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SUMMARY

This paper presents a critical perspective on the potential of small modular reactors (SMRs) to address the
rapidly increasing energy demands of the digital economy, particularly those driven by advancements in arti-
ficial intelligence (Al). Drawing on expertise in techno-economic analysis and the modeling and control of
advanced nuclear reactors and integrated energy systems, we explore the prospects for deploying SMR
technology to power energy-intensive data centers. We examine practical implementation pathways and
identify the key technical, regulatory, and operational challenges that must be addressed for effective inte-
gration. The SMR-data center discussion is grounded on SMR designs, deployment configurations, grid inte-
gration strategies, and interactions with data center cooling systems. This perspective aims to assess the
potential of SMR-powered data centers as a scalable and forward-looking solution to escalating electricity
demands, emphasizing their role in enhancing energy resilience and sustainability.

INTRODUCTION

The accelerating growth of artificial intelligence (Al), cloud ser-
vices, and high-performance computing (HPC) is transforming
data centers into mission-critical infrastructures with unprece-
dented energy demands. As shown in Figure 1, in 2023, United
States (US) data centers, approximately 4,500 facilities
consuming roughly 176 TWh or 4.4% of national electricity, are
projected to rise to 6.7%-12% by 2028, nearly tripling their share
within 5 years. Requests to utilities for new hyperscale cam-
puses now range between 500 MW and 2 GW, rivaling the de-
mand of large metropolitan areas.' Planned expansions are
highly concentrated, with announced new capacity already sur-
passing 15 GW in Virginia, 8 GW in Pennsylvania, and 5 GW in
Texas, while many other states report no public figures. These
developments indicate that data centers will constitute not only
one of the fastest-growing loads but also an essential pillar of
the future energy system, requiring integrated planning along-
side other large-scale demands such as transportation and in-
dustry. This rapid load growth, alongside the electrification of
transportation, heating, and new industrial processes, intensifies
pressure on power systems, already constrained by limited
transmission capacity, renewable integration challenges, and
affordability concerns. Meeting such simultaneous demands
without undermining grid reliability or driving up customer energy
costs has emerged as a defining challenge for utilities and
policymakers.

From a sustainability perspective, rapidly growing data-cen-
ter electricity demand is not only a capacity-planning challenge
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but also a lock-in problem for digital infrastructure. If new cam-
puses rely on constrained grids, carbon-intensive backup gen-
eration, and inefficient thermal management, Al-driven expan-
sion could deepen emissions and infrastructure burdens. Small
modular reactor (SMR)-powered data centers therefore war-
rant evaluation as integrated energy systems rather than as iso-
lated power-procurement decisions. Co-located firm low-
carbon generation may reduce transmission losses and
exposure to bottlenecks while improving resilience, especially
where campus loads grow faster than grid infrastructure.
Reactor heat and recoverable data-center waste heat could
also support cooling and thermal-energy services, placing
SMR-data center integration within a broader sustainability
strategy.

In response, advocacy has grown for on-site generation stra-
tegies that can decouple the energy consumption of data cen-
ters from the congested bulk grid. Among these, SMRs have at-
tracted interest due to their modular scalability, low-carbon
generation profile, siting flexibility, and ability to provide not
only electricity but also integrated heating and cooling.”®
Most operating data centers today, however, remain primarily
grid-connected facilities, typically supported by uninterruptible
power supply (UPS) systems and conventional backup genera-
tion rather than dedicated nuclear assets.® In this context, con-
ventional large-scale nuclear plants and SMRs should be un-
derstood as distinct rather than interchangeable options for
supplying firm low-carbon power to digital infrastructure.
Large gigawatt-scale reactors benefit from commercial matu-
rity, economics of scale, and the ability to support very large
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Figure 1. Overview of the current and emerging US landscape for SMR-powered data centers

Blue dots indicate currently operating data centers. State shading represents publicly announced projected data-center construction capacity over the next 5
years, grouped by capacity range, while unshaded states indicate that no public capacity estimate was identified. The map also shows the locations of currently
operating large-scale nuclear power plants in the US, as indicated in the legend, to highlight their spatial relationship to existing data-center clusters and planned

high-demand regions.

aggregated state- or metropolitan-scale loads through the bulk
grid; however, their high absolute capital requirement, large site
and cooling-water needs, long development timelines, and
coarse unit sizing can make them less suitable for phased hy-
perscale campus expansion projects, especially when new fa-
cilities are emerging in the 500 MW to 2 GW range. SMRs, by
contrast, are more naturally aligned with incremental campus
growth, multi-module redundancy, closer siting to load, and in-
tegrated provision of electricity, heat, and cooling, although
they also face important disadvantages, including lower com-
mercial maturity, greater early-deployment cost uncertainty,
and unresolved licensing and supply-chain risks. Critics often
emphasize that SMRs are not yet commercially available at
scale, with deployment pathways still under development.
However, this uncertainty parallels the long and capital-inten-
sive timelines associated with expanding transmission and dis-
tribution infrastructure. Moreover, SMR-data center hubs offer
locational and functional advantages that grid build-out alone
cannot provide, such as direct co-siting of generation with
load,'® integration of heat and cooling,'" and resilience against
systemic grid disturbances.'? Accordingly, the central planning
question is not whether SMRs should categorically replace
large nuclear plants, but which nuclear form better matches
local load concentration, phasing needs, infrastructure con-
straints, and the desired degree of co-located autonomy.
Thus, rather than considering SMRs as an alternative to grid in-
vestment, the productive view is to explore them as a comple-
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mentary solution, broadening the portfolio of options to meet
the Al-driven data center demand.

Figure 2 highlights four advanced SMR designs with potential
for data center integration: integral pressurized water reactor
(iPWR), liquid-metal reactor, high-temperature gas-cooled
reactor (HTGR), and molten salt reactor (MSR). All share com-
mon attributes critical for deployment near digital infrastructure,
such as compact modular construction, and inherent or passive
safety features. Their distinguishing features lie in coolant
choice, operating pressure, and outlet temperature. iPWRs op-
erate with light water at approximately 15 MPa and outlet tem-
peratures near 300°C. Their integral design incorporates the
steam generators and pressurizer within the reactor vessel,
with the secondary water or steam loop routed externally to
the balance of plant. Liquid-metal reactors operate at low pres-
sure, typically below 1 MPa, with outlet temperatures of about
500°C-550°C for sodium and 480°C-560°C for lead or lead-bis-
muth coolants. A pool-type core configuration is commonly em-
ployed, incorporating an intermediate liquid-metal loop to trans-
fer heat while isolating the primary circuit from water and thereby
enhancing safety. HTGRs use helium coolant at roughly 7 MPa
with outlet temperatures of 750°C-900°C. A representative
design is the pebble-bed core, in which graphite spheres
embedded with tristructural isotropic (TRISO)-coated fuel parti-
cles circulate slowly through the vessel, enabling continuous on-
line refueling. This configuration provides strong fission-product
retention and high thermal inertia. MSRs circulate fuel salt at near
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Figure 2. Four types of SMRs: Integral pressurized water, liquid metal, high-temperature gas-cooled, and molten salt

atmospheric pressure with 600°C-700°C outlet temperatures. A
typical configuration includes a primary fuel-salt loop, a second-
ary clean-salt loop feeding a steam generator, and a dedicated
drain tank that provides passive safety functions and can inter-
face directly with thermal energy storage (TES). These character-
istics create pathways to couple each design with data center
power supply and heat recovery systems.

To organize these interdependent questions, we frame SMR-
data center feasibility as a layered decision problem spanning
four coupled dimensions: economic viability (reliability pre-
miums, service-aligned metrics, first-of-a-kind (FOAK)-to-nth-
of-a-kind (NOAK) cost divergence, and co-product revenues),
architectural viability (grid coupling, storage, and cooling config-
uration), operational viability (dispatch, workload flexibility, and
control), and institutional viability (licensing, market rules, and
governance). This perspective does not attempt to quantify
these dimensions through a single new case-study model;

rather, it synthesizes them as a common framework for evalu-
ating future SMR-data center pathways, including grid-con-
nected, hybrid, and islanded modes. Regulatory requirements
act as boundary conditions within this framework, shaping not
only institutional feasibility but also system architecture, opera-
tional flexibility, and economic viability. In particular, licensing,
siting, and grid-interconnection constraints determine which
deployment configurations are feasible and directly influence
project costs, development timelines, and overall system feasi-
bility. The merit of any proposed configuration therefore de-
pends on the consistency of these layers rather than on strong
performance in any single dimension.

This paper aims to assess the potential of SMR-powered data
centers as a scalable and forward-looking solution to escalating
electricity demands, discussing challenges and opportunities
across techno-economic analysis (TEA), advanced reactor
modeling and control, integrated energy-system grid integration,
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and regulation and governance. The remainder of this paper is
organized as follows. Future of data centers powered by
SMRs: Techno-economic feasibility and investment value sec-
tion discusses the techno-economic feasibility of SMR-powered
data centers, emphasizing the need to account for reliability pre-
miums, broadened evaluation metrics beyond levelized cost of
electricity (LCOE), FOAK-NOAK cost divergences, and multi-
product value streams. Design reliable and energy efficient
SMR-integrated data centers: Architecture and operation sec-
tion turns to architectural and operational considerations, outlin-
ing how different grid-integration modes, storage technologies,
and advanced cooling strategies can shape reliable and efficient
SMR-data center designs. SMR-data center hubs: Dynamic
interaction with the grid and Al coordination section expands
the lens to system-level interactions, analyzing how SMR-pow-
ered hubs interact dynamically with the grid, how workload
scheduling can enable demand response, and how Al may sup-
port the control of SMR-data center facilities. Regulation and
governance section highlights the regulatory and governance
environment, detailing licensing challenges, institutional actors,
and evolving policy frameworks that shape deployment. Finally,
conclusions section synthesizes the perspective, positioning
SMR-data centers as multi-energy, cyber-physical infrastruc-
tures and pointing to future research and implementation
pathways.

FUTURE OF DATA CENTERS POWERED BY SMRs:
TECHNO-ECONOMIC FEASIBILITY AND INVESTMENT
VALUE

Conventional performance metrics for data centers fail to cap-
ture the full spectrum of resilience and sustainability chal-
lenges. The most common, power usage effectiveness (PUE),
the ratio of total facility energy demand to information technol-
ogy (IT) energy use, offers only a narrow measure of cooling and
power delivery efficiency, while ignoring IT infrastructure per-
formance. Variants such as data center infrastructure efficiency
add little new insight, while newer metrics like effective power
utilization and grid usage effectiveness extend the scope to
include workload efficiency and grid dependence.’® In parallel,
tier classifications (tier I-IV) provide a standardized view of
redundancy and fault tolerance, but they remain limited to avail-
ability, offering little connection to efficiency or sustainability.
Beyond these operational metrics, current TEA practices also
fall short. They seldom treat reliability as a priced design
constraint, e.g., the redundancy (N + 1/N + 2), staggered main-
tenance, and outage bridging strategies required for tier-level
availability, leading to an underestimation of the true “reliability
premium” of SMR-powered architectures. Similarly, genera-
tion-centric measures such as the LCOE overlook the multi-
product nature of data center energy services, where cogener-
ated heat can offset electric cooling and substantially reshape
both cost and emissions. Addressing these gaps requires ser-
vice-aligned metrics (e.g., a levelized cost of computing) that
integrate power, cooling, and availability into a single decision
frame. Yet, evaluating data center configurations remains chal-
lenging, as no single indicator captures the interplay of effi-
ciency, reliability, sustainability, and adaptability. This gap un-
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derscores the need for a holistic perspective, particularly for
emerging SMR-data center ecosystems.

Reliability premium as a critical economic dimension
Hyperscale data centers require exceptional power reliability.
Tier IV certification, for example, demands 99.995% annual
availability,'*'® corresponding to fewer than 26 min of allowable
downtime per year. This reliability standard is not merely a tech-
nical benchmark, and it reflects the staggering economic and
reputational losses incurred by service interruptions in sectors
such as finance, healthcare, and cloud computing. Even with
the historically high capacity factors of nuclear, often exceeding
90%, single-unit configurations remain insufficient for meeting
tier IV thresholds due to periodic planned outages (e.g., refueling
and inspections) and unplanned contingencies (e.g., equipment
failure and cyber-physical disruptive events).'®'” Unlike conven-
tional fossil plants, SMRs face unique constraints: reactor refuel-
ing requires complete or partial shutdowns, and the limited size
of modular units reduces the feasibility of internal load redistribu-
tion without dedicated redundancy.

To meet these uptime requirements, SMR-powered systems
must adopt redundancy architectures, typically N + 1 or N + 2
configurations, wherein additional modules are installed solely
to ensure uninterrupted power delivery in the event of primary
unit unavailability. For instance, powering a 300 MW hyperscale
data center under an N + 1 architecture may require 400 MW of
installed SMR capacity, with the extra 100 MW unit idling under
normal operations or sending power to the power grid. This en-
gineering necessity introduces a substantial “reliability pre-
mium,” inflating capital expenditures (CAPEX) by 25%-30%
without yielding additional computational throughput or revenue.
Standard LCOE assessments typically omit this premium, thus
underestimating life cycle costs and mischaracterizing the
competitiveness of nuclear-powered architectures compared
with alternative supply models (as seen in Table 1)."822

Battery energy storage systems (BESSs) can bridge short-
duration interruptions—on the order of seconds to minutes—
thereby reducing dependency on spinning or hot standby
modules. However, BESS cannot substitute for full-module
redundancy during extended shutdowns such as scheduled re-
fueling, which may last multiple days or weeks. Similarly, hybrid
integration with the grid or diesel-based backup generators in-
troduces external dependencies and emissions risks, under-
mining the rationale for SMR co-location in the first place.
Moreover, reliance on external grids may not guarantee tier IV
performance due to grid congestion, cyber vulnerabilities, or
extreme weather events—a growing concern under climate
uncertainty.

From a TEA perspective, accurately quantifying the reliability
premium is essential to understanding true system costs. This
requires explicit modeling of capacity oversizing, redundant
module deployment schedules, and load-balancing strategies
under various failure and maintenance scenarios. In addition,
TEA models should evaluate the impact of staggered refueling
cycles (e.g., offsetting refueling windows among multiple mod-
ules) and advanced modular dispatch strategies (e.g., rotating
baseload duty among reactors) to reduce idle capacity. These
design choices may optimize the trade-off among CAPEX,
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Table 1. Reliability requirements and potential premium across data center types

Type/scale Typical tier Reliability importance Potential premium

Hyperscale (cloud) -1V mission-critical, global services; very high; justify 2N redundancy and long
downtime = multi-million losses backup

Financial IV/dual-active zero-tolerance; seconds of extremely high; premium >$M/hour avoided

Large enterprise 1]

Govt. (critical) -1V

Govt. (non-critical) 11111

Small and medium-sized -1l

outage disrupt markets

core business systems; limited
downtime acceptable

public safety, national security

admin/web services; tolerable short
outages

limited IT; higher tolerance, but

outage
medium-high; pay for N+1 redundancy

high; subsidized premium for dual-grid,
priority power

low-medium; budget constrained

low absolute; rely on cloud for reliability

enterprises (SMEs)
Edge -1l

outages risky

redundancy key

single node less critical; network

medium; premium for distributed resilience

operating expenditure (OPEX), and availability, especially when
paired with TES or flexible load-shifting algorithms.

Expanding evaluation metrics for integrated systems

Traditional TEA for nuclear systems often revolves around the
LCOE, a metric that estimates the per-megawatt-hour cost of
generating electricity over a facility’s lifetime. While useful for
comparing centralized generation assets in bulk power markets,
LCOE provides an incomplete picture for integrated applications
such as SMR-powered data centers. Electricity represents only
part of the energy service demanded by digital infrastructure.
In hyperscale facilities, cooling typically accounts for 30%-
40% of total energy consumption, sometimes even more in hot
and humid climates, making thermal management an opera-
tional and economic priority on par with electrical supply.®*

SMRs inherently produce significant quantities of low-grade
thermal energy as a byproduct of electricity generation. In
most conventional deployments, this heat is rejected through
cooling towers or condensers, contributing neither to revenue
nor to efficiency. However, when co-located with data centers,
this thermal output can be harnessed through absorption
chillers, heat-driven refrigeration cycles, or hybrid cooling loops
to satisfy part or all of the facility’s cooling demand. This inte-
grated approach not only enhances overall energy utilization
but can also reduce reliance on electric chillers, which are both
capital- and energy-intensive.

In cogeneration or trigeneration configurations, total system
efficiency can reach 70%-85%, compared with roughly 35%-
40% in electricity-only systems.?*?° Such efficiency gains
directly translate into reduced primary energy input per unit of
useful output, with implications for both operating cost and emis-
sions footprint. In the context of carbon-constrained digital infra-
structure, these thermal synergies are economically and environ-
mentally consequential.

To capture this broader service value, we propose the level-
ized cost of computing (LCOC) as a more appropriate metric
than LCOE. LCOC measures the cost per unit of computational
service, such as compute-hour or teraflop-hour, by integrating
the cost of both electricity and cooling services into a single, ser-
vice-oriented denominator.?® This reframing enables direct com-

parison between different power architectures in terms of their
actual contribution to data center operations. For example, if
SMR-powered absorption chillers displace 30% of electric cool-
ing loads, the LCOC could be significantly lower than a stand-
alone LCOE-based estimate, even if the LCOE itself is marginally
higher than grid benchmarks.

Beyond improved cost granularity, LCOC internalizes key
design trade-offs. For instance, higher CAPEX for SMR-cooling
integration may be offset by lower operational energy costs,
fewer emissions-related penalties, and smaller chiller footprints,
all of which have implications for site planning and life cycle prof-
itability. LCOC also enables apples-to-apples comparison with
alternative architectures. While renewable-plus-storage sys-
tems have achieved impressive reductions in LCOE, they often
rely on electrically powered chillers, requiring additional battery
capacity or diesel backup to meet tier IV reliability and thermal
loads. These auxiliary systems introduce complexity, cost, and
space constraints that are difficult to capture in LCOE alone.

Adopting LCOC (or similar service-aligned metrics) also en-
hances the rigor of TEA modeling. Instead of modeling electricity
production in isolation, LCOC frameworks evaluate end-use
alignment, thermal load displacement, and system-level perfor-
mance indicators. This approach better reflects the interdepen-
dent nature of digital infrastructure energy demands, particularly
in designs where heat, electricity, and reliability are co-opti-
mized. From this perspective, combined storage-and-cooling
configurations are economically justified not by technical inte-
gration alone, but when the additional capital cost, control
complexity, and maintenance requirements of TES, absorption
chillers, chilled-water storage, and associated balance-of-plant
equipment are offset by measurable reductions in electric cool-
ing demand, avoided chiller oversizing, lower peak-power expo-
sure, and improved resilience value. Their attractiveness is
therefore expected to be greatest in facilities with large and sus-
tained cooling loads, reactor heat available at usable tempera-
ture levels, and operating environments in which electricity pri-
ces, carbon constraints, or reliability premiums are sufficiently
high for these avoided costs to matter materially. Sensitivity an-
alyses can be structured around key LCOC drivers, e.g., thermal
recovery ratio, coefficient of performance (COP) of absorption

Cell Reports Sustainability 3, 100820, September 25, 2026 5



¢? CellPress

OPEN ACCESS

Cell Reports Sustainability

6 x 103

AP300 Natrium

Holtec

@ ® O

Xe-100
4x103

NOAK CAPEX ($/kW)

Rolls-Royce

HTR-PM

O

3x103

Akademik CAREM-25 90
i) G
ITM sMART

NuScale VOYGR 70

Capacity (MWe)
O 50 Mwe

200 MWe 60

400 MWe

110 Figure 3. Comparison of FOAK and NOAK
CAPEX for selected SMR projects

Bubble size is proportional to reactor capacity
(MWe), while color shading represents the LCOE.
Unfilled bubbles indicate projects for which LCOE

data are unavailable.***°

GE ;l;achi

100

A credible TEA framework must there-
fore model FOAK and NOAK scenarios
as distinct cases with separate cost
curves, risk profiles, and financing
structures. This includes incorporating
FOAK-specific capital contingencies,
stress-tested discount rates, insurance
premiums, and flexible commissioning
timelines. Cash flow models should ac-

LCOE ($/MWh)

6x 103 104

FOAK CAPEX ($/kW)

chillers, and marginal cost of chiller capacity to inform invest-
ment decisions and modular system sizing.

Cost estimation across system life cycles

A defining challenge in SMR TEA is the stark divergence between
FOAK and NOAK costs.”” While proponents of SMR deployment
often highlight NOAK LCOE estimates in the range of 44-
54 $/MWHh, these figures are premised on long-term cost improve-
ments enabled by factory fabrication, modular assembly, serial
deployment, and standardized regulatory pathways.”®*° In
contrast, early FOAK deployments have exhibited cost profiles
that are not only substantially higher but also more volatile, shaped
by unproven supply chains, one-off engineering workarounds, and
protracted licensing timelines. For example, the NuScale-UAMPS
(Utah Associated Municipal Power Systems) Carbon Free Power
Project, once hailed as a flagship modular deployment, was ulti-
mately canceled after projected LCOE estimates escalated to
nearly 89 $/MWh, and capital costs surpassed $20,000/kW due
toinflationary pressures, supply-chain constraints, and shifting de-
mand projections.>**? Similarly, the BWRX-300 FOAK deploy-
ment at Darlington in Canada has reported all-in capital costs ap-
proaching $17,000/kW, more than triple the typical capital intensity
of mature nuclear installations.****

For hyperscale operators evaluating SMR integration, these
cost gaps are not abstract, and they represent direct economic
exposure. Acting as anchor offtakers or early co-investors places
data center developers in the role of de facto venture financiers,
absorbing risks typically borne by governments or utilities in tradi-
tional nuclear programs. This includes exposure to budget over-
runs, multi-year schedule delays, evolving safety requirements,
and first-time commissioning uncertainties, all of which complicate
financial modeling and increase the cost of capital.>> Moreover,
the lack of historical performance data for FOAK SMR units re-
duces lender confidence, making debt financing more expensive
or unavailable. Without explicit treatment of FOAK-NOAK cost
divergence, TEA results risk conveying an overly optimistic view
of project viability that may fail under real-world implementation.
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count for milestone-dependent disburse-

ments, stepwise CAPEX release tied to

construction progress, and delayed reve-

nue realization under phased deploy-
ment. Scenario analysis can be used to evaluate sensitivities to
CAPEX escalation, licensing delays, and module failure rates—
factors that disproportionately affect early-stage projects
(Figure 3).

Mitigating these challenges requires the active involvement of
institutional mechanisms designed to de-risk early deployment.
Cost-sharing programs such as the US Department of Energy’s
Advanced Reactor Demonstration Program (ARDP) provide
direct capital support and accelerated licensing pathways,
lowering FOAK project barriers.*® Federal loan guarantees and
credit support facilities reduce the cost of borrowing and
improve bankability. A long-term power purchase agreement
with indexed pricing and take-or-pay structures can ensure pre-
dictable cash flows for project sponsors and investors. In paral-
lel, mechanisms such as milestone-based cost reimbursement
or production tax credits may be used to attract private anchor
clients while avoiding full risk internalization.

In this context, hyperscale data centers can serve as catalytic
“anchor loads,” helping to launch commercial SMR programs by
aggregating long-term, high-value demand. However, such
participation is only viable if TEA frameworks explicitly reflect
the heightened financial and operational exposure faced by first
movers. Rather than viewing SMR-powered data centers as
plug-and-play applications of generic nuclear economics, ana-
lysts and investors must recognize the transitional nature of
FOAK deployments and design financial structures that allocate
risk commensurately while preserving the upside potential of
subsequent cost decline. A rigorous and differentiated treatment
of FOAK versus NOAK conditions is thus indispensable to any
serious techno-economic evaluation of SMR integration into dig-
ital infrastructure.

Recent literature suggests that the economics of SMRs are
best interpreted through prospective cost and competitiveness
benchmarks rather than realized operating profits. A recent Eu-
ropean review reports an average SMR capital cost of about
7,031 €/kW and an average LCOE of about 85 €/MWh, with cap-
ital costs on average 41% higher than those of large reactors.*’
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More detailed bottom-up assessments of advanced SMR de-
signs report overnight capital costs in the range of 3,985-4,844
$/kW and LCOE values of 80.6-89.6 $/MWh across light-water,
gas-cooled, and molten-salt concepts.*>*® In renewable-inten-
sive European system modeling, SMRs become economically
competitive when construction costs remain below approxi-
mately 7,400 €/kW and operating costs below about 230 €/kW-
year.** At the project level, additional value may arise under
favorable market and policy conditions: for example, a recent
coal-to-nuclear analysis for Texas found that brownfield asset
reuse and tax credits could reduce modeled SMR LCOE to 43—
52 $/MWh.*® At the same time, recent workforce-based oper-
ating-cost analysis indicates that even the labor component of
SMR operation remains non-negligible, with the net present
cost of operating-worker salaries estimated at roughly $431
million for a representative 300 MWe iPWR case.“® These esti-
mates should nevertheless be interpreted with caution. Although
a very small number of SMR-type projects have recently entered
operation, the global operating base remains too limited and too
recent to provide representative long-term data on average mar-
ket revenues, operating margins, or gross profit. As a result, the
literature still relies primarily on modeled indicators such as
LCOE, operation and maintenance (O&M) assumptions, net pre-
sent value (NPV), and system-level competitiveness thresholds
rather than mature empirical operating benchmarks.*’*®

Capturing multiproduct value streams

Positioning SMRs solely as electricity providers undervalues
their systemic role in digital ecosystems. At the same time, it is
important to distinguish between capabilities that are intrinsic
to SMR technology and synergistic benefits that arise specif-
ically from co-location with data centers. When co-located
with data centers, SMRs function as multi-output energy hubs,
simultaneously delivering firm electricity, low-grade thermal en-
ergy, resilience services, and in certain configurations valuable
co-products such as hydrogen, desalinated water, or district
heating.*®°° These co-products are not unique to data-center
applications per se; rather, their value in SMR-data center sys-
tems depends on whether co-location creates additional bene-
fits through steady anchor demand, shared infrastructure, and
tighter coupling among electricity, heat, cooling, and resilience
services. This multi-vector capacity not only expands the func-
tional utility of the reactor but also creates synergistic opportu-
nities for cost reduction, emissions mitigation, and spatial effi-
ciency within tightly integrated campus-style infrastructure,
particularly when local demand conditions and system design
support such integration.

The steady baseload profile of SMRs provides a unique
advantage in anchoring energy-intensive digital loads, enabling
a high degree of grid independence and reducing the need for
upstream infrastructure reinforcement. Unlike renewable sour-
ces that suffer from intermittency, or gas-fired generators that
incur emissions and fuel risk, SMRs offer predictable, round-
the-clock output that aligns well with the continuous power
needs of tier Ill and tier IV certified data centers. This stability fa-
cilitates smoother internal load scheduling, more efficient cool-
ing-system operation, and smaller battery storage footprints
for power quality management.
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Thermal integration further amplifies the economic case. By us-
ing reactor heat to drive absorption chillers or heat-assisted cool-
ing loops, data centers can displace large-scale electric chillers,
significantly reducing both capital investment and operating costs
associated with high-efficiency air conditioning systems.®" In cold
climates or shoulder seasons, this thermal energy may also sup-
port district heating networks or building heating, ventilation, and
air conditioning (HVAC) systems within adjacent facilities, creating
cascading benefits across the campus or industrial zone.

Accordingly, the rationale for each additional value stream
must be assessed case by case. District heating is most compel-
ling where there is proximate and sustained thermal demand and
an appropriate local network or campus context. Desalination is
more relevant in water-stressed or coastal regions where treated
water has clear local value. Hydrogen is most attractive when
off-peak reactor output can be redirected to electrolysis and
where either long-duration resilience needs or external hydrogen
demand justify the added conversion, storage, and reconversion
infrastructure. In each case, the relevant techno-economic ques-
tion is not only whether the SMR can technically provide the ser-
vice, but whether temporal matching, spatial adjacency, and the
cost of additional components support its inclusion in an inte-
grated data-center system.

Importantly, the firm excess capacity available during off-peak
computing hours, particularly at night, can be redirected to pro-
duce green hydrogen via high-temperature electrolysis or sup-
port participation in wholesale electricity markets and ancillary
services.“®°? Hydrogen production co-located with SMRs ben-
efits from thermal integration (increasing electrolysis efficiency),
capacity factor maximization, and infrastructure sharing. Within
SMR-powered data center systems, hydrogen is more appropri-
ately viewed as a strategic co-product and long-duration energy
vector than as a default balancing resource. Its value arises most
clearly when high-capacity-factor SMR operation produces sur-
plus energy that can be redirected to electrolysis, particularly
where thermal integration improves process efficiency and
where hydrogen has downstream value in resilience provision
or external end uses. In contrast, the operational needs of
short-timescale balancing, ride-through support, and day-to-
day load smoothing are generally better served by batteries
and thermal storage. From this perspective, the significance of
hydrogen lies not primarily in round-trip efficiency, but in its po-
tential to broaden the economic and functional scope of SMR-
data center integration within a multi-energy infrastructure
context. In regions with market mechanisms for spinning
reserve, frequency regulation, or ramping support, SMRs can
be operated flexibly, especially when paired with on-site battery
storage or thermal inertia buffers, to generate ancillary revenue
streams that further improve asset utilization.

Consequently, the core TEA question evolves: not whether
SMR-sourced electricity is cost-competitive with grid supply
on a marginal basis, but whether the integrated system architec-
ture reduces the total cost of computing, cooling, resilience, and
carbon mitigation in aggregate. This reframing is essential for
accurately assessing project feasibility and strategic fit. Marginal
LCOE comparisons ignore co-product value, opportunity cost
offsets, and cross-vector synergies—factors that increasingly
dominate in high-performance digital energy hubs.
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This system-level framing is also consistent with broader de-
carbonization strategies, which increasingly favor multi-vector
energy platforms capable of delivering heat, power, and mole-
cules from a single site.**** In this paradigm, value is not additive
but compound, reflecting the benefits of co-location, demand
co-optimization, and shared infrastructure. For instance, a co-
located SMR-H,-data center complex may yield higher overall
economic return and lower life cycle emissions than any of its
components evaluated in isolation.

DESIGNING RELIABLE AND ENERGY-EFFICIENT
SMR-INTEGRATED DATA CENTERS: ARCHITECTURE
AND OPERATION

Grid integration versus autonomy: Defining the design of
SMR-data centers

Most large-scale data centers today operate as grid-connected
facilities, relying on the bulk power system for primary supply
and/or redundancy.55 The integration of SMRs, however, raises
a fundamental architectural question: should these facilities
evolve into self-sufficient micro-nuclear islands, operating inde-
pendently of the grid, or should they remain grid-coupled nodes,
leveraging both the SMR and the power network? Evaluating this
choice through the lenses of system resilience, operational eco-
nomics, and sustainability metrics underscores the trade-offs
that will shape the future role of SMR-powered data centers.

A grid-connected SMR-data center configuration positions
the facility as both a significant energy consumer and a dispatch-
able supplier of electrical or thermal energy within the broader
energy ecosystem. Among potential architectures, the grid-
coupled arrangement is expected to remain the predominant
near-term pathway for SMR-data center integration.’®°%>" In
this configuration, the SMR units primarily meet the facility’s en-
ergy demand while maintaining interconnection with the power
grid. Grid integration provides important reliability benefits,
including redundancy during SMR maintenance, scheduled refu-
eling outages, or unscheduled reactor trips, as well as the ability
to meet unexpected peak demand during normal operations.
The grid interconnection also allows the SMR-data centers to
participate in ancillary service markets,®’ generating additional
revenue streams while enhancing grid stability, a particularly
valuable role in renewable-heavy regions. However, the sustain-
ability performance of a grid-connected facility is closely tied to
the regional energy mix. If the surrounding grid is dominated by
“brown” generation, the effective carbon intensity of a nuclear-
powered data center may be diluted by imported electricity.
Finally, grid-connected nuclear remains the established norm,
but the regulatory and jurisdictional frameworks specific to
SMRs are still evolving.*®

In contrast, off-grid or islanded SMR-data center operation re-
mains a less common design choice. From the standpoint of au-
tonomy and resilience, such configurations may be attractive:
they reduce exposure to cyber intrusions, the propagation of
grid-wide disturbances, and grid price volatility, while simplifying
on-site control and coordination.”® Yet autonomy comes with
significant technical demands. Because the SMR must serve
as the sole energy source, the system often requires oversizing
key components such as reactor modules, battery banks,
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hydrogen fuel cell systems, or thermal storage, to ensure conti-
nuity of supply.>®° These buffers are essential to ride through
spikes in demand patterns with Al training workloads and to
maintain operations during scheduled maintenance or un-
planned outages. However, achieving the levels of redundancy
expected in higher-tier facilities, such as N + 1 or 2N resilience
standards, ' is challenging under an island architecture.

A more promising pathway forward is the hybrid configuration,
in which the SMR-data center operates in grid-connected mode
under normal conditions but can seamlessly transition to is-
landed operation during grid disturbances.®® This architecture
blends the flexibility of grid participation with the resilience of
autonomous operation, positioning SMR-powered data center
facilities as adaptable nodes within the electrical grid. The ratio-
nale is especially compelling for Al-intensive and mission-critical
workloads in defense, finance, and national security, where the
propagation of grid disturbances can have severe conse-
quences. In such contexts, SMR-powered data centers function
as nuclear enclaves, capable of sustaining operations indepen-
dent from the grid. Figure 4 provides an overview of the electrical
configuration for an SMR-integrated data center, illustrating grid
and on-site interconnections together with storage technologies.
It is important to note that this figure does not represent a pre-
scriptive system architecture, but rather illustrates a range of
possible electrical configurations and optional components
that may be incorporated depending on design objectives. In
particular, hydrogen production and storage are included as
one potential pathway to enable long-duration energy buffering
and enhance system autonomy. Such subsystems can comple-
ment SMR operation by providing multi-timescale energy
balancing, especially in islanded or resilience-focused configu-
rations. However, their adoption depends on techno-economic
considerations, including system cost, efficiency, and the de-
gree of reliance on grid support.

Storage as a critical enabler in SMR-data center
architectures

Storage plays a pivotal role in SMR-data center architectures by
bridging the temporal and operational gaps between reactor
output, highly variable IT load dynamics, and fluctuating grid
conditions. The central question, however, is whether storage
should remain a passive backup resource or evolve into active
infrastructure that provides reliability, improves efficiency, and
contributes to operational economics. Rather than functioning
solely as insurance against rare contingencies, storage can be
reconceptualized as a dynamic asset, supporting local resilience
needs, participating in grid services, and arbitraging between
SMR generation, grid conditions, and compute loads."®° The
guiding question for future design is not whether storage can
play these roles, but how to balance and prioritize them to define
the next generation of SMR-data center integration.

Batteries are central to the reliability and resilience of the SMR-
data center infrastructure, providing fast-response capabilities
for power quality support, peak shaving, and black-start func-
tionality.>*®° These services ensure continuity of critical opera-
tions even under volatile workloads or unexpected outages. In
grid-connected or hybrid configurations, batteries can also be
deployed to enhance grid stability through ancillary services,®°
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Figure 4. SMR-data center configuration with optional long-duration BESS, hydrogen storage system, and grid interconnection

while simultaneously generating new revenue streams for oper-
ators. In addition, batteries enable energy arbitrage, storing
electricity from the grid during periods of low cost or low carbon
intensity and discharging it during peak demand or carbon-
intensive intervals.®’ However, their limited discharge duration
confines their role to short-term response, underscoring the
need to integrate longer-duration storage solutions such as
hydrogen or thermal energy systems.

TES, by contrast, aligns more directly with the cooling demands
of data centers, adding a unique dimension to SMR integration.
TES enables shifting of thermal loads across time, reducing
cycling stresses on the SMR and aligning cooling availability
with demand variability. TES can be used to capture excess or
waste heat during low-demand periods and then release it to drive
absorption chillers or supply district energy networks.®>® At the
cooling-system scale, lower-cost chilled-water storage can pro-
vide complementary load shifting,** buffering the chilled-water
supply, and further reducing peak electrical demand. TES utiliza-
tion is found to improve overall energy efficiency (PUE), reduce
reliance on mechanical chillers, and strengthen resilience by
ensuring continuity of cooling during peak IT workloads, grid dis-
ruptions, or reactor maintenance cycles.®® TES can also promote
flexibility of the data center by enabling arbitrage of thermal en-
ergy. The perspective challenge is whether TES should be de-
signed primarily to stabilize on-site data center cooling, to valorize
waste heat for broader energy services, or to provide flexibility,
and how these roles can be effectively balanced in practice.

Hydrogen storage extends the resilience horizon of SMR-data
center systems by providing long-duration energy buffering that
batteries and TES alone cannot achieve.®® Surplus reactor
output can be directed to electrolysis, producing hydrogen that

can be stored and later reconverted to electricity through fuel
cells or turbines.®” This capability enables data centers to ride
through extended outages, refueling cycles, or sustained grid
disruptions, thereby ensuring continuity of operations for critical
workloads. lts deployment, however, faces significant chal-
lenges, including low round-trip efficiency, high infrastructure
costs, and safety considerations,®” which constrain its near-
term feasibility for data center use. The value proposition of
hydrogen storage goes beyond the arbitrage and resilience ben-
efits offered by other technologies: it provides a versatile energy
vector and a strategic bridge to cross-sector integration (trans-
portation and chemical industries), positioning SMR-data cen-
ters as active players in the emerging hydrogen economy.

The power distribution architecture in a data center defines how
electricity is routed from generation or grid entry points through
UPS systems, switchgear, and distribution units to the IT load.
In conventional data centers, these architectures are designed
primarily for reliability, with redundant paths and UPS topologies
(centralized or distributed)'® ensuring tier Ill/IV uptime against
grid failures or local faults. With the integration of SMRs and
diverse storage systems, however, this paradigm requires refram-
ing. The role of distribution expands from providing reliability and
resilience functions to coordinating multiple supply pathways,
SMR output, grid imports, and storage, while dynamically
following the varying and unpredictable profiles of IT workloads.
This shift moves distribution from a static, redundancy-driven hi-
erarchy toward an adaptive infrastructure layer that balances reli-
ability, efficiency, and flexibility. In practice, this implies the evolu-
tion of a multi-path intelligent backbone, enabled by advanced
power-electronic controls capable of arbitrating in real time be-
tween nuclear, grid, and storage resources.
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Cooling configurations in SMR-data centers: From
overhead to synergistic systems

Thermal management in data centers has evolved from conven-
tional air-based systems to advanced liquid and hybrid configura-
tions. In legacy facilities, computer room air conditioners and com-
puter room air handlers circulate chilled air, typically supported by
chilled-water loops and cooling towers.®>®° These systems remain
dominant in existing data centers because of their proven reliability
and technological maturity. Their efficiency, however, is fundamen-
tally constrained by the low heat capacity of air and the narrow sup-
ply temperature tolerances required by IT hardware. The resulting
high parasitic cooling load inflates the PUE and, in the context of
SMR integration, offers no opportunity to leverage nuclear heat.
In this configuration, cooling remains an overhead burden on the
reactor’s electricity output rather than a synergistic subsystem.

Unlike air, liquid offers much higher heat capacity and thermal
conductivity, enabling significantly more efficient heat removal.
Rear-door heat exchangers, which mount chilled-water panels at
the back of server racks, and cold plates with embedded liquid
channels mounted directly on CPUs and GPUs provide direct ther-
mal contact with high-power chips.®>%® Immersion cooling ex-
tends this principle further by submerging entire servers in dielec-
tric fluids.®>°® In single-phase designs, the liquid absorbs heat and
is circulated through heat exchangers, while in two-phase sys-
tems, a low-boiling-point fluid vaporizes at the chip surface and
condenses on a cooled coil and achieves highly efficient phase-
change cooling. These approaches achieve higher heat flux
removal, which is critical for Al/machine learning (ML) workloads
and high-power GPUs, while elevating waste heat to more useful
temperature levels (40°C-75°C). As a result, they reduce auxiliary
fan energy, enable higher rack densities (more compute per unit
space), and create opportunities for waste heat reuse.

In conventional Al/ML data centers, liquid cooling loops are typi-
cally supplied by chilled-water systems, with compressors and
pumps powered by grid electricity.®® The IT load rejects heat into
the liquid loop, which is ultimately discharged to the atmosphere
through electric compression chillers and cooling towers. In this
arrangement, cooling functions entirely as an electric load. With
on-site SMRs, however, cooling can be more deeply integrated.
Reactor electricity can drive pumps, control systems, and auxiliary
chillers, while low-grade steam or hot water from the SMR can
drive absorption chillers,® which provide chilled water for the
liquid loop. Single-effect absorption chillers, operating with
70°C-105°C heat, typically achieve a COP of approximately 0.7,
while double-effect designs, requiring higher-grade heat of
140°C-180°C, canreach COP values of 1.3-1.4. Since SMR steam
temperatures span 275°C-850°C, the system can flexibly draw
bypass heat from different steam stages, but must employ strate-
gies to “step down” the temperature to absorption chiller-compat-
ible levels. Therefore, the heat rejected by IT servers is absorbed
into a refrigeration cycle powered by nuclear heat, reducing para-
sitic electrical demand, improving PUE, and decreasing reliance
on grid electricity. Higher-grade nuclear steam can be coupled
with TES or directed through organic Rankine cycles (ORCs)" to
produce secondary electricity while simultaneously supporting
cooling demands through absorption chillers. Recent studies on
nuclear district-heating and SMR-ORC systems further support
the feasibility of using ORC cogeneration to recover surplus nu-
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clear heat and improve heat-source utilization, particularly when
coordinated with storage or load-shifting strategies.”®’" In such
configurations, the cooling stream emerges as a co-equal pathway
alongside electricity generation, opening new avenues for effi-
ciency, flexibility, and resilience. On the other hand, the IT waste
heat produced in immersion cooling can also be valorized directly
by preheating absorption chillers, charging TES, supplying district-
heating networks, or, under favorable temperature and market
conditions, supporting ORC-based recovery.”” In parallel, the
steady low-grade steam or hot water from SMRs can complement
IT waste heat, creating a dual-stream configuration in which nu-
clear and data center thermal outputs are valorized together.
This synergy transforms the cooling plant from a passive overhead
into a cogeneration hub, supporting reliable computing while
simultaneously supplying useful thermal energy. Heat-pump
coupling and TES can help manage temperature mismatches
across these thermal streams.

Free cooling leverages favorable ambient conditions to dissi-
pate heat, thereby reducing electricity consumption for cooling.
Airside and waterside economization use outside air, cooling
towers, or natural water bodies such as rivers, lakes, or seawater
as heat sinks, either directly or indirectly through heat exchangers.
Radiative cooling,”® by contrast, exploits the sky’s thermal radia-
tion, particularly at night, to reject heat without relying on compres-
sion chillers. High-temperature-tolerant data centers extend the
number of hours during which free cooling is viable,”* enabling
greater reductions in cooling demand. By lowering parasitic
load, free cooling improves overall efficiency, reduces PUE, and
enhances sustainability. In SMR-data centers, free cooling can
address a portion of the cooling demand during favorable condi-
tions such as cool nights, cold winters, or dry climates, while the
SMR provides reliable base cooling through electricity or com-
bined electricity and heat. Together, this hybrid approach can be
used to balance resilience with efficiency, positioning free cooling
as a complementary layer to SMR integration.

Figure 5 summarizes the cooling configurations for SMR-inte-
grated data centers. Figure 5A depicts cooling treated solely as
an electric load, with electric chillers powered by the SMR, the
grid, or storage. Figure 5B illustrates different pathways for direct
SMR integration with data center cooling, including TES, absorp-
tion chillers, and stratified chilled water tanks, with optional free
cooling during favorable weather conditions. Figure 5C highlights
opportunities for valorization of IT waste heat through rear-door
heat exchangers and immersion cooling, which can be coupled
with TES, preheaters for absorption chillers, or redirected to district
and building heating networks. Cooling must therefore be rede-
fined in SMR-data centers as an integrated energy service, aligned
with electricity and heat flows, rather than a passive overhead.
Appropriate thermal energy management configurations should
be identified based on TEA and the targeted energy vectors.

SMR-DATA CENTER HUBS: DYNAMIC INTERACTION
WITH THE GRID AND Al COORDINATION

Redefining demand response through SMR integration
and workload scheduling

In the current era, where Al training and inference workloads
have gained unprecedented prominence, hyperscale data
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Figure 5. Cooling configurations in SMR-powered data centers

(A) Data center cooling powered as an electric load, with electric chillers supplied by SMR, grid, or storage.
(B) Data center cooling options integrated with SMR using absorption chillers, TES, and stratified chilled water storage.

(C) Valorization pathways for IT waste heat.

centers increasingly host heterogeneous computational tasks
with widely varying requirements. Real-time inference and finan-
cial transactions, for example, demand immediate execution
with strict latency constraints, whereas large-scale model
training, data analytics, and backup processes are delay-
tolerant and can be scheduled flexibly. This opens up opportu-
nities for energy-aware task scheduling, where flexible
workloads can be strategically time-shifted®’"® or spatially allo-
cated’®’” to align with objectives such as minimizing operating
costs, reducing carbon intensity, or enabling grid and storage
arbitrage. From the perspective of the grid, this flexibility trans-
forms the data center from a passive consumer into an active
participant in demand response. In traditional grid-connected fa-
cilities, delay-tolerant tasks can be shifted to periods of low de-
mand, high renewable penetration,”® or low marginal prices,
thereby reducing operating costs®® and lowering the facility’s
carbon footprint. Conversely, workloads can be strategically
increased during periods of electricity surplus, enabling arbi-
trage by absorbing excess generation and supporting overall
grid stability.”®

In SMR-coupled data centers, however, demand response
acquires a fundamentally different meaning from that in grid-
only facilities. Flexible workloads can be aligned with periods
of excess SMR output,’® such as at night, when cooling demand
is reduced and more reactor capacity can be directed toward IT
loads, or during intervals when storage reservoirs are fully
charged and low cost or low-carbon grid imports are available.
During periods of high immediate IT demand, workload sched-

uling must account for SMR ramping constraints, minimum/
maximum power limits, and dynamics of coupled thermal sub-
systems, with storage acting as critical buffers to smooth mis-
matches. The overarching operational goal shifts from pure de-
mand response to maximizing SMR utilization, preserving a
high nuclear capacity factor, and reducing curtailment of the
reactor output.

From this perspective, demand response in SMR-powered
hubs is reframed: instead of responding passively to grid signals,
the facility functions as a bidirectional energy node. Importantly,
this capability should be understood as coordinated system-
level flexibility rather than unrestricted high-frequency reactor
load following. Reported SMR load-following rates include
approximately 5% per minute for secondary frequency control
and up to 20% per minute for scheduled power cycling or spe-
cific flow-rate-control s'trategies.80 However, the allowable
ramping envelope is highly plant-specific and depends on
reactor type, balance-of-plant configuration, control strategy,
fuel-cycle condition, and safety constraints.®’ Therefore, fast
data-center load fluctuations would need to be buffered primar-
ily by UPS systems, battery energy storage, thermal storage,
workload scheduling, and grid exchange in grid-connected con-
figurations.®® The SMR would instead follow slower net-load var-
iations within its allowable operating envelope, while the facility
adjusts workloads internally, optimizes storage dispatch, and
exports surplus electricity to the grid during periods of low IT de-
mand or storage saturation. Quantifying these operational limits
for low-, normal-, and high-demand data-center days would
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require high-resolution data-center load traces coupled with
plant-specific SMR dynamic models, and therefore remains an
important direction for future work. Thus, while the traditional de-
mand-response capability may be less pronounced in an SMR-
integrated setting, the broader value proposition is enhanced:
the system evolves from load flexibility alone into a co-optimiza-
tion paradigm that simultaneously coordinates nuclear genera-
tion, multi-vector storage, and heterogeneous IT workloads.

Modeling and control of SMR-data center systems
Traditional grid-connected data centers draw electricity exclu-
sively from the grid to power both IT loads and cooling systems.
In contrast, integrating nuclear reactors, advanced storage and
load-shifting technologies, and hyperscale data centers trans-
forms the facility into a multi-energy system, where electricity,
heat, and cooling function as interdependent vectors. Recent
SMR-data center modeling studies support this framing by
showing that reactor operation, data-center power demand,
and hybrid cooling can be modeled as coupled subsystems
rather than independent components.®’ Nuclear hybrid-energy
studies further show that nuclear heat and electricity can be co-
ordinated with data-center waste heat recovery, district heating,
ORC cogeneration, hydrogen production, and thermal load shift-
ing.”®#° This coupling redefines the facility as a complex cyber-
physical system, requiring real-time coordination across nuclear
generation, IT workloads, storage or load-shifting assets, and
thermal subsystems. Control can no longer be limited to conven-
tional electrical load following; instead, it must simultaneously
improve efficiency, enable flexibility through load shifting and
storage arbitrage, and uphold the stringent operational stan-
dards of both nuclear systems and mission-critical computing.

At the operational scale, beyond configuration design and
component interconnection, the first step is typically to solve
an optimal scheduling problem.®%"® Here, single- or multi-objec-
tive optimization®" is applied to steady-state equations that
represent system behavior and constraints, with objectives
such as minimizing operating costs, maximizing energy effi-
ciency, reducing carbon intensity, and enabling trade-offs be-
tween nuclear output utilization, storage dispatch, and cooling
performance. This framework can be extended to stochastic
optimization®® to account for uncertainties in IT workloads, grid
price volatility, and ambient conditions. Model predictive control
(MPC) adds a dynamic layer, anticipating workload and environ-
mental fluctuations and adjusting storage or cooling setpoints
proactively.®® Reinforcement learning (RL) and multi-agent RL
(MARL) can provide adaptability by learning control policies
that coordinate SMR output, battery use, hydrogen electrolysis,
and thermal loop management in real time.®"%” A key limitation
of these scheduling approaches, however, is that they often
cannot fully capture transient dynamics. Short-term fluctuations
or fast disturbances may exceed safety margins, particularly in
nuclear-integrated systems. To ensure safety and compliance
under such conditions, dynamic simulations are required as a
complementary step, providing detailed insight into transient re-
sponses and validating that optimized schedules remain within
safe operating envelopes.

Developing physics-based models based on differential-alge-
braic equations (DAEs) for SMR-data center facilities is essential
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for capturing the operational dynamics of the system, validating
control and coordination strategies, and assessing the feasibility
of proposed demand-response schemes. This approach is not
new in the SMR domain, where integrated energy-system
modeling has been performed using tools such as Modelica.'"#¢
Looking ahead, SMR-data center configurations and benchmark
models will provide the research community with standardized
testbeds for advancing control and optimization frameworks,
much like those developed for other emerging SMR systems.

With the emergence of digital twins, there is a growing
consensus that data-driven methods, alongside physics-based
models, are indispensable for real-time management and control
of data centers.®® Forecasting models trained on IT workload
traces, cooling demand profiles, and electricity usage can pre-
dict Al training surges, electrical peaks, or thermal load varia-
tions.”®" RL models trained on physics-based models can be
further used to provide real optimal control. In practice, digital
twins serve as operational mirrors of the facility, enabling predic-
tive simulation and real-time decision support, thereby
enhancing reliability, efficiency, and flexibility.

From load driver to system orchestrator: Al in SMR-data
centers

The rapid expansion of data centers is largely driven by the adop-
tion of Al, which is therefore often regarded as one of the sector’s
primary energy consumers."”® Yet a more forward-looking
perspective is to regard Al not merely as a consumer, but as an
orchestrator of cyber-physical systems, actively shaping the
real-time interplay between energy and computation. For
example, RL and multi-agent control frameworks enable Al to
co-optimize the dispatch of SMR output, batteries, hydrogen
fuel cells, and thermal subsystems as discussed previously. At
the workload layer, Al can allocate tasks by assigning inference
and mission-critical applications to dedicated resources, while
flexibly scheduling training, analytics, etc., to align with reactor
availability, storage states, or low-price grid windows.®' At the
grid interface, Al-enhanced digital twins can forecast grid condi-
tions and estimate the type of ancillary services, such as fre-
quency regulation, spinning reserves, or fast ramping support.
Therefore, Al provides the much-needed intelligence and real-
time control capabilities required in this complex symbiosis.

Viewing Al solely as a burden on the grid or on SMR capacity
frames its rapid growth only as a challenge to sustainability and
reliability.®® Yet reframing Al as both a consumer and a contrib-
utor, an intelligence layer that actively supports control, coordi-
nation, and optimization, may open a complementary line of
thinking. From this perspective, Al’s role in enabling resilience
and flexibility within the nuclear-digital ecosystem deserves
further investigation as both a technical opportunity and a
research frontier.

Al-based coordination and control in SMR-data center systems
can be implemented with relatively modest computational over-
head compared with overall facility demand. Such coordination
tasks, including scheduling, forecasting, and real-time control,
are typically executed on dedicated control infrastructure rather
than on primary compute resources. Recent studies on RL-based
data center control report computational requirements on the or-
der of sub-kW GPU power and single-digit GB memory usage,
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which are small relative to MW-scale data center loads.® Despite
this limited computational footprint, Al-enabled control can deliver
significant system-level benefits by optimizing interactions across
tightly coupled subsystems, including power supply, cooling, and
storage. Prior work demonstrates that learning-based control
strategies can improve thermal compliance and reduce cooling
energy consumption through coordinated, real-time decision-
making.”® The effectiveness of such approaches depends on
the operational architecture. In grid-connected configurations,
Al coordination can improve economic dispatch and efficiency,
whereas in islanded or autonomy-focused systems, it plays a
more critical role in maintaining real-time balance and ensuring
reliable operation under varying conditions.

REGULATION AND GOVERNANCE

Integrating SMRs into Al data centers presents substantial regu-
latory challenges, particularly in the US, where the federal
permitting and construction approval process remains a signifi-
cant obstacle. These regulatory requirements should be under-
stood not as external considerations but as boundary conditions
that shape system architecture, operational flexibility, and eco-
nomic viability. Licensing, siting, emergency-planning, and
grid-interconnection constraints determine whether a proposed
SMR-data center configuration can be deployed as a grid-con-
nected, hybrid, behind-the-meter, or islanded system, while
also influencing project costs, development timelines, financing
risk, and overall feasibility. This section therefore examines the
regulatory barriers and governance pathways that may either
constrain or enable SMR-data center deployment.

Three institutional actors are especially important for reducing
regulatory hurdles for nuclear deployments serving data centers:
the US Nuclear Regulatory Commission (NRC), the Federal En-
ergy Regulatory Commission (FERC), and the North American
Electric Reliability Corporation (NERC). The first two are federal
regulatory agencies responsible for nuclear plant deployment
and operation standards and electric-grid regulation, respec-
tively, whereas NERC is a not-for-profit, non-governmental reg-
ulatory authority responsible for ensuring a reliable and secure
bulk power system.

Current NRC regulatory frameworks under 10 Code of Federal
Regulations (CFR) parts 50 and 52 govern the licensing of existing
nuclear plants and new nuclear construction, respectively. NRC
regulations primarily focus on traditional electricity generation
and export to the electric grid. There is a notable absence of reg-
ulatory clarity for the use of nuclear reactors in non-grid applica-
tions such as data centers. These frameworks were developed
for large, site-specific reactors and rely on siting assumptions un-
der 10 CFR part 100 that favor low population density areas,
limiting flexibility for modular, co-located, and distributed SMR
deployment. To address this, the NRC has introduced 10 CFR
part 53, which enables flexible licensing through probabilistic
risk assessment.®* It includes alternative siting criteria (10 CFR
53.530) permitting deployment in higher density or industrial
areas, including near populations exceeding 25,000, along with
provisions for remote operations, reduced staffing, and load
following (10 CFR 53.740). While part 53 introduces greater flexi-
bility, its application to co-located and behind-the-meter SMR-
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data center systems remains relatively untested and will require
further implementation experience.

The licensing process is rigorous and can be time-consuming.
Applicants must provide detailed safety analyses, including eval-
uations of potential accidents and operational transients. These
requirements can significantly delay project timelines, which is a
critical concern for data centers that need rapid deployment so-
lutions. The NRC places significant emphasis on safety. Safety
assessment in the context of co-located nuclear facilities and
data centers will require extensive hazard analysis, including
evaluation of risks related to radiation exposure, heat-transfer
systems, and emergency preparedness protocols, as well as
identification of new risks that could arise from co-location, all
of which add layers of complexity to the licensing review.%

The NRC, under CFR part 50, also mandates that only licensed
operators may manipulate the controls of any nuclear facility.
Any apparatus or mechanisms affecting reactor reactivity or po-
wer levels must be operated with the knowledge and consent of
a licensed operator or senior operator. This requirement intro-
duces a new challenge for nuclear operators who must now
also address the operational needs of data centers.

FERC and NERC are tasked with maintaining grid operating
standards and depend on both existing and upcoming nuclear
plants to fulfill adequacy and reliability requirements. Many re-
gions overseen by NERC are currently experiencing high or
elevated resource adequacy risks,”® a situation that is likely to
worsen with the anticipated increase in electricity demand driven
by data centers and industrial electrification. Under these condi-
tions, data centers may encounter significant resistance from
FERC and NERC, who are inclined to prioritize grid services
associated with new generation over the needs of data centers
operating behind the meter. A notable example is FERC’s rejec-
tion of a co-location amendment filed by Pennsylvania-New Jer-
sey-Maryland Interconnection (PJM), which sought to expand
the co-located load for data centers at the Susquehanna nuclear
power plant. FERC cited the potential negative implications of
such changes for system reliability, resource adequacy, and
economic impacts on customers and markets.®”

Although the International Atomic Energy Agency (IAEA) does
not directly impose regulatory hurdles for the civilian use of nu-
clear energy for power production, some advanced reactor con-
cepts that can use high-assay low-enriched uranium (HALEU)
fuel may face additional complexities in meeting international
non-proliferation and safeguards standards. HALEU fuel can
contain up to 20% uranium-235, blurring the line between low-
enriched uranium (LEU) used in conventional nuclear plant con-
cepts and weapons-grade highly enriched uranium (HEU). The
NRC is responsible for maintaining security protocols for nuclear
fuels and regulates the use of large quantities of HALEU consis-
tent with IAEA safeguards standards.

Regulatory hurdles may also arise under the National Environ-
mental Policy Act (NEPA), under which nuclear reactor projects
must provide detailed environmental impact statements for
new nuclear facilities co-located with data centers or for
changes in the intended use of existing nuclear facilities. NEPA
also introduces public-involvement and environmental-justice
considerations that could significantly delay approval and
deployment of nuclear data center applications.
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Regulatory stakeholders are making significant efforts to
reduce barriers that impose substantial cost burdens and de-
lays on nuclear developers. The Accelerating Deployment of
Versatile, Advanced Nuclear for Clean Energy (ADVANCE)
Act of 2024, which was passed with bipartisan support and
signed into law in July 2024, mandates the NRC to streamline
the flexible deployment of nuclear plants while maintaining the
NRC'’s core safety and security missions.”® The NRC is also
developing new regulatory frameworks, deployment strate-
gies, and guidance for advanced nuclear technologies,
including microreactors and non-conventional applications
such as data centers.

CONCLUSIONS

The accelerating rise of Al, cloud computing, and HPC is driving
data centers to the forefront of energy sustainability challenges.
This perspective paper presents the integration of SMRs with hy-
perscale data centers, reframing these facilities as multi-energy
cyber-physical systems. The novelty of this perspective lies in re-
framing SMR-powered data centers not simply as an alternative
electricity supply option, but as an integrated multi-energy, cy-
ber-physical infrastructure problem that must be evaluated
through reliability value, service-oriented metrics beyond
LCOE, lifecycle cost evolution from FOAK to NOAK deployment,
and multiproduct energy-service synergies. By bringing these di-
mensions into a single perspective, this work provides a more
system-relevant foundation for future techno-economic assess-
ment, design, control, and policy analysis of SMR-data center
systems. The benefits of SMR-powered data centers are articu-
lated through broader system-level perspectives: the ability to
co-optimize electricity, heat, and cooling; to provide new path-
ways for waste heat valorization; to enhance resilience through
on-site generation and storage integration; and to increase inde-
pendence from the local grid while enabling active participation
as a prosumer. Looking ahead, SMR-data center ecosystems
have the potential to evolve into multi-energy hubs that couple
nuclear generation with cooling and storage through advanced
control, reshaping the trajectory of digital infrastructure while
accelerating the sustainable deployment of SMR technology.
Future work should translate this framework into site-specific
quantitative studies that compare grid-connected, hybrid, and
islanded configurations under different regional market, cooling,
and licensing conditions.
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