
— H2

Case 1: Dynamic case providing baseload

HP Saturated
Main Steam

Max possible 30% M
extraction
~1115 MWth

Turbine

E%..

S

Generator

'&E‘E‘E"'

steam demand

Battery
~ ) Storage

Reboilers

h

Industry 3
- el

A

900 psia, 532 F Grid
2,965,000 Ibm/hr --
Condenser rﬂ
H2
‘ ’ Hydrogen
@ |I
R Storage
3 ®
g =
N
I
7
— B nowsi
- Conditioning Y "
¢ T - _ System
~ miles 5 ‘ Industry 2
TES Conditioning < ~mil '
System Conditioning miles >
7y System [ ]
I




Entergy
Nuclear
Plant

3716 MWth

* Hourly steam
demand data
provided into
HERON

Electricity

— Steam
— H2

HP Saturated
Main Steam

Turbine

Max possible 30% MS
extraction
~1115 MWth
900 psia, 532 F
2,965,000 Ibm/hr

Battery
____J Storage

Reboilers

l—‘ Grid
Condenser rﬂ
> Hz
‘ ’ o Hydrogen
N Ot p—=He = Storage
> | ~140MT/day ’
~36 MWth il | b (12,860 Ib/hr)

700-800 C NS
Steam d RS ol >
57,870 Ib/hr ~ Hydrogen E| 2|8
Production ‘13 L1 E
l

200MWe 3

_ > %[!‘ll Industry 1
. &q .| Conditioning ~miles e
l T ~ miles System | Industry 2
A v
TES Conditioning < ( X
System Conditioning . %[!]
System ~miles
I
Industry 3 i |
S—




Dow Chemical Steam Demand

« Synthetic hourly steam demand for
2022 from INL/RPT-24-78505

e Max thermal demand =510 MW

HP
MP
LP

Average
Steam

Demand
(Mlb/hr)

697
151
168

Max
Steam
Demand
(Mlb/hr)

1,029
433
476

600

500

s
=}
S

300

200

Energy balance (MW)

100

SCO

Average Average Enthalpy

Pressure Pressure Temperature | Saturation | Superheat | Available
Level (PSIG) (3] Temp (F) (3] (btu/lbom)
600 604.95 719.29 489.70 229.59 | 1242.32
200 210.00 484.18 391.75 92.43 | 1138.15
75 76.75 308.32 321.00 (12.68)| 1068.45

——Heat Demand ~ ——Electricity in need from grid

LA REa S e || S mae T T

0 1000 2,000 3.000 4,000 5,000 6,000 7.000 8.000

Time (h)



Steam Demand Profiles

Occidental Cogen Plant

« Mainly providing steam for Oxychem plant which produces ammonia, urea,
and methanol.

* The Carrolton chemical plant (INL/RPT-24-78505) is located in Kentucky and
produces of ethylene glycol, ethylene, and butyl rubber.

» Leverage the Dow in St. Charles demand and scale the data based on peak
demand

Norco Refinery

* Energy Efficiency and Integration in the Refining and Petrochemical
Industries (2016)

— https://infoscience.epfl.ch/server/api/core/bitstreams/6026990e-1a23-
4792-ab7a-9d1db7690483/content




Research status of Task 3 [Feb. 26, 2025]

 [Ongoing]| Expand NIHPA to include heat/steam as part of the products
'Done] Additional costs of the piping per MWth

'Done] Additional sale price for the steam

Pending] Additional costs of heat storage CAPEX and O&M

Mode switching design
» Electricity sales only (BAU)

« Hydrogen production only

« Steam production only

- Combinations of Hydrogen and steam generation

- Combination of hydrogen and electricity generation

- Combination of steam and electricity generation

- Combination of hydrogen, steam, and electricity production
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Tool Mode Section

Energy gen.

H2 Production Only

H2 Production Only

Changes made to NIHPA to include steam costs

Profit and Loss Statement (H2 Production Only)

Electricity Production only Construction Operation Operation Operation Operation
\ Steam Production only Actual Year 2029 2030 2031 2032 2033
H28&St 0 ! 2 3 N
€am Revenue
H2&elec Source 1 (Hydrogen sales) OM 3574M  357.4M  357.4M  357.4M
elec&steam Source 2 (Steam sales)
3 H2&steamé&elec Source 3 (Electricity sales) OM 98.8 M 98.8 M 98.8 M 98.8 M
Total OM 456.2 M 456.2 M 456.2 M 456.2 M
Cost contributors for LCOH Values in 2023 User-defined Values|
Dollar Value N 2023 5023 Levelized cost of Hybrid Production
Hydrogen Market Price $/kg-H2 $3.00 Variable O&M Cost OM 139.7 M 139.7 M 139.7M 139.7 M
Natural Gas Price $/MMBtu $3.00 Variable Operating Costs (Feedstock, Utilities) .0OM 139.7 M 139.7 M 139.7 M 139.7 M
Electricity Sale Price $/MWh $35.00 HTSE: Total Electricity Cost 131.5M 131.5M 131.5M 131.5M
Steam Sale Price $/MWh-th $8.00 $8.00 HTSE: Total Thermal Energy Cost 7.8M 7.8 M 7.8 M 7.8 M
Electricity Production Costs from NPP $/MWh $30.00 $30.00 HTSE: Total Process Water Cost 4M 4AM AM A4 M
Thermal Energy Cost from NPP $/KWh $0.01 HTSE: Total Coolant Water Cost AM AM AM AM
Utilities: Process Water Cost S/gal $0.0026242 Industrial usage: remaining steam production costs
Utilities: Coolant Water Cost $/gal $0.0000262 Industrial usage: remaining electricity production costs
Total DCC per kW-dc (exclude integration costs $/kW-dc $677 NPP speciﬁc inputs
Direct Capital Cost (Base) $ MM $339 M 2023
Additional DCC (Integration costs) $ MM $72M $64 M 2021 Parameters Units pimulation Valuey User-defined Values
Additional DCC (Steam delivery) $ MM $28 M $28 M 2023 - 5
Additional DCC (Storage) $ MM M NPP Capacity Factor Yo 93.00%
NPP Thermal Efficiency % 34.00%
Annual Variable O&M Costs $M $139,393,648| (Npp Design Capacity MW-th 3716
Total Variable O&M per k\W-dc $/kW-dc $3,206| |NPP power to electrolysis MW-ac 538
HTSE: Total Electricity Cost $lyr $131,489,352| |steam to the industrial users MW-th 1021 1021
HTSE: Total Thermal Energy Cost $ryr $7,819,462| |Remaining electricity to be sold on grids MW-ac 346
HTSE: Total Process Water Cost $lyr $369,756
HTSE: Total Coolant Water Cost $lyr $59,640| [Financial inputs
Industrial usage: remaining steam production costs $lyr $84,834| |Depreciation Type - MACRS
Industrial usage: remaining electricity production costs $lyr $84,646,881 Depreciation Period yrs 5 5




« Test and run Heron Inputs on HPC Research status of Task 4

— [Done] Install HERON and RAVEN on HPC
— [Done] Run the input files on HPC [Feb . 191 2025]

— [Done] Parallel computation on HPCs
* Review the HERON inputs
— [Done] Meeting with So-Bin to review the current HERON input

* So0-bin has run 3, 10, 20 years for HERON using dynamic electricity and shows that 300 MW is
the most profitable case (Ask So-bin to presentin the next meeting)

— [Ongoing] Incorporate the following items into HERON based on the priorities

« [Tested] NPP capacity factor of 0.93 was incorporated.
« [Tested] H2 PTC based on IRA (The updated IRA 45V policy)
» [Tested] Depreciation
« [Tested] Stack degradation rates
» [Tested] Stack replacement schedule
« water costs (optional)
« H2 transportation costs (optional)

« [Next Step] Run static analysis in HERON and make sure it is consistent with NIHPA



Run static analysis in HERON and make sure it is
consistent with NIHPA

« Benchmarked results: Yearly cash-flow in HERON

— CAPEX, fixed O&M, variable O&M, stack replacement schedule, revenue from electricity
sales and hydrogen sales

« Ongoing work
— Depreciation costs with the five-year depreciation
— Steam sales and costs included in HERON and NIHPA
— Update stack replacement schedule

[Existing] annual replacement with specific percentage (may not be practical)

[Option 1] Replace the stack every five years butincrease power usage every year to consider the stack
degradation for keeping the constant hydrogen production rate [Look for experimental data on this]

[Option 2] Replace stacks every five years but decrease the hydrogen production every year until the
replacement.
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