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Motivation

Why combine nuclear power and data-center cooling?
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Growth in Data-Center Electricity Demand

£ 1000
'_
750 = Al is driving rapid
growth in data-center
500 electricity demand.
250 = Global demand is
projected to more than
: double from 2024 to
2020 2024 2030 2030.

Accelerated servers ® Conventional servers ® Other IT equipment
Cooling Other infrastructure

Source: IEA, Energy and Al (2025), Fig. 2.11, p. 64.
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https://www.iea.org/reports/energy-and-ai/energy-demand-from-ai

Data-Center Electricity Breakdown

Share of total facility electricity by equipment and data-center type, 2024

! mServers = Servers dominate
Storage electricity use,

All data centres

| W Network followed by cooling.
. Cooling
Enterprise Other
infrastructure s At hyperscale, a

Colocation and
service provider

small cooling share
: : still represents
: l _ substantial electricity
' ' use because total
demand is large.

Hyperscale

20% 40% 60% 80% 100%

| Data centers are integrated energy systems coupling electricity and cooling.
Source: IEA, Energy and Al (2025), Fig. 2.2, p. 53.
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https://www.iea.org/data-and-statistics/charts/share-of-electricity-consumption-by-data-centre-and-equipment-type-2024

SMRs Couple Thermal and Electric Output

= Small modular reactors

—
[ (SMRs)
%@ Electricity Fission heat drives the steam
— ' cycle.
Transformer L tpe@t = Coupled heat and power
o - | Electricity and useful heat share
: ’_“: =/ TE'—J;_ ‘ the same reactor energy input.

Seawater E . r==y Potable
i T Ep = Complementary services
= ()’ Desalination Plan! o

i Data centers need electricity and

SMART: electricity + heat for desalination cooling.

| SMRs are integrated energy systems with coupled heat and power outputs.
Source: IAEA (2019), Fig. 12, p. 36.
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https://www-pub.iaea.org/MTCD/publications/PDF/P1862_web.pdf

Three Questions We Investigate

Q1 Can a colocated SMR supply a data center at lower cost than the
grid?

Qz Does adding steam-driven cooling reduce total cost compared
with electricity-only SMR supply?

Q3 Under what capital, market, financing and carbon conditions
does SMR supply become competitive?

Motivation | 8



Technical Background

Cooling demand, SMR heat and system coupling




How Do Data Centers Remove Heat?
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IT equipment
d *p = Collect heat
: — Air or liquid removes heat from IT
Air or liquid .
heat collection equipment.
l = Move heat
Cooling plant The facility cooling system carries
heat toward an outdoor sink.

Outdoor heat = Reject heat

|2 The outdoor system transfers heat

Evaporative heat rejection consumes water. to the environment.

| Heat collection is one step in the complete heat-removal path.
Source: DOE (2024), pp. 14-22.
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https://www.energy.gov/sites/default/files/2024-07/best-practice-guide-data-center-design_0.pdf

Heat Collection Methods

—
— | =1 |
D ——
’ El > Cold plate 1,

— =

Cool air Warm air Liquid loop Dielectric fluid
Air cooling Cold plates Immersion
Air carries heat away Liquid in cold plates Electronics transfer heat
from IT equipment. removes heat from chips. to a nonconductive fluid.

| All three methods still require heat rejection outdoors.
Source: DOE (2024), pp. 14-15, 20-22.
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https://www.energy.gov/sites/default/files/2024-07/best-practice-guide-data-center-design_0.pdf

Two Ways to Produce Chilled Water

Electricity ——— Electric chiler ——— Chilled water

Heat —— Absorption chiller ——— Chilled water

Steam or hot water

Absorption chillers also use electricity for pumps and auxiliaries.

| Both supply chilled water, but use different driving energy.
Source: DOE (2017), pp. 1-2.
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https://www.energy.gov/sites/prod/files/2017/06/f35/CHP-Absorption%20Chiller-compliant.pdf

Absorption-Chiller Cycle

= Create cooling
Heat in Heat out Water refrigerant evaporates

(€LY =17 1(eYal refrigerant vapor at low pressure, cooling the
B (desorber) Condenser .
' chilled-water loop.
1
1

1
@ Solution | Expansion = Regenerate with heat
L PUMP L solution X valve Heat releases refrigerant from
X return LiBr solution, replacing
Y
1
1

compressor work.
---  Absorber <«————— Evaporator
refrigerant vapor

l T _ = Reject heat outdoors
Heat out T heatin The condenser and absorber
Single-effect principle. Study model: double-effect LiBr unit. release heat while pumps use

electricity.

| Evaporation produces cooling in a heat-driven cycle.
Source: DOE (2017), Fig. 1, p. 2.
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https://www.energy.gov/sites/prod/files/2017/06/f35/CHP-Absorption%20Chiller-compliant.pdf

SMR Heat Sources

Turbine work drives electricity generation

Reactor . High-prgssure . Low-prgssure »  Condenser
turbine turbine é
1 Main steam 2 Intermediate steam 3 Low-grade heat
Steam before turbine Steam after partial turbine Condenser heat usually
expansion. expansion. needs upgrading for

absorption cooling.

| Match the heat-source temperature to the cooling technology.
Source: IAEA (2019), pp. 34, 25. DOE (2017), Table 1, p. 1.
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https://www-pub.iaea.org/MTCD/publications/PDF/P1862_web.pdf
https://www.energy.gov/sites/prod/files/2017/06/f35/CHP-Absorption%20Chiller-compliant.pdf

The Heat Source Determines the Tradeoff

Main steam More forgone generation for comparable heat delivery.

Int diate st Retains upstream turbine work but requires extraction
ntermediate steam equipment.
Heat upgrading can add equipment cost and electricity

Low-grade heat
use.

| Cooling savings must cover added equipment, lost power and auxiliary energy.
Source: IAEA (2019), pp. 15-17, 25. DOE (2017), pp. 2—4.
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https://www-pub.iaea.org/MTCD/publications/PDF/P1862_web.pdf
https://www.energy.gov/sites/prod/files/2017/06/f35/CHP-Absorption%20Chiller-compliant.pdf

Connecting SMRs and Data Centers

Data center = Electrical pathway
electricity Power serves IT and the
IT load electric chiller.

Y

= Thermal pathway
SMR Electric

plant <hiller — Selected steam supplies the
Cooling absorption chiller.
load . .
heat | Absorption = Joint operation
chiller Cooling choices affect both
via isolated loop chilled water electric output and electricity
demand.

| Assess thermal coupling by modeling power generation and cooling together.
Source: IAEA (2019), pp. 3-4, 18.
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https://www-pub.iaea.org/MTCD/publications/PDF/P1862_web.pdf

System and Optimization

Components and constraints, then least-cost operation




System Layout

SMR cogeneration plant

(VCC)

1 1
1
: HP turbine LP turbine :
1
1 1
electricit .

: steag /‘ A y +<»| ERCOT grid
| \‘ ! PCC 300 MW
: generator :
X extraction { X 4
! ! BESS

condenser |
| Absorption : 128 mwh
1 - A T >
! : Al 1 chilled water |
I T ! 4 .
| BWRX-300 , : : : Electric chiller | Data center optional (G3)
| reactor ! ' ' | [REISCHICCIES 200 MW, IT

1 1

| I
1 1

| The SMR supplies electricity and steam to meet data-center power and cooling loads.
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Overall Optimization Formulation

Minimize muin TAC = CZ' + Cogm + Cpye + ©

cap

grid + (DCOZ - (I)ptc

u: dispatch over 8,760 hours. @, credit on net nuclear generation.

Constraints Inputs
Power balance Hourly data
P+ PJ = P+ Pooot + Py IT load, weather, electricity prices and

grid carbon intensity.

Cooling balance
_ dem Equipment and costs
+ =
Qa+ Qv = Crool Fixed capacities, capital and fuel costs,
Operating constraints O&M and financing.
Capacity limits, ramping and outages.

. , Policy assumptions
Chiller performance and steam extraction losses.

Carbon price and 45Y credit rate.

KANSAS STATE | mi ers Department of
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IT Load and Electric Cooling

Electric-chiller baseline

IT electricity Cooling demand Chiller electricity
— dem __ — _ 9
P Qcool Honn h P, = COP,
Cooling demand Electricity needed
1en = 0.90: modeled chilled-water delivery COP (coefficient of performance) = cooling
efficiency. output / electric input.
Electric-only baseline: O, = Qggg? Design COP: 3.2 at 26 °C wet bulb. Actual

COP varies with load and weather.

| IT load sets cooling demand, and chiller performance determines the extra electricity.

KANSAS STATE Mike Wiegers Department of
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Reactor Operating Constraints

Thermal output P, (1), in MW,,

= Maintenance and refueling

_ 701 scheduled hours give 92%
435 < P, (1) <870 online annual availability.

P, =0 maintenance = Dispatch formulation
Given maintenance schedule,

|Prx(t) - Prx(t - 1)| < 261 ramping . .
continuous output when online.

| Reactor output follows hourly dispatch within capacity and ramping limits.
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Turbine Model

Part-load performance

== Willans model - - Constant efficiency
=== Full extraction

350
300
250
200
150
100

Pg (MW,)

435 550 650 750 870
Reactor thermal output P, (MW,,)

Electric output (online)

Ptg = ay Py — by — 2, Oy

Pr=(1- gaux)Ptg

Steam extraction reduces electric
output. Both outputs are zero during
outages.

Py, Py: gross and net power.
Q.- heat extracted for cooling.

| Steam and electricity share the same reactor heat input.

KANSAS STATE Mike Wiegers Department of
UNIVERSITY | Electricaland Computer Engineering

System model | 22



Steam Extraction Penalty

HEAT BALANCE PER KILOGRAM AT THE 7 BAR / 165 °C CROSSOVER TAP

Heat to absorber 1,730 kJ
Electricity lost 480 kJ
Energy returned
with hot water 145k
480 — 145
=~ =0.19 — 0.20 MW, gross per MWy,

%~ 730

| Steam used for cooling means less electricity, partly offset by energy in the returning
hot water.

K ANSAS STATE | Mike Wiegers Department of System model | 23
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Absorption-Chiller Model

Weather-dependent performance

149 Nameplate cap 1.30
n-m 13 ey S S A SN AN NN NN NN NN NN NN
8 12 vee
only
s 11 design anchor
"5_ 1.0 26 °C, COP 1.10
§ 0.9 1 Beyond operating limit
< 0.8 Available operation
07 : ‘ ‘ ‘
10 15 20 25 30

Wet-bulb T, (°C)

Heat to cooling

CORP (coefficient of performance) is
cooling output divided by heat input.

0, = COP, (1) a(t) Oyt

a(t) € {0, 1} denotes availability.

At 26 °C wet bulb, COP = 1.10: each
MW of heat supplies 1.10 MW of
cooling.

| Warmer cooling water reduces the cooling obtained from steam.
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Absorption-Chiller Constraints

Available cooling and heat Auxiliary electricity
0 < Q) < a(t) Oeyq
_ Paux,a = ﬂaQa’ ﬁa =0.035
0< 0,0 < a@) O,
a(t) = 1 at wet-bulb temperatures up to Pumps and cooling-tower fans consume
29 °C, outside reactor outages and electricity as cooling output rises.

absorber maintenance. Bars denote installed capacity limits.

Otherwise a(t) = 0.

| Absorption and electric chillers jointly serve the cooling load.

KANSAS STATE ‘ Mike Wiegers Department of
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Grid Exchange

Import electricity Export electricity

0 < Py (1) < Py y(0) 0 < Py(1) < Ppes[1 = y(0)]

Grid imports supplement on-site Grid exports sell surplus on-site
generation. generation.

(1) € {0, 1} selects the exchange direction. Connection limit: chc = 300 MW.

| Each hour uses one exchange direction within the connection limit.

KANSAS STATE Mike Wiegers Department of
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Battery Storage Model

Energy carried between hours

Eg(t) = (1— pp)Eg(t — 1) + [/ BY(t) = B~(t)/\/ng) At

Eg: stored energy. B*, B~: charge and discharge power. 5,,: round-trip efficiency. pg:
self-discharge.

Operating limits Annual energy balance
Power and state of charge stay within Final stored energy equals its initial
the battery ratings. value.

| Storage shifts electricity between hours, with charging and discharging losses.

KANSAS STATE ‘ Mike Wiegers Department of System model | 27
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Power and Cooling Balances

Cooling balance

0. +0,= 057

Absorption and electric chillers share the cooling demand.
Electricity balance

P+ Py +B =Pr+P,+,0,+ Py +B*

Generation, imports and storage supply IT, cooling and exports.
P

ool = Py + P20,. Both balances hold every hour.

| These balances connect all component models into one operating system.

KANSAS STATE Mike Wiegers Department of
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Optimization Objective

Minimize total annualized cost

min TAC = Cfixed + Coperation(u)

uesF

u: hourly decisions. #: component constraints and energy balances.

Fixed annual cost Cost of operation
= Annualized equipment investment = Fuel and net grid purchases
= Fixed operation and maintenance = Variable O&M and carbon, less
credits

| The optimization selects the least-cost feasible annual schedule.

KANSAS STATE Mike Wiegers Department of
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Fuel and Electricity Costs

Nuclear fuel Grid electricity
Dpe = 77 ), Pr(t)A Bgig = Y, mg(VLPF (1) = Py (1)]AL
t t
Fuel cost follows the reactor’s thermal Import payments are offset by export
energy output. revenue.

¢ fuel price. z4(7): hourly electricity price. Sum over the year.

| The hourly schedule determines annual fuel and electricity costs.

KANSAS STATE ‘ Mike Wiegers Department of Optimization model | 30
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Carbon Cost

Annual charge or credit

Oco, = 7co,Eco,

Annual emissions balance x scenario carbon price.

Nuclear generation Grid exchange

Apply a lifecycle emissions factor to net Imports add emissions. Exports receive

generation. a credit at the hourly average grid
intensity.

| Carbon cost reflects nuclear generation and net grid exchange.

KANSAS STATE Mike Wiegers Department of
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Production Tax Credit

Levelized credit Credit on net generation

;B 20 | statutory $30, 10 yr q)ptc = Cyzy Z Ptn(t)At

s . !

levelized $19.7, 20 . .

S 20 fvelEl TRy, The study uses a levelized credit of
= $19.7/MWh.

3 10

O Calendar-2025 policy assumption,

0 levelized over 20 years.

1 5 10 15 20
Operating year

Steam extraction reduces electric output and the associated tax credits.

KANSAS STATE | v epartment of
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Optimization Workflow

Annual optimization

= Set the inputs
Equipment, hourly load, weather and
prices.

= Solve SMR operation
Annual MILP over 8,760 hours.

= Obtain the schedule
Generation, cooling, grid exchange and
storage.

Grid and gas benchmarks use direct cost calculations.

Grid-cost margin M
_ TACcase
TACgrid

Fractional annual cost savings relative
to grid supply.

M =1

TAC: total annualized cost.

M > 0: cheaper than grid supply.
M = 0: same cost as grid supply.
M < 0: more expensive than grid supply.

| Compare annual costs under matched market and policy assumptions.

KANSAS STATE Mike Wiegers Department of
UNIVERSITY | Electricaland Computer Engineering
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Data and Scenarios

Four configurations, input data and sensitivity scenarios




Study Configurations

Case Key configuration

Cco Grid electricity + electric chiller

SMR electricity + electric chiller
Grid imports and exports allowed

SMR electricity + electric and absorption chillers
Grid imports and exports allowed

On-site natural gas combined cycle + electric chiller
Islanded operation

K ANSAS STATE | Mike Wiegers Department of
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Weather and Load Shape the Cooling Duty

Winter week Summer week
LiBr gate 29 °C Design 26 °C ««« Mean 94.7 Peak 142.4
30 -
G 25 ? % ? g 150 |
~ | 125
5 151 & 00 Hutbh--e- ol boheAL A FAA- o o - )
_a 10 4 o 75
6 2 50 b
; l: 25 4
JFMAMJ JASOND 0 25 50 75 100 125 150
Month (2023) Hour of week

200 MW rated campus. Hourly IT load: 94.7 MW mean, 142.4 MW peak.

The 2023 wet-bulb peak is 28.1 °C, so the 29 °C gate never engages.

rarre p .
K ANSAS STATE | Mike Wiegers Department o Data and scenarios | 36
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Market Inputs

= 250
= 2022, mean $69.9
S 200 2023, mean $57.3
£ — 2024, mean $28.3
L 150 |
> 100 | Clipped at $250. Peaks: 2022 2023 2024
©
g $2,5241%4,188132.215 LMP (JMWh)  69.9 57.3 28.3
> Gas ($/MMBtu) 6.53 2.63 2.35
[a] 0 . . ; ; —
0 20 40 60 80 100

Share of hours (%)

| The 2022 and 2024 cases test higher and lower prices around the 2023 baseline.

KANSAS STATE Mike Wiegers Department of
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Reactor Capital Spans a Sixfold Range

Asset Capital Fixed O&M Variable O&M Recovery
BWRX-300 + turbine  $7,615/kW, $121/kWy-yr  $3.50/MWh, 40 yr
Absorption chiller $450-1,200/kW,  $20/kW -yr $0.40/MWh, 25yr
Electric chiller $250/kW, $8/kW-yr $0.50/MWh, 25yr
Li-ion battery $529/kWh $26.5/kW-yr  $0.50/MWh 15 yr
NGCC, F-class $1,330/kW, $29.3/kW,-yr  $2.65/MWh, 30 yr

= Reactor anchors: FOAK $14,700 (OPG Darlington), ATB-Mid $7,615 (NLR ATB 2024),
NOAK $2,250 (GE-Hitachi target)
= Absorber baseline $750/kW,

Source: NLR ATB 2024. U.S. DOE CHP fact sheet. ASHRAE. OPG. GE-Hitachi.

KANSAS STATE ‘ Mike Wiegers Department of
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Scenario Ledger: 109 Entries

Group Sweep Levels Entries
GO Baseline 2023, PUE 1.35, ATB-Mid capital, WACC 6.7% 4
G1 Full-load PUE 1.10, 1.30, 1.50 6
G2 ERCOT year 2022, 2023, 2024 12
G3 Battery on, off 8
G4 SMR capital FOAK, ATB-Mid, NOAK 6
G5 SMR x absorber capital 5 x 5 grid 25
G6 Carbon price $0, $50, $100/tCO, 12
G7 WACC 5,6.7, 10% 3
G8 Data-center size 0.5-3.0x IT load 24
G9 Capital x market year NOAK, $5,000/kW, x 2022-2024 9

Power usage effectiveness: PUE = Eg,,/E 7 over the same period.
G1 varies 1 + 1/(n,COP,)) at fixed cooling duty. Grid benchmark: PUE 1.35.

| The ledger includes reused dispatch solutions and control rows.

KANSAS STATE Mike Wiegers Department of
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Results

Q1 cost - Q2 absorption value - Q3 conditions for parity
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Q1: SMR Supply versus the Grid

TAC 117.5 TAC127.2 = Both SMRs cost more

= M = -54.9% M =-67.7%
s 250 ’ C1: +54.9%. C2: +67.7%
g 2004 versus grid suppl
S 150 | TAC759 grid supply.
B 100 | M= +0.0% — -_ TAC 55.6 ) )
8 . - M = +26.7% = Capital dominates
§ 0t-too o _ToooIL Export revenue and
§ -50 production credits do not
g -100 1 offset the capital burden.
g : : : :
Co C1 C2 C3
. . . = NGCC.: natural gas
Capital Fixed O&M Variable O&M Fuel combined cycle
Import Net export PTC — Net TAC

Gas turbine + steam turbine;
lowest TAC here at $55.6M/yr.
2023 prices, reactor capital $7,615/kW,, 45Y credit, zero carbon price. Positive M: cheaper than the grid.

KANSAS STATE Mike Wiegers Department of
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Q2: Does Steam Cooling Save Money?

= No net cost saving

= C2 adds $9.7M/yr relative to
s 209 72

> power-only C1.

€ 15

— 101 e = Cooling does save

3 : iy

o 5 electricity

) L e el Avoided electric-chiller power
g -5 -13.2 is worth $17.2M/yr.

g 10 B e :

S _45 ' ' = Capital and lost sales
< VCC Power Plant VCC Credit Other Net dominate

saved lost fixed used lost

Absorber: $13.2M/yr. Lost
generation: $7.7M/yr, plus
forgone credits.
2023 baseline, C2 relative to C1. Positive bars are savings; negative bars are added costs.

KANSAS STATE Mike Wiegers Department of
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Electricity Prices and the Cooling Split

Winter week (January)  Cooling/steam (MW)

S __ 800 | - 150
B% - 100
gv 400 \ “.““ - n Ll =50 . "
o 0 ‘ WA nin i LA SMLEAIS = More absorption in the
higher-price week
Summer week (July) Cooling/steam (MW) Wmter:_$21 .GIMYVh
© R Absorption supplies 19% of
o} 800 - - r—F- 7150 )
o . A ) , cooling.
5—% . d FNa £ ~ F 100
Elg'& &SR VR Fa = U& ¥ Summer: $76.6/MWh
o 0 ; ‘ ; ‘ : ‘ ‘ —0 Absorption supplies 60% of
0 20 40 60 80 100 120 140 160 cooling.
Hour of week
Net electricity — Reactor heat -- Steam
Absorption cooling Electric cooling

Case C2, 2023. Prices are weekly averages and shares refer to total weekly cooling.

KANSAS STATE Mike Wiegers Department of
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Q3: Can SMR Supply Be Competitive?

_. 100 1 98.7 859
Q9
= Y = Yes, at the NOAK target
= Both cases beat the grid
® -54.9 _
E =100 1 or.7 under 2023 prices:
8 00 M = +98.7% for C1 and
T Case 1 +85.9% for C2.
O _300 | "2%78 2705 Case 2
FOAK ATBMId NOAK = Alarge capital reduction
-Vl
$14,700 $7.615 $2,250 $14,700 to $2,250/kW,: about
0,
Reactor capital ($ kW3") 854’ below the FOAK
estimate.

FOAK: first-of-a-kind. NOAK: nth-of-a-kind cost target. 2023 prices, 45Y credit and zero carbon price.

KANSAS STATE Mike Wiegers Department of
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Reactor Capital Sets the Parity Boundary

FOAK - =200

-265.3-267.9-270.5-273.2-278.5 have less leverage

~L =300 The full absorber-cost range
450 600 750 900 1,200

Absorber capital ($ kW:") shifts the C2 margin by only
13.2 percentage points.

$14,700

> NOAK | RS

S s22s0 |191:2¥88.6/+85.9) +833 +78.0 w0 E = Reactor capital must fall
. I 2) . .

T Hooon |+125 +9.8 472 +46 [ -07 v 8 Approximate parity:

= o c $5,700/kW, for C1 and

S g7615 624 7650 “67.7 =703 -756 10 g $5,250/kW,, for C2.

©  High-Mid L 100 2

5 sitooo ~1593-1620-164.6-167.2-1725 5 « Cheaper absorbers

s )

2023 prices, 45Y credit, zero carbon price. Cell values are C2 grid-cost margins; outlined cells meet grid
parity.

KANSAS STATE Mike Wiegers Department of
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Low Reactor Cost Does Not Guarantee Parity

Wholesale prices fell sharpl i
Houston Hub daF;/-ahead price ($/Il:\)/I\)IIVh) - CILeapersgag pO\INeI'
$69.9 — $57.3 — $28.3 reduces value
2022 2023 2024 Grid purchases cost less and
surplus nuclear electricit
NOAK, C1 +121.5 +98.7 -0.5 P Y
earns less.
NOAK.C2 D ¢ = Low capital cost does
$5,000,C1  +51.3 +200  -164.4 not ensure parity
Even a NOAK plant can lose
$5,000, C2 +39.8 +7.2 -198.7 its advantage in a low-price

market.

Cell values: grid-cost margin (%). NOAK capital is $2,250/kW,; each year has its own grid benchmark.

KANSAS STATE Mike Wiegers Department of Q3 - conditions for parity ‘ 46
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Cheaper Financing Does Not Close the Gap

© O = Lower WACC reduces
= =259 annual cost
'% =50 1 C2 TAC rises from $95.6M to
E 0l or7 $195.0M/yr as WACC
§ increases from 5% to 10%.
T -150 -
&5 -157.1 = Low-cost finance is

-200 5 0% — 0.0% insufficient

' ’ ’ At 5% WACC, C2 still costs
WACC

25.9% more than the grid.

WACC: weighted average cost of capital. 2023 prices, mid-range reactor capital and the study's 45Y credit.

KANSAS STATE Mike Wiegers Department of

UNIVERSITY|E nd Computer Engineering Q3 - conditions for parity | 47



Conclusions and Future Work

Key findings and future research




Conclusions

= Both SMR configurations cost more than grid supply under the baseline
assumptions.

= Adding absorption cooling raises total cost because its electricity savings
do not cover equipment costs and lost generation.

= Grid parity requires substantially lower reactor capital, and the benefit
depends on electricity prices.

KANSAS STATE | Mikewi
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Data-Center Demand and SMR Learning

The current study treats reactor capital as an input.
Future work links data-center demand, deployment and cost learning.

= U.S. demand and learning

Can U.S. data centers anchor enough SMR deployment to drive learning and
lower capital cost?

= Break-even timing
When can SMR supply costs fall within data centers’ willingness to pay?

= Policy and market conditions

What policy support is needed, and how do market prices and demand growth
affect the outcome?
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Learning Lowers Cost, but a Gap Remains

= Learning reduces the

Buyer willingness to pay (WTP) required price
$51-68/MWh (median—90th percentile) From $198.8/MWh for first

deployment to

First deployment 198.8
$105.4/MWh in the lowest
tested scenario.
System learning 15% 105.4
= A gap of about
6 5‘0 160 150 260 $37IMWh remains
SMR break-even price (USD/MWh) The buyer WTP

benchmark is $68.3/MWh
at the 90th percentile.

Preliminary IPWR77 deployment study at the assumed 2050 scale; prices include grid delivery.
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Thank You

Questions and discussion

Buxin She | Kansas State University
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Campus Size and the Cost Gap

c1 c2 C3
£ 40
2 O fmmmmm = The gap narrows but
E® e remains
S i 1.0% load At 3 IT load, C2 still costs
31.1% more than the grid,
20 versus 67.7% at baseline.
" .
Ss
gz 1.0 = Self-use replaces
3 E 00 Frmmmmmm T T e o exports
-1.0 : ‘ ‘ | ‘ : Annual net exports turn into
47.4 947 1421 1894 236.8 284.1 net imports between 2.0 and
Mean IT load (MW,) 2.5% IT load.

Fixed 300 MW, reactor; IT and cooling scale together. Grid benchmark matched to each campus size.
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Cooling Efficiency Changes the Absorber Penalty

O 15.0
=~ =2 11.4
— 5 100
0& . . .
1= 50 3.0 = Inefficient cooling helps
) 0.0 Cooling-electricity savings
rise to $23.7M/yr at PUE 1.50.
(2]
o 30 .
£ 23.7 = Still no break-even
ig 20 102 Even at PUE 1.50, C2 costs
= 2 10 ' $3.0M/yr more than C1 at
8 0 0.0 baseline absorber capital.
1.10 1.30 1.50

Full-load PUE

PUE is the full-load design label; annual realized PUE varies. Absorber capital fixed at $750/kW.,..
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When Can Absorption Cooling Break Even?

— PUE 1.10 PUE 1.30 == PUE 1.35 (base)
== PUE 1.50 - - VCC capital $250

= Baseline cooling leaves

— 20 4 1 d .
T ! sunveyed range little room
& 5 : At PUE 1.35, absorber capital
< 10 ! must fall to about $26/kW..
Q ;
=5 T = Legacy cooling creates
(@] 1 H
00T --- - 0 oo an opening
S 5| $26// $529 At PUE 1.50, break-even

rises to $529/kW,, within the
lower end of the surveyed
range.

0 250 450 750 1,000 1,200
Installed absorber capital ($ kW;")

Zero on the vertical axis means C2 and C1 have equal annual cost. Surveyed absorber capital:
$450-1,200/kW,.
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Cheap Grid Power Widens the SMR Cost Gap

CO grid C1 power only
C2 absorption C3 NGCC
26.7 = Cheap grid power hurts
g orn R T C1 costs 15.4% more th
X 1527 ;22 costs 15.4% more than
-% 100 | -54.267 7 -46.8 the grid in 2022, versus
2 320.2% more in 2024.
% —200 -
8 = The benchmark also
T -300 - falls
© 400 _320—%54.5 Grid TAC drops from $85.1M
2022 2023 2024 to $36.5M/yr, amplifying the
ERCOT year percentage gap.

Reactor capital: $7,615/kW,. Each year uses its own prices, weather and grid benchmark.
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Export Credits Explain Negative Carbon Balances

Grid import Reactor lifecycle

Export credit = Net - Exports OUtwelgh

150 - counted emissions

T . 63 +52 63 +53 54 53 2023 C2: +52.6 kt counted

< emissions, —488.0 kt export

§ -150 credit, net —435.4 kt CO,/yr.

oy

5 % = This is an accounting

N 450 | = B - balance

@) -422 _ -404 -415

' s00 —451 472 435 Exports receive a credit at
c1 C2 c1 cC2 c1  cC2 hourly average grid intensity;

2022 2023 2024 a negative balance does not

mean physical CO, removal.

Positive bars: import and reactor lifecycle emissions. Negative bars: export credits. Dark ticks: annual net
balance.
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Carbon Pricing Can Bring SMRs to Grid Parity

C1$53.1  C2$64.0 NGCC $164.6
140 - - I = Parity at $53 / $64 per
120 = ' tonne
& 100 - = \ C1 reaches grid parity at
% 80 E ; $53.1/tCO,; C2 at
< g0 $64.0/tCO,.
40 1 - : = The threshold depends

0 20 40 60 80 100 120 140 160 180
Carbon price ($/tCO,)

on export credits
Crediting exports lowers the

CO grid C1 nuclear nuclear cost as carbon prices
C2 absorption C3NGCC rise; the accounting rule
matters.

2023 mid-range capital. Solid lines: solved $0-100/tCO,. Dashed lines: extrapolation beyond the solved
range.
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Operating Assumptions Do Not Reverse the Ranking

= No variant reaches grid

Assumption c1TAC C2 TAC parity

Even with 80-year capital
Baseline 117.5 127.2 recovery, C2 costs
Two-year refueling 115.8 125.5 $115.7M/yr versus $75.9M/yr
60-year recovery 108.4 118.0 for the grid.
80-year recovery 106.0 115.7 = C2 remains costlier
Constant IT, same energy 108.7 119.6 than C1
PTC over 40 years 127.8 137.2 The absorption-cooling case

has higher annual cost in
every paired comparison.
TAC in M$/yr. Grid benchmark: $75.9M/yr; $67.0M/yr for the constant-IT-load case. PTC: production tax
credit.
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