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USACE	� United States Army Corps of Engineers
VAR	� Volt-amp reactive
VC	� Vapor-compression chiller
VHTR	� Very high temperature reactors
WECC	� Western Electricity Coordinating Council
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INTRODUCTION  

How to Use This Playbook
The playbook is designed to be modular, allowing users to focus on specific 
chapters relevant to their needs. Each chapter can be read independently, 
making it easy for data-center developers to find targeted guidance without 
needing to navigate the entire document. For example:
•	 A developer interested in grid-connected solutions can focus on 

Chapter 1: “The Role of the Grid”

•	 A company exploring off-grid or hybrid solutions can refer to Chapter 2: 
“Power Beyond the Grid”

•	 Those seeking to understand the pathway to nuclear-energy adoption 
can turn to Chapter 4: “Road to Nuclear.”

To facilitate this modular approach, the playbook includes a Use-Case Matrix, 
which maps various data center scenarios—ranging from distributed 
small-scale facilities to hyperscale operations —and links them to relevant 
chapters. It also outlines different power-integration models, from grid-
connected to fully islanded systems, ensuring that users can easily identify 
the sections most applicable to their specific circumstances.

Purpose and Scope
The “Power for Data Centers Playbook” is a comprehensive guide designed 
to consolidate Department of Energy (DOE) research and provide actionable 
insights for data-center developers who aim to integrate nuclear energy into 
their power strategies. This playbook serves as a resource for the data center 
industry to navigate the complexities of nuclear power adoption, offering 
practical, research-backed information tailored to various use cases across 
scales and integration models. The intention is for this playbook to help 
guide digital infrastructure companies to develop their specific, individual 
roadmaps towards reliable power, including nuclear.

Recognizing the importance of industry collaboration, this playbook has been 
developed in partnership with data center companies to ensure it remains 
grounded in real world applications and avoids being created in a DOE/ government 
“vacuum.” Feedback from industry stakeholders has been a critical component, 
shaping the playbook’s recommendations and ensuring its practicality.

This playbook consolidates DOE research from programs spanning multiple 
national laboratories and incorporates industry insights, providing a 
balanced, actionable resource for data-center developers to explore nuclear-
power solutions tailored to their specific needs.
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This playbook is intended for:
•	 Data center companies that seek to develop 

roadmaps for nuclear-power integration

•	 Energy planners and consultants who support data center operations

•	 Policy and decision makers who are interested in the 
intersection of data center growth and energy abundance.

The audience also includes stakeholders from the energy sector, including 
utilities, nuclear developers, and technology providers, who can use the 
playbook to align their offerings with data center needs.

Use-Case Matrix

The matrix in Table 1 outlines key data-center use cases and links them to 
relevant chapters of the playbook:

The matrix highlights the diversity of data-center needs and how the 
playbook’s chapters address them. Each use case links directly to the relevant 
chapters, ensuring users can navigate to the most pertinent information.

Use Case Scale Integration 
Model

Relevant 
Chapters

Distributed 
Small Data 

Centers

Small (multiple 
sites) Grid-connected Chapter 1

Hybrid Power 
Solutions Medium Grid + On-site 

Generation
Chapter 1, 
Chapter 2

Islanded Data 
Centers Medium to Large Completely 

Islanded Chapter 2

Hyperscale 
Data Centers Large Grid-connected 

or Hybrid

Chapter 1, 
Chapter 2, 
Chapter 3

Nuclear-
Only Power 
Solutions

Any Fully Nuclear Chapter 3

Table 1. Relevant chapters by use.
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The electrical grid has long been understood as a background feature of 
modern life—reliable, invisible, and taken for granted. But as data centers 
have grown from modest server rooms into colossal campuses consuming 
power at a scale once reserved for industrial cities, that quiet background has 
been pushed to the foreground. A question that was once largely operational 
has become strategic: What role does the grid play in powering the data 
centers of tomorrow, and how is that role being redefined?

This chapter is organized to build understanding from the ground up. It opens 
by examining how large electrical loads are characterized and classified. How 
big is “big,” and does a facility’s consumption behavior matter as much as 
its size? The section on Large-Load Classification and Characterization 
introduces a taxonomy developed by INL to address these questions. From 
there, the internal standards that govern data center reliability are explored 
in the section on Data Center Performance Requirements, including how 
power architectures built around backup systems and cooling equipment 
interact with, and can sometimes disrupt, the broader grid.

The chapter then turns outward, to the processes and pressures that 
shape a data center’s relationship with the grid over time. The section on 
Interconnection Planning and Communications walks through the 
formal process by which a facility is connected to the grid, while Grid 
Stability and Reliability Requirements examines how large, electronically 
intensive campuses can affect system frequency and voltage, and how those 
risks are being managed. The section on Utility Planning Considerations 
addresses a tension that nearly every data-center developer will encounter: 
the mismatch between a hyperscale facility’s 18-month construction window 
and a utility’s decade-long planning cycle.

Finally, the section on Capacity Expansion and Market Studies situates 
the data center buildout within the broader national picture of electricity 
supply and demand—where demand is growing fastest, where transmission 
constraints are binding, and how regional market structures shape the options 
available to developers seeking reliable, long-term power. Together, these 
sections are intended to provide a clear view of the grid as it currently exists: 
its capabilities, its constraints, and the pressures now being placed upon it.

1.1  �Large Load Classification and 
Characterization

Introduction

The United States (U.S.) electrical grid is always contending with the 
introduction of ever larger and more diverse load types, as well as the need 
for enhanced stability that these loads introduce. As the scale of industrial 
operations and technological development has expanded, these high demand 
electricity customers have come to be termed “large loads.” Grid operators 
and utilities consistently adapt and evolve planning and operational practices 
to serve these customers of increasing size, introducing advanced load 
forecasting, demand-side management programs, real time monitoring, and 
more. Today, new types of large loads are proliferating rapidly, across wide 
geographic areas, and reaching unprecedented levels of energy demand. This 
comes alongside the emergence of distributed energy systems. Together the 
changing paradigm has broad implications for grid reliability.

Why Does This Matter for Data Centers?

Despite the significant impact of large loads on the grid, no universal 
definitions or categorizations exist for these singular electricity customers; 
rather, classification varies regionally and by organization. Facilitating 
greater levels of integration creates an increasing need for a common 
approach to characterize large loads and understand their behaviors and 
attributes. Notably, the North American Electric Reliability Corporation 
(NERC) has created the Large Load Task Force, which has published a 
white paper that discusses the characteristics and risks of large loads. This 
document begins to detail differences amongst these types of loads, but 
emphasizes the need for greater examination moving forward, including 
“a framework for classifying large loads.”1DRAFT
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Research and Findings

Data centers have emerged as technological and economic pillars with 
significant energy and reliability demands. The operational behavior of 
data centers can differ greatly from traditional industrial loads, presenting 
new challenges and potential opportunities for the stability of the grid. The 
fundamental role of any data center is to provide large quantities of reliable 
data storage, management, and processing, but these functions are applied 
in different ways and for different end results, depending on the data center.2 
For example, some, grouped as enterprise data centers, are dedicated to a 
single organization’s use while some, referred to as colocation data centers, 
exist to serve numerous clients. Edge and modular data centers tend to be 
smaller and serve specialized use cases, while hyperscale data centers seek to 
maximize size and computing power.

To facilitate operational planning, the Idaho National Laboratory (INL) has 
developed a taxonomy to classify large loads. This taxonomy provides a 
common language to describe how diverse load types, including data-center 
campuses, will interact with the bulk energy system. While a full catalogue 
of all the different operational characteristics of different load types would 
be quite lengthy, from a grid integration perspective, loads can be described 
according to a small set of operational characteristics. The taxonomy proposed 
herein classifies large loads based on three characteristics: load size, load 
variability, and load flexibility.

Load size serves as a simple and fundamental quantitative differentiator 
amongst large loads. Intuitively, load size describes the net impact a facility 
may have on the grid, for better or worse. As depicted in Figure 1, large 
loads can extend from tens of megawatts (MWs) to hundreds of MWs, with 
gigawatt-sized loads on the horizon.3 The larger the load, the greater its 
operation affects the system, and the greater potential instability effects are 

Information derived from multiple sources
Graphic Completion Date: 9 September 2025, Infrastructure Resilience Analysis, Idaho National Laboratory
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large load
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facilities, such as steel
mills and oil re�neries

MW

Figure 1. Large load landscape.

Size 1: 
50-99 MW

These loads typically include large commercial facilities, data 
centers, and mid-sized industrial operations. While substantial, 
they generally integrate into existing grid infrastructure with 
moderate upgrades. Their size allows for relatively flexible 
siting and interconnection, making them a common entry 
point for load growth in both urban and rural areas.

Size 2:  
100-999 MW

This category encompasses major industrial facilities: aluminum 
smelters, steel mills, and large-scale hydrogen production plants. 
These loads require substantial grid infrastructure and may 
require dedicated transmission upgrades or new substations.

Size 3: 
1,000+ MW

These are rare but transformative loads, including multi-
gigawatt data center campuses, direct air-capture facilities, 
or large-scale electrification of industrial clusters. Their 
integration can reshape regional transmission planning, 
resource adequacy, and even market dynamics.

Table 2. Load size.

associated with it.4 At the same time, however, these significant loads can 
potentially offer larger-scale stability services to the grid. Nameplate capacity 
is used to measure the size of a load, but there are nuances to using this single 
metric for size. Although most loads will rarely operate at their full nameplate 
capacity, and many large loads take several years to build up to this full 
capacity, this metric provides consideration for the maximum impact the load 
could have on the connected system, which allows for conservative stability 
analysis.

NERC notes that other factors, such as interconnection voltage, size of the 
load relative to the local system, and overall connection could also affect the 
impact the load has on the system.1 This is the sort of nuance that plays a 
key factor when performing interconnection studies. For the purposes of this 
taxonomy, however, large loads are divided into three basic groups, based 
on size thresholds. Where loads interconnect and at what voltage will largely 
correspond with these groupings. Table 2 describes these ranges in more detail
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Load variability reflects an electricity customer’s power use behavior, 
especially as it relates to the degree and consistency of power demand. Some 
loads have a relatively “flat,” predictable power demand, even if that demand 
is high. This load variability is representative of steady, sustained operations 
with limited ups and downs in power demand. Variations in power use will 
occur, but they are well-known or predictable and do not introduce stability 
concerns. Alternatively, a load’s power usage can fluctuate significantly and 
rapidly, and do so in ways that are unforeseen by utilities and balancing 
authorities. This can include sudden large spikes and significant drops in 
power usage.

Load profiles for large electricity customers can be important to stability 
because significant and rapid changes can cause unacceptable voltage or 
frequency deviations. However, some fast-acting loads have the potential 
to support the grid if they can be controlled. The taxonomy captures these 
important operational differences by identifying a load as having either a 
slow or fast varying load profile, as described in Table 3.

Load flexibility also relates to increases and decreases in power usage, but 
from the standpoint of voluntary action to support grid stability. This can 
involve both ramping down and ramping up over defined periods in response 
to grid needs. Some key factors that support flexibility include the presence 
of adequate onsite power generation, single tenancy,ii and the ability to 
work around issues of criticality. The definition of flexibility in this taxonomy 
combines considerations from NERC to classify loads based on firm or 
flexible behavior and consideration of behind-the-meter (BTM) co-located 
generators.1

A load can be considered flexible if it can alter its power consumption from 
the grid in a controlled way. The key is that a flexible load can perform these 
power-demand changes (either up or down) without harming its essential 
operational and business functions, and in response to requests from the grid 
operator. This is analogous to dispatchability in generators. This characteristic 
is of interest in grid stability because it determines whether a given load 
represents a potential asset or liability for balancing authorities. Table 4 
describes load flexibility as defined in the taxonomy.

While many factors can influence how large loads are distinguished, 
the three fundamental characteristics presented above allow for a basic 
taxonomy. This taxonomy can be used to begin categorizing large loads 
into like groups from the standpoint of potential grid stability challenges, 
but also ancillary service market participation. The large load taxonomy is 
presented below in Figure 2. Based on the three fundamental characteristics 
of load size, load variability, and load flexibility, the taxonomy can result in 
12 basic large load types. For example, a slow, inflexible load that has a peak 
demand of 200 MW would be a Type B-2, while a fast, flexible load with 
peak demand of 80 MW would be a Type C-1.

Provided below are two examples of hyperscale data centers and how they 
would be categorized within the taxonomy as large loads.

Example 1: A hyperscale cloud-services data center operates at a 400 MW 
capacity. The facility delivers continuous computing capacity for such global 
services as web browsing, streaming, and hosting enterprise software used 
for various business processes. Its baseline electricity demand is consistently 
high, resulting in a relatively predictable, static load profile that experiences 

Flexible 
Load

A load that can automatically raise or lower its net power 
consumption based on requests from the grid (i.e., ancillary 
services), while avoiding its own operational degradation.

Inflexible 
Load

A load that is unable to adjust power consumption quickly for 
purposes of ancillary services due to resultant operational impacts. 
This inability can be driven by factors such as lack of onsite 
storage or generation, lack of grid communications capability, 
mission criticality, and/or organizational rules and policies.

Table 4. Flexible vs. inflexible loads.

Load
Variability

Slow
Slow
Fast
Fast

Flexible 1
1
1
1

2
2
2

3
3
3
3

In�exible
Flexible

In�exible

Type A
Type B
Type C
Type D

Load
Flexibility 50-99 MW 100-999 MW

Load Size

>1,000 MW
2

Figure 2. Large load taxonomy.

Slow Load 
Profile

A load with consistent and predictable power demand that 
rarely experiences significant increases and/or decreases in 
power usage over short periods. Such a load can be said to vary 
slowly. An example is a cloud storage data center that seeks 
to maintain a very level load profile for 24×7 operations.

For purposes of this taxonomy, a “significant” power increase or 
decrease is equal to at least 50 MW,i and a “short period” is considered 
to be 60 minutes or less. “Rare” occurrences of these rapid power 
swings are considered to be less than 12 times per year or only 
during grid instability events. In practice, these thresholds will 
vary by interconnectioni, but in general these values are those 
that would spur a balancing authority to take remedial action.

Fast Load 
Profile 

A load that, by virtue of its business operations, experiences significant 
increases and/or decreases in power usage over short periods. An 
example is a steel mill with arc furnaces that can widely vary their 
heat production function during the course of a production run.

Table 3. Slow vs. fast loads

i   �According to FERC Order 842 (RM16-6), the maximum allowable frequency deadband for primary frequency response is ±0.036 Hz (0.06% of 60 Hz). If system frequency deviates beyond this range, generators must respond. Since frequency deviation is proportional to 
the imbalance between generation and load, a simultaneous 0.06% change in all loads across an interconnection would trigger a system-wide generator response within one second. This implies that a single load varying by 0.06% of the interconnection’s total capacity 
can have the same effect. Therefore, any load that fluctuates by more than this threshold—especially faster than the spot market’s typical 1-hour clearing time—requires additional reserves and is considered “variable.” To simplify, we assume a 50 MW threshold already 
accounts for interconnection size. Thus, any load capable of changing by more than 50 MW per hour under normal conditions is classified as “fast-moving” in our taxonomy.

ii  �For example, data center owners and operators that house and serve multiple tenants are generally not in a position to make flexible power commitments on behalf of their tenants.
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very little fluctuation. Any decrease in external power automatically 
activates the data center’s uninterruptible power supply (UPS) battery 
systems, which can sustain the facility for several minutes, allowing for 
backup diesel-powered generators to cycle on and keep servers online for 
much longer periods of time without support from the grid. As a result, it 
provides grid operators with a stable base load that can still flex in response 
to contingencies. This large load is a Type A-2 within the taxonomy. Examples 
of actual facilities that may fit this profile include Google’s large data center 
in Council Bluffs, Iowa, and Amazon’s data center clusters in Virginia and 
Oregon.

Example 2: A large hyperscale data center operates at a 1.5 GW capacity 
and houses technically advanced information-technology infrastructure 
designed to handle computing-intensive tasks needed to train artificial 
intelligence (AI) models. Unlike hyperscale cloud data centers (which run 
steady, customer-facing workloads), this AI-training facility typically runs 
jobs in batches that can cause large fluctuations in electrical demand. 
Training runs may last for days or weeks, but they also feature idle periods or 
ramp-down windows between jobs. Though it experiences large, rapid power 
fluctuations, the facility’s infrastructure allows for flexible scheduling to 
manage AI jobs and rapidly shift non-urgent tasks to reduce peak load. This 
large load is a Type C-3 within the taxonomy. Examples of actual facilities 
that may fit this profile include Meta’s planned AI-training data center in 
Richland Parish, Louisiana, and the Vantage Frontier Campus project in 
Shackelford County, Texas.

Key Insights

1.	 Like all loads, the impact of a large load on power 
system operations depends on its size.

2.	 In addition to size, the effect of a large load on system stability 
is determined by its speed of variation and dispatchability.

3.	 Other considerations such as interconnection voltage are 
important when considering local stability impacts.

1.2  Data Center Performance Requirements

Introduction

The mission profile of data centers, which underpins cloud services, financial 
transactions, healthcare records, and AI computing, demands continuous 
service with extremely tight tolerances on power quality, thermal conditions, 
and latency. The Uptime Institute established a tiering system for data 
centers more than 30 years ago, and these definitions remain an industry 
standard.5

The tiers are tied to particular business functions and define criteria for 
maintenance, power, cooling, and fault capabilities. Both topology and 
operational sustainability are used to establish these criteria:
1.	 A Tier I data center has basic capability to support IT for an office 

setting and beyond. Even a Tier I facility requires a UPS for power usage, 
outages, and spikes; a dedicated cooling system; and backup generation 
for power outages. Tier I facilities require 99.671% uptime per year, 
which translates to a maximum of 28.8 hours of downtime per year.6

2.	 A Tier II data center requires additional redundant capabilities for 
power and cooling, including both engine generators and energy 
storage. Tier II facilities are common for small- to medium-sized 
businesses. A Tier II data center requires 99.741% uptime annually, 
which translates to a maximum of 22 hours of downtime.

3.	 A Tier III facility offers additional reliability in the form of N+1 
redundancy, so performance is not impacted if any single 
component fails. Tier III facilities should not require shutdowns 
for equipment maintenance or replacement due to the built-in 
redundancy. Tier III data centers have 99.982% uptime, which 
corresponds to less than 1.6 hours of downtime per year.

4.	 A Tier IV data center is 2N+1 redundant, meaning it has twice 
the operational capacity required, and an additional backup 
in case a failure occurs while using the secondary system. 
Tier IV facilities have 99.995% annual uptime, corresponding 
to less than 26.3 minutes of downtime per year.DRAFT
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Why Does This Matter for Data Centers?

Given the high-performance requirements, data centers have complex 
power-management and distribution infrastructure, along with sensitive 
power-quality monitoring. The remainder of this section discusses data-
center parameters that affect the need for high uptime and power-quality 
requirements and how these requirements impact data center behaviors as 
they interact with the grid. While much of this information will be familiar 
to data center stakeholders, this section serves as a useful primer for utilities 
seeking to interconnect these loads.

Research and Findings

Power Architecture Supporting Uptime

A typical data center’s power distribution begins at the utility’s point of 
interconnection (POI) and continues through high‑voltage switchgear, 
step‑down transformation, medium‑voltage distribution, UPS systems, 
power-distribution units (PDUs), and finally the IT racks and critical 
mechanical systems: e.g., cooling, air handling, and pumps (see Figure 3). 

Several components in this power-management system are critical to the 
behavior of the data center. For example, the computer-based equipment, 
which are the critical loads at the end of the power-distribution chain, are 
governed by the Information Technology Industry Council (ITIC) curve, which 
defines the alternating current (AC) voltage limits that most IT equipment 
can experience without unexpected shutdowns or malfunctions. However, 
event analysis has shown that behaviors in the real world do not align 
entirely to the ITIC curve, leading to multiple instances of partial loss of 
load.6 As another example, the ride-through behavior of large loads is also 
affected by the ride-through characteristics of cooling equipment. A NERC 
incident review found that cooling load relies on variable-frequency drives 
and variable-speed drives, which include low-voltage protection for internal 
components.7 Even brief voltage surges, resulting from faults normally 
cleared by the grid, can trip cooling-equipment load, which can quickly lead 
to IT equipment’s overheating and forcing a complete shutdown.

UPS Systems

UPS systems are the first line of defense against sub‑cycle voltage 
depressions and short outages, providing bridge power while generators 
start and protecting sensitive loads from flicker, sags, and inrush. Across 
facilities, three design families dominate, with distinct grid‑interaction 
signatures documented in incident analyses7:

Static
Bypass

Maintenance
Bypass

Output Distribution Switchboard Output Distribution Switchboard

Static
Bypass

Maintenance
Bypass

NON-CRITICAL
Loads

NON-CRITICAL
Loads

CRITICAL
Loads

CRITICAL
Fans/Pumps

CRITICAL
MCC

CRITICAL
MCC

MECHANICAL
Switchgear

MECHANICAL
Switchgear
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Loads

PDU PDU

UPS
+1

UPS
N

UPS
+1

UPS
N

Electrical Distribution
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Power Source

Transfer
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Transfer
Switchgear

Electrical Distribution

Alternate
Power Source Utility

Figure 3: Centralized UPS power distribution. Source: NERC Incident Review: Considering Simultaneous Voltage-Sensitive Load Reductions.
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1.	 Static centralized UPS (2–5 MW blocks). Battery‑backed converters 
instantaneously take over during a transient. Because most 
utility faults clear in ~20–100 milliseconds (ms), centralized, 
static UPS sites usually return to grid quickly, so the system 
“sees” a short load loss that restores within seconds.

2.	 Static decentralized UPS (rack‑level, 3–4 kilowatt (kW) 
each). Thousands of small UPS units act in aggregate; 
behavior is broadly similar to centralized static UPS, but can 
vary by vendor controls, firmware, and local settings.

3.	 Dynamic rotary UPS (DRUPS). A flywheel carries the load immediately; 
a coupled diesel engine then assumes prime‑mover duty. Critically, 
DRUPS sites do not auto‑reconnect quickly after the grid disturbance 
clears; reconnection is often deliberate and manual. This produces 
longer‑duration load drops from the grid perspective.

Even with UPS systems in place to regulate power quality, many facilities 
implement disturbance-counting schemes, for example, “three voltage 
depressions within 1 minute.” When that threshold is hit, sites transfer to 
backup generation and remain islanded until manual reconnection even if 
each sag lasts only tens of milliseconds.7 This behavior contributed to more 
than 1,260 MW remaining offline during a 2024 Eastern Interconnection 
event, despite correct utility protection clearing.

Voltage Sensitivity, Load Disconnection Behavior, Ride-Through 
Expectations, and Grid Impacts

Data centers are voltage‑sensitive, power‑electronics‑heavy loads. Their 
protective philosophy prioritizes mission continuity: avoid server brownouts 
and cooling trips that could damage equipment or corrupt data. UPS and 
transfer logic thus favor fast isolation from transient instability. However, 
the scale of modern campuses means that the aggregate effect of these 
transfers can present as bulk load loss to the grid, with frequency and 
voltage excursions and reactive imbalances that operators must counteract 
in real time.2 This has led to multiple approaches for utilities to mitigate the 
risk of large load loss, including ride-through requirements, underfrequency 
load shedding, and pushes for higher power-usage effectiveness to reduce 
non-computational loads.

Large, sudden transfers to backup cause frequency rises, overvoltage 
conditions, and stressed reactive controls. Balancing the needs for grid 
stability with power quality and availability for data center creates a cross-
sector opportunity that must be addressed through technical and policy 
solutions.10

 

Backup Power Systems for Extended Outages

UPS designs guarantee instantaneous continuity, but sustained uptime 
during grid unavailability depends on backup generation and storage sized 
to the mission. Onsite backup-power options often include some form of 
synchronous generation, like diesel or natural-gas generators, along with 
energy-storage systems. Table 5 provides an overview of characteristics from 
various backup power options, though it is not exhaustive.11 

Asset 
Type Duration Speed of 

Response Notes

UPS Minutes 
to hours <1s

UPS systems are only intended 
to sustain operations until longer 
duration assets can be deployed

Diesel Hours to 
days 5–10 s

Long duration diesel readiness, 
ramp coordination, and 
segmented load pickup are 
essential to avoid overshoot/
undervoltage during transitions 
back to grid service

Natural 
Gas

Months 
to years minutes

Industrial gas engines/turbines 
offer longer runtimes and 
preferential characteristics, but 
introduce pipeline dependency 
and gas system outage risk

Battery 
Energy 
Storage 
System

1–4 hours <1s

Controls must coordinate with 
UPS, generator governors, 
and facility segmentation to 
prevent forced oscillations or 
converter driven instabilities 
during islanded operation

On-site 
Nuclear

Months 
to years

5–15 
minutes

Nuclear power provides 
continuous power that reduces 
reliance on frequent transfers 
and can sustain operations 
through extended grid stress, 
but must be coordinated 
with other resources for tight 
load-following capabilities 
due to limited ramp rates

Table 5. Backup-power options.
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Key Insights

1.	 Voltage disturbances can trigger large, sudden data‑center 
load losses, primarily due to protective behavior of 
UPSs, cooling systems, and transfer controls.

2.	 UPS architecture drives grid impacts because, for example, 
static UPS systems return quickly while DRUPS and 
disturbance‑counting controls can lead to sustained islanding.

3.	 Reconnection must be managed carefully because uncontrolled 
or simultaneous restoration can create frequency and voltage 
challenges equal to, or greater than, the initial disturbance.

4.	 Current modeling and visibility tools lag behind real behavior, 
making improved telemetry, shared forecasting, and validated 
dynamic models essential for planning and operations.

Further Exploration

Future work should focus on improving data center and grid-operator 
coordination around disturbances, reconnection, and long‑duration backup 
power in order to protect both data center uptime requirements and power-
system reliability. Opportunities exist to develop standardized guidance 
for ride-through, undervoltage settings, and cooling‑system protection. 
Continued collaboration among utilities, equipment manufacturers, national 
laboratories, NERC working groups, and data-center operators can help refine 
models, validate UPS and cooling‑load behavior, and create reconnection 
practices that ensure stable voltage and frequency recovery.

Exploration of such advanced backup solutions as long‑duration storage, 
hybrid microgrids, and emerging nuclear systems to enhance resilience 
during extended outages would provide high value. Parallel efforts to expand 
high‑resolution telemetry, improve dynamic load models, and establish 
secure data‑sharing arrangements between operators and facilities will 
help close gaps in visibility and forecasting as data centers grow in scale and 
complexity.

1.3  �Interconnection Planning and 
Communications 

Introduction

Large electrical loads like many new hyperscale data centers must be 
formally integrated into the transmission or distribution system in a way that 
ensures reliability, safety, and operational compatibility with the electric 
network. When a data center connects with the grid, several factors need to 
be accounted for to ensure overall grid reliability. These factors are focused 
primarily around the following questions:
1.	 How much maximum power will the data center need?

2.	 Is the data center’s power demand expected to fluctuate or change?

3.	 Will changes in power demand happen frequently and/or randomly?

In essence, interconnection involves a structured engineering process that 
ensures very large, continuous, and often fast‑growing customers like data 
centers can be added to the grid without compromising system performance 
or reliability. The process for connecting data centers to the power grid 
involves a coordinated technical and contractual pathway in which the grid 
operator and the local utility study how the new load will affect power flows, 
equipment ratings, stability, and power quality. Interconnection agreements 
form the backbone of this process. Through an interconnection agreement, 
the data center and the power provider define responsibilities, costs, 
technical requirements, and operating rules.

Why Does This Matter for Data Centers?

The following information is designed to provide data-center operators 
with a general understanding of the steps that power providers and certain 
balancing authorities require to properly interconnect with the grid. To set 
the stage, some key components to data center connections are provided 
first, followed by a high-level description of how data centers, utilities, 
and independent system operators (ISOs) and regional transmission 
organizations (RTOs) negotiate and carry out data-center development and 
interconnection processes. Certain nuances to this process are then discussed, 
which include specific characteristics of hyperscale data centers and the state 
of current standards and regulatory requirements.
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Research and Findings

While data centers can vary substantially in their power needs based on their 
operational characteristics, most data centers contain specific componentry 
and exhibit similar BTM setups. Figure 4 provides a visual diagram of typical 
data center components and shows how they are generally connected to 
external power sources. These components can be categorized into the 
following groups:
1.	 BTM supply consists of switchgear or automatic transfer switches 

(ATS) that receive power from an external transformer and 
distribute power across data center components. This main power 
distribution unit generally feeds into an UPS which ensures the 
data center stays temporarily operational through battery storage. 
The UPS is connected to one or several PDUs which regulate 
voltage and power networking equipment and servers.8

2.	 Energy storage systems and backup generation are generally 
connected to the data center’s main power distribution unit/
ATS, and at a minimum support the vital IT loads of the data 
center. Many data centers use diesel or natural gas generators 
for backup purposes. Battery energy storage systems (BESS) 

are also often used as a method for meeting instantaneous 
power needs in the event of a loss of external power.8

3.	 Primary server components are composed of the 
servers, storage, and networking equipment that form 
the operational backbone of data centers.

4.	 Temperature control systems regulate the ambient 
temperature of servers and IT equipment, and are often referred 
to as computer room air conditioners with built-in condensers 
or computer room air handlers that require an external cooling 
system, such as a water chiller plant. These systems receive 
power from the data center’s main distribution unit.8

The way interconnection agreements are applied to a data center’s specific 
BTM power resources can vary substantially based on how these resources are 
configured and their potential to cause or exacerbate a grid contingency.iii 
Impact studies, carried out in step two of Table 6, are a fundamental part 
of the interconnection process and play a pivotal role in determining the 
overall time it takes for large loads like data centers to become operational. 
These studies are subject to certain baseline requirements defined in NERC 
Standard FAC-002-4, which establishes criteria for assessing the reliability 
of generation, transmission, and end-user facilities that plan to interconnect 
with the grid.12
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Figure 4. BTM power flow to different components in a data center.8

iii   A contingency refers to an unanticipated failure of a specific system component, such as a generator, transmission line, circuit breaker, or switch.
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Table 6. General process of an interconnection agreement. 

Establish Contact

Data center contacts power provider to request grid 
connection, provides expected load size (MW), project 
timeline, and other relevant power characteristics 
(backup generation & storage, cooling, HVAC, etc.).
Power provider assesses its capacity to support the data 
center with current infrastructure.
Data center and power provider discuss the likely 
complexity, costs, and timeline for interconnection.

Conduct Impact 
Studies*13,14

Data center provides technical details on equipment 
(UPS systems, cooling, inverters) to the power provider.
Power provider conducts engineering studies on local 
lines, substations, and protection systems. This entails 
checking thermal limits, voltage, fault levels, and 
equipment ratings. ISOs and RTOs may also assess the 
need for new lines or transformers, and conduct grid 
stability tests.†

Sign 
Interconnection 
Agreement

Power provider issues a standardized interconnection 
agreement‡ that includes:
Specific points of connection, equipment needed for the 
connection, and who is responsible for equipment on 
either side of the connection.
Required upgrades (lines, transformers, substations) and 
which party is responsible for financing each upgrade.
Operating rules, which include day-to-day communication, 
data sharing, safety protections, managing variable power 
– keeping harmonics and voltage within required limits, 
and specific clauses for grid emergencies (temporary 
curtailment, on site backups, ancillary services).
Data center agrees to these terms and agreement is signed.

Build Facilities

Power provider builds the ‘grid-side’ infrastructure. 
This can include high-voltage substation equipment, 
transmission lines, feeders, metering, and 
telecommunications links.
Data center builds the ‘customer-side’ infrastructure. This 
can include on-site transformers, UPS/inverters, backup 
generators, and power distribution for chillers or cooling 
equipment.

Go Live

Power provider tests protection systems, verifies 
equipment ratings, and confirms telecommunication 
links for supervisory control and data acquisition (SCADA) 
and metering.
Data center demonstrates compliance with power quality 
standards (voltage, harmonics) and confirms that backup 
systems work properly (i.e., will not shock the grid with 
sudden load changes).
ISO/RTO issues final approval to energize the facility.

While FAC-002-4 does not list explicit requirements for data centers and 
other large loads, it requires ISOs and transmission organizations to study 
the impacts of a large load under steady state, short-circuit, and dynamic 
conditions.12 This helps ensure that the bulk power system can perform 
sufficiently under the added demand of a large load, while also considering 
the ability of both the bulk system and large load to respond to and recover 
from certain disruptions without further destabilizing the grid. These 
studies typically require the data center to provide specific information on 
planned BTM assets and their configuration. For example, a data center 
implementing a BESS can be required to provide dynamic models for their 
inverter-based resources so that grid operators can properly assess how 
these backup resources will behave during a fault scenario.15 Likewise, 
data centers utilizing backup diesel generators may be required to provide 
the specifications of the generator’s automatic voltage regulator for grid 
operators to assess how voltage and reactive power is controlled under 
different contingencies, though these requirements vary depending on 
individual or combined generation capacity.16 The most explicit requirements 
generally deal with power quality and ride-through capabilities.

Power quality refers to how consistent, and steadily power flows between 
the grid and a data center’s BTM assets. Power quality is typically measured 
through harmonics, and limits are placed on the level of distortion produced 
by interconnected facilities.17 Regional authorities like ISO-NE, Midcontinent 
ISO (MISO), PJM and vertically-integrated utilities like Dominion Energy 
follow IEEE 519, which requires that a large load’s BTM assets remain below 
acceptable distortion levels.18 Many of these power authorities have also 
incorporated specific characteristics of data centers into their interconnection 
requirements, emphasizing that impact studies include power quality 
assessments for UPS assets and non-linear connections such as chillers 
and temperature control systems.19,20,21 Furthermore, power authorities 
like California Independent System Operator (CAISO) are implementing 
increasingly stringent power quality standards to help ensure grid stability 
in areas where traditional turbine-based generators providing natural inertia 
for the grid are being phased out or highly supplemented by inverter-based 
wind and solar generation sources.22

*   �NERC Industry Recommendations on large load interconnections specifically calls out transmission planners and plan-
ning coordinators, stating that these entities “should establish a comprehensive interconnection and system-wide study 
process using steady-state, dynamic, and short-circuit models to assess reliability impacts of Large Loads.” (NERC 2025)

†   �The Energy Reliability Council of Texas (ERCOT) has pointed out that ‘new large loads’ (mainly data centers) typically have 
much shorter timelines to interconnect compared to traditional large loads, which has led to power providers seeking 
alternatives to modeling load impact to the grid. This means conducting studies that have historically taken a year or 
longer in just a matter of months (ERCOT Large Load Interconnection Process: Current Status, Lessons Learned, and 
Future Challenges)

‡   �Many ISOs/RTOs are in the process of reevaluating traditional interconnection procedures. The CAISO, for example, has 
traditionally used its Generator Interconnection and Deliverability Allocation Procedures (GIDAP) to manage large load 
interconnect compared that include on-site generation. However, in light of increasingly common data center projects, 
CAISO is working to enhance this process to align more closely with data centers (CAISO, 2023).
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Key Insights

Large load interconnections remain a multistep, study-driven process, 
but data centers have shifted the planning paradigm. Regions now face 
saturation, prompting policy innovation, stronger reliability guidance, and a 
potential federal framework to standardize procedures for ≥20 MW loads. In 
the absence of specific Federal Energy Regulatory Commission (FERC) rules, 
data centers must navigate region specific manuals and utility standards 
while designing for stringent power quality, protection, and reliability 
requirements. Thus, when (or even prior to) entering into the interconnection 
process, data-center developers should be prepared to answer the following 
questions:
1.	 Does expected power consumption and/or on-site power 

generation capacity fall within the limits of what the 
regional power authority considers a large load?

2.	 What data points will be expected to provide for the power 
authority to carry out mandatory impact studies?

3.	 Does the power authority offer options to facilitate a 
quicker or more agile interconnection process?

4.	 How can key reliability requirements for power quality 
and ride-through during periods of grid instability 
be anticipated and addressed in advance?

5.	 Are BTM assets going to be configured in a way that might 
allow supporting the grid during periods of instability?

Interconnection process timelines often do not align with the speed at which 
new data centers expect to be energized and fully operational. Nevertheless, 
opportunities exist for accelerating these timelines, and data centers can 
facilitate this through a comprehensive understanding of the interconnection 
process, their expectations, and the potential incentives they can provide.

Ride-through refers to the ability of a data center’s BTM assets to remain 
connected to the grid for a period of time during and following any grid 
disturbances leading to voltage or frequency imbalances.23 While no national 
standard exists, ISOs and TOs across the country are increasingly implementing 
region-specific requirements that exceed ITIC thresholds by which large loads 
have traditionally based ride-through. For example, ERCOT requires that 
large loads remain connected to the grid at voltages above 90%, at which 
point operations can be curtailed if voltage drops to the 80–90% range or 
completely disconnected if voltage drops further than 80%.23

In many cases, data centers can help speed up interconnection processes by 
knowing ahead of time the performance requirements of specific ISOs and 
TOs in their region and preparing necessary data points that will be required 
for mandatory grid impact studies.
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1.4  �Grid Stability and Reliability 
Requirements 

Introduction

As large data centers and AI campuses grow, they increasingly shape the 
real-time conditions under which the electric grid will operate. Stability 
and reliability, once dominated by predictable load shapes and synchronous 
generator behavior, are now influenced by highly dynamic, power 
electronics‑rich facilities that can change consumption patterns in seconds.

Why Does This Matter for Data Centers?

Grid operators must maintain frequency, voltage, and system damping 
across wide geographic regions, even as these loads perform fast ramps, 
rapid transfers to backup power, and temporary islanding. For data-
center developers and nuclear-generation partners, understanding these 
operational realities and regulatory requirements is crucial to design facilities 
that not only withstand grid disturbances, but also avoid exacerbating them. 
This section highlights the core stability challenges and emerging solutions 
identified across recent INL research, with the goal of equipping both 
operators and developers with actionable practices.

Research and Findings

Frequency Control Under Rapid Load Movement

Grid-frequency stability depends on a delicate balance between generation 
and load at every moment. Traditionally, this balance was supported by 
synchronous inertia and relatively slow-moving industrial and commercial 
loads. IT equipment, cooling systems, and UPS interactions in large, modern 
data centers can cause sudden changes in demand due to rapid downturns 
during protective transfers or steep increases during staged restoration or 
AI-workload shifts. Events involving load losses of hundreds of megawatts 
within seconds have demonstrated that frequency can deviate quickly, 
outpacing conventional primary frequency control.9

INL’s analyses emphasize that frequency disturbances are no longer driven 
solely by generator trips; fast load changes are equally capable of producing 
significant deviations. As inertia declines with the retirement of synchronous 
generation, the grid becomes more sensitive to these changes, making fast 
frequency response (FFR) a critical operational requirement.2 Industrial-scale 
batteries, utility‑scale energy storage, and responsive industrial loads can 
all provide this service, but their activation must be coordinated. For data-
center operators, preparing to participate in FFR or other ancillary services 
can help mitigate their own impact on system frequency.

Moreover, nuclear developers exploring data center co‑location should 
understand that while nuclear provides steady power, its governor response 
is slower than inverter‑based technologies. Pairing nuclear generation with 
fast‑acting storage or automated control schemes can ensure the combined 
system enhances, rather than burdens, overall frequency resilience.10

Voltage Performance and Reactive Power Management 

Voltage-stability challenges increasingly arise in regions with large clusters 
of loads driven by power electronics. Data centers produce unique voltage 
signatures: rapid transitions between grid‑connected and islanded modes, 
sudden shifts in reactive-power consumption during cooling‑system 
behavior, and protective responses that can disconnect large blocks of 
load.2 These behaviors can sharply influence local voltage profiles and stress 
reactive-compensation systems, particularly in corridors already operating 
near their reactive limits.

Typical voltage‑control devices—capacitor banks, transformer tap changers, 
and legacy Volt-amp reactive (VAR) schedules—are too slow to counteract 
the sub‑second swings associated with large-campus behavior. Operators 
increasingly require dynamic VAR support, such as static synchronous 
compensators, capable of responding nearly instantaneously to electronic-
load characteristics.24 At the same time, data centers can reduce voltage risk 
by providing visibility into their cooling‑system sensitivities and coordinating 
to maintain adequate voltage ride‑through in plant controls.

Nuclear developers, especially those pursuing microreactor‑based campuses, 
must also consider how local voltage regulation interacts with protective 
relays and inverter‑based auxiliary systems. Validation environments and 
pilots, along with technical databases and model libraries for modern data 
center loads are essential technical needs to perform stability studies and 
support targeted mitigations.25,26
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Operational Visibility and Coordination

Grid reliability hinges not only on control hardware but also on situational 
awareness. Operators frequently lack the detailed, near‑real‑time load data 
needed to make accurate decisions. Data centers may vary consumption 
significantly depending on workload type, cooling demand, and protective 
system behavior, yet operators often see only aggregated, slow‑updating 
telemetry.

Improved visibility, including sub‑second data at the POI, short‑term load 
forecasts, advanced metering, and secure data‑sharing protocols, allows 
operators to anticipate ramps, prepare reserves, and adjust voltage and 
frequency setpoints proactively. Data centers that provide this transparency 
can reduce the risk of over‑procurement of reserves, unanticipated 
disturbances, and costly misoperations. For developers, this transparency 
may unlock preferential interconnection timelines or improved tariff 
structures.

Recent work also stresses the need for structured coordination frameworks 
that allow utilities, data centers, and nuclear developers to jointly establish 
operating envelopes, disturbance‑response expectations, and restoration 
procedures.10 Without this shared understanding, even well‑designed 
systems may underperform in real time simply because assumptions differ 
between parties.

Key Insights

1.	 Seconds‑scale load ramps demand purpose‑built FFR stacks and 
governor/automatic generation control retuning in areas with clustered 
campuses.

2.	 Converter‑driven and forced oscillations are an operational risk; POI‑level 
monitoring plus screening of campus controls/filters is essential.

3.	 Sub‑second telemetry and short‑term load forecasts are prerequisite for 
stable operations, enabling smarter reserve and VAR provisioning.

4.	 Cross‑stakeholder coordination templates accelerate adoption, turning 
research into repeatable operating practices across utilities and 
campuses.

Further Exploration

Near-term priorities include joint operator and developer pilots to validate 
FFR trigger logic, VAR dispatch driven by phasor-measurement units, and 
oscillation alarms in corridors with multiple campuses. These should publish 
datasets and parameter ranges that other balancing areas can reuse.

Parallel work should formalize secure telemetry and forecast exchanges and 
codify stability of operating envelopes (frequency and voltage) tailored to 
electronics‑dense regions, so dispatch systems, VAR controls, and campus-
workload schedulers operate to common limits. National laboratories can 
host templates and parameter guidance derived from these pilots for reuse 
across utilities and developers.

A final of concern highlighted in recent research is the increased risk of 
forced or poorly damped oscillations.1 These oscillations may be subtle under 
normal conditions but grow under certain system configurations, particularly 
in areas with weak grids, long transmission lines, or series‑compensated 
corridors. Utilities seek better understanding of oscillatory behaviors so that 
they can detect and mitigate these risks to stability.
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1.5  Utility Planning Considerations

Introduction

Data centers are now among the fastest‑growing categories of load in North 
America, with dozens of regions experiencing simultaneous requests for 
campuses in the range of hundreds-of-MW to GW. This scale of demand 
reshapes utility planning because the grid was not historically designed 
for rapid, multi‑GW increases in localized load. Growth in the U.S. has been 
relatively flat for the last 20 years, but is now seeing increases in forecasts 
at an ever-increasing pace.27 Even well‑resourced utilities face multi‑year 
timelines to build new generation, reinforce transmission, or expand 
substations. At the same time, hyperscale developers often request service 
within 18–36 months, far quicker than legacy grid expansion cycles.10 

Why Does This Matter for Data Centers?

These competing timeframes create friction across the sector, making it 
crucial for developers, operators, and policymakers to understand how 
utilities plan, approve, and recover costs for major infrastructure upgrades.

Research and Findings

The Strain of Large Load Growth and Forecasting Uncertainty 

Traditional forecasting tools, based on population, economic trends, and 
incremental industrial growth, struggle to capture the surge in large electronic 
demand. Developers often evaluate multiple states or utility territories 
simultaneously, which leads to concerns over phantom load, where requests 
are submitted but do not materialize. Phantom load requests still consume 
resources to start evaluating proposals and run studies, causing some states like 
Texas and Ohio to enact rules requiring proof of site control, minimum contract 
lengths, and study fees to deter speculative queue entries.28 Utilities must plan 
for the possibility that these loads will materialize because under‑building 
carries major reliability risks, but over‑building exposes ratepayers to stranded 
costs. This dynamic creates a structural tension; hyperscale developers 
want optionality and speed while utilities need certainty and long‑term 
commitments before launching billion‑dollar upgrades.

Limitations on Fast Grid Expansion

Even when utilities agree that new assets are necessary, the path from need 
to energization is inherently long because multiple sequential processes 
must align across planning, regulation, permitting, and delivery. Most 
investor‑owned and public utilities operate within established integrated-
resource-planning cycles that refresh major generation and transmission 
decisions every 2–3 years.25 This cadence means large requests that arrive 
midcycle often wait until the next planning update or proceed only with 
interim measures that do not fully resolve capacity or corridor constraints.

Cost recovery adds a second layer of timing. Significant grid projects typically 
require rate-case approval from public-utility commissions to ensure customers 
pay only for prudent, necessary investments and to assign those costs in a 
manner consistent with “cost‑causation” principles. Those proceedings involve 
testimony, discovery, and public input, routinely stretching 12–24 months, 
even under favorable conditions. States responding to rapid large‑load growth 
have begun to formalize how big customers share costs; Ohio’s tariff settlement 
for >25 MW loads and Georgia’s public service commission rules on full cost 
responsibility are examples. Nevertheless, those decisions still move on 
regulatory timescales.28

On the technical side, lack of accurate dynamic models and detailed power-
consumption data for large loads has been noted as an area of concern. 
Accurate simulations to determine the potential impact of a large load and 
apply appropriate mitigations in the interconnection-approval process are 
difficult when the models do not reflect the real-world behavior of those loads 
under non-steady-state conditions. Building these models to assess both 
the impact of large loads on the grid and the potential ways that large load 
dynamic capabilities can be used to support grid stability is an active area of 
INL research.

Permitting and siting are equally determinative. New transmission lines, 
high‑voltage substations, or large generation assets must clear federal 
and state impact reviews, secure rights‑of‑way, and coordinate across 
jurisdictions—steps that can add years to a project in complex corridors. 
Recent federal executive actions have attempted to compress these durations 
by calling for modernization of permitting and prioritizing firm, dispatchable 
resources to meet surging AI and data center driven demand, but the practical 
acceleration is only beginning to manifest.28

Finally, generation and transmission expansion faces supply‑chain and 
construction realities. Lead times for large power transformers frequently 
span 18–36 months, specialized labor is scarce in several regions, and 
outages must be coordinated to avoid compromising day‑to‑day reliability. 
Even with alignment across all steps, end‑to‑end timelines for substantial 
grid reinforcement or new generation commonly run 5–10 years. Until new 
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procedures are adopted to speed approval timelines and secure resources 
necessary for infrastructure and labor costs, data-center developers continue 
to look for alternatives, such as bring-your-own power models and direct 
partnerships with generators in the form of power-purchase agreements (PPAs) 
or onsite construction.

Emerging Policy Mechanisms and Regulatory Reforms

Recognizing the mismatch between grid timelines and large‑load expectations, 
regulators and system operators are deploying targeted mechanisms to add 
speed to power while preserving reliability and equity. At the federal level, 
FERC’s approvals and directives have begun to delineate fast‑track options for 
large loads and co‑located generation.29 In the Southwest Power Pool, the high 
impact large loads framework introduces a 90‑day study path and conditional 
service models that can energize sooner while reserving the right to curtail 
temporarily to protect the system; this approach creates near‑term service with 
transparent tradeoffs, rather than indefinite queue delays. Pennsylvania-New 
Jersey-Maryland (PJM) is also working toward options to bring large loads 
online faster, including provisions around onsite generation and transmission-
service options.

MISO is exploring faster studies, interim service constructs, and demand-side 
participation through their Expediated Resource Addition Study. States are 
moving in parallel. Several states are adopting laws that attempt to balance 
the goals of protecting ratepayers and keeping energy costs down while also 
expediting permitting for energy infrastructure and maintaining regulatory 
oversight. The guiding principle across these reforms is not to bypass reliability, 
but to stage capacity additions, using conditional service, curtailed non‑firm 
arrangements, and coordinated onsite resources while long‑lead assets proceed 
through their normal cycles.

Cultural Mismatch: Utility Timelines vs. Data Center Expectations

Utilities plan and steward infrastructure on multi‑decadal horizons, under 
mandates to maintain reliability and affordability for all customers. Their 
processes—integrated resource planning (IRP), rate cases, siting reviews, 
and cost allocation—exist to ensure prudence and fairness, and they 
move at institutional speed. Hyperscale developers, by contrast, operate 
on competitive timeframes measured in quarters: siting, negotiating, and 
commissioning campuses in 18–36 months to meet cloud, AI, or enterprise 
demand. Nuclear developers bring a third perspective to the conversation, 
as both an attractive option to serve large amounts of steady power for 
hyperscale data centers and background as a safety and regulation focused 
industry that can take years to reach approvals. This difference in cadence is 
not merely procedural; it reflects distinct risk cultures.10

INL research and engagement with industry stakeholders has identified 
that misaligned expectations produce reactive planning and strained 
operations, particularly when multiple large campuses cluster on constrained 
corridors. The most-promising remedies are hybrid approaches that meet 
in the middle: conditional or staged service paired with clear curtailment 
frameworks; co‑located generation and storage that shoulder part of the 
adequacy burden; and pre‑permitted, ready‑to‑serve substation zones in 
utilities’ long‑range plans that can accept large load blocks with reduced lead 
time. These approaches are gaining traction as RTOs and state reforms clarify 
cost responsibility, study requirements, and interim service options.

Key Insights

1.	 Large loads stress traditional planning paradigms 
by overwhelming forecasting tools and outpacing 
available generation and transmission capacity.

2.	 Infrastructure cannot scale quickly due to long 
regulatory, permitting, cost‑recovery, and construction 
timelines—often stretching 5–10 years.

3.	 New policy mechanisms are emerging—including conditional 
service, co‑located generation rules, and state‑level 
large‑load tariffs—to accelerate speed‑to‑power.

4.	 Cost causation and reliability protection are central themes, 
with regulators increasingly requiring long‑term contracts, 
minimum billing, and developer‑funded upgrades.

The cultural mismatch between utilities and data-center developers remains 
a core barrier, making collaboration, transparency, and early engagement 
essential.

 

Further Exploration

Future work should focus on coordinated planning frameworks that bring 
utilities, developers, and regulators into earlier, more-transparent dialogue. 
Pilot programs should test new large‑load tariff structures, conditional 
service arrangements, hybrid supply architectures (e.g., nuclear + storage 
+ grid), and accelerated permitting pathways. Another area of exploration 
is expanding load-flexibility programs that align campus operations 
with system needs without compromising uptime. National laboratories, 
RTOs, and state commissions will be key partners in evaluating how these 
mechanisms affect reliability, cost, and customer lifetime value.
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1.6  �Capacity Expansion  
and Market Studies

Introduction

The surge in hyperscale data-center demand reflects a structural shift toward 
large, modular campuses optimized for AI and high-performance computing 
workloads. These firms accelerate deployment through repeatable 50–60 
MW building blocks, long-term PPAs, repeatable procurement strategies, 
and vertically integrated infrastructure models while investment capital has 
flowed aggressively into the sector.30

Why Does This Matter for Data Centers?

Hyperscale data centers are fundamentally reshaping U.S. capacity expansion 
and market planning by driving one of the most concentrated and structurally 
significant load increases in power-system history. Planning challenges now 
center, not just on how much capacity is needed, but on where, how quickly, 
and whether transmission infrastructure can physically deliver under both 
normal and stressful conditions. With medium- to high-likelihood projects 
pushing projected national data-center demand beyond 300 GW by the early 
2030s, heavily clustered in Texas, Virginia, and select high-growth states, the 
buildout is both geographically concentrated and front-loaded, far exceeding 
historical commercial load growth and outpacing the capacity additions and 
transmission upgrades considered by U.S. grid entities.31

Research and Findings

Navigating U.S. Market Structure for Large-Load Deployment

Electricity procurement and pricing vary by region, shaped by whether markets 
are regulated (cost-of-service) or competitive (RTO/ISO-based), which directly 
affects data-center contracting options, price risk, and speed to power.32 About 
one-third of the U.S. load is served by vertically integrated utilities with public 
utility commission (PUC)-approved, cost-based rates that provide stable cost 
recovery while roughly two-thirds operates in competitive wholesale markets, 
where prices are set through supply and demand dynamics and locational 
marginal pricing, often alongside capacity and ancillary-service markets. Retail 
deregulation does not always align with wholesale-market participation, 
creating a spectrum of hybrid structures across the U.S.

Regional Adequacy Challenges

The 2025 long-term reliability assessment (LTRA) shows a dramatic 
acceleration in projected peak demand, far beyond historical forecasts. 
Over the 10-year assessment period (2026–2035), aggregated summer 
peak demand is forecast to rise by more than 224 GW while winter peak is 
projected to increase by over 245 GW. Large commercial and industrial loads, 
especially new data centers supporting AI and the digital economy, account 
for most of the projected increase in North American electricity demand 
over the next decade.33 Load forecasts collected for the 2025 LTRA reveal 
a substantial buildout of data centers, particularly in Texas, PJM, and the 
Western Electricity Coordinating Council (WECC) assessment areas. In some 
WECC balancing authorities, planned data centers account for as much as 
40% of the demand forecast.
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Figure 5. NERC 2025 LTRA regional risk outlook (2026–2030). High risk (dark blue), elevated (bright blue), and normal (gray) resource adequacy risk by region, 
reflecting tightening margins driven by load growth, retirements, and fuel constraints.33 High-risk regions are projected to exceed resource adequacy limits with 
expected shortfalls, Elevated-risk regions meet targets under normal conditions, but are vulnerable under stress, and normal-risk regions remain within thresholds.

High-growth regions—ERCOT, PJM, MISO, and parts of WECC—will 
experience the strong demand increases.33 In several regions, planning-
reserve margins trend downward through the late 2020s and early 2030s 
absent major incremental additions and transmission expansion (see 
Figure 5). Other regions (e.g., the Southwest Power Pool [SPP] and parts 
of the Southeastern Electric Reliability Corporation [SERC]) may maintain 
comparatively higher margins in the near term although seasonal and fuel 
risk-driven shortfall concerns still appear under stressed conditions.

Strategic Load Clustering Across Electricity Markets and Utilities

NERC divides the U.S. into multiple reliability regions, and current data-center 
capacity is highly concentrated in a few key ISO/RTO markets, rather than 
evenly distributed nationwide. As shown in Figure 6, PJM leads by a wide 
margin, with roughly 16–17 GW of connected data-center load, representing 
the highest share of total regional demand (approaching ~17%).  

ERCOT and MISO follow with approximately 4–4.5 GW each, accounting for 
a growing share of their system load, while CAISO and SPP show moderate, 
but meaningful penetration.31 In contrast, Independent System Operator-
New England (ISO-NE) and New York Independent System Operator have 
comparatively low connected capacity and small percentages of total demand.

This distribution indicates that data centers are clustering in regions 
offering favorable market structures, transmission access, land availability, 
and scalable generation, particularly PJM and ERCOT, while higher-cost or 
more space-constrained regions in the Northeast show limited growth. 
Strategically, hyperscalers reinforce this concentration by securing long-
term PPAs, investing in utility-infrastructure upgrades, and prioritizing 
interconnection speed and grid reliability, further reshaping regional load 
profiles and utility planning dynamics.
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Figure 6. Data-center capacity in MW and percent-share across different ISOs.
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Deploying Nuclear Uprates as a Near-Term Bridge

Meeting near-term supply–demand gaps require solutions that align with the 
rapid pace of large-load growth, particularly AI-driven data centers that can 
be built in 18–24 months, far faster than new generation and transmission 
infrastructure. Nuclear uprates offer a practical bridge because they leverage 
existing, licensed plants and grid interconnection points, enabling incremental 
additions of firm capacity on shorter timelines than new projects. This makes 
uprates one of the few scalable near-term options capable of strengthening 
reserve margins while longer-lead infrastructure is developed. However, their 
ultimate value depends on deliverability: even where data center clusters 
are geographically close to nuclear facilities that can be uprated, such as in 

the Mid-Atlantic, transmission congestion, interconnection backlogs, and 
contractual structuring determine whether incremental output can reliably 
reach high-growth load centers.

The geographic distribution of data-center development across the U.S. is 
highly uneven and concentrated within specific RTO footprints. Active facilities, 
under-construction projects, and announced developments are predominantly 
clustered in PJM (particularly Northern Virginia), ERCOT (Texas), and portions 
of the Southeast Virginia and the Carolinas (VACAR) and Southeastern regions). 
Secondary concentrations appear in the Midwest (MISO/Midwest Regional 
Operator [MRO]) and parts of the West (Northwest Power Pool and California-
Mexico [CA-MX]), though at comparatively lower density.34

The most-pronounced clustering (Figure 7) occurs in Northern Virginia and the 
broader Mid-Atlantic region, where the highest density of active and upcoming 
data centers coincides with multiple nuclear units in Virginia, Maryland, and 
Pennsylvania. This region also exhibits some of the largest projected data-
center demand growth (exceeding 20–25 GWe in the PJM footprint), while 
retaining measurable uprate potential across existing reactors. The spatial 
overlap suggests theoretical opportunities for structured long-term offtake 
arrangements. However, the same region is characterized by heavy transmission 
usage, queue backlogs, and deliverability constraints. Therefore, physical 
proximity alone does not guarantee feasible interconnection; transmission 
topology, congestion patterns, and contractual structure will be decisive.

Data Centers
     Active
     Announced
     Construction

Nuclear Sites

Figure 7. Geographic distribution and spatial clustering of U.S. data centers.

DRAFT



19

Understanding the Deliverability Bottleneck

Transmission and interconnection bottlenecks emerge as the binding 
constraint on large-load integration. In regions like PJM, where data center 
concentration is highest, interconnection timelines have stretched from 
less than 2 years to more than 8, creating a structural mismatch between 
the 18–24 month build cycle of data centers and the decade-long process 
required to permit and construct generation and transmission infrastructure. 
Even where incremental nuclear uprates are technically feasible, their 
economic value depends on deliverability and market access, which are 
increasingly constrained by queue backlogs and limited transfer capability. 
Although NERC projects a substantial increase in planned transmission 
mileage over the next decade,33 much of it remains early-stage and faces 
siting and cost-allocation hurdles. Broader assessments suggest that tens 
of gigawatts of additional interregional transfer capability could materially 
improve reliability under stress, reinforcing that today’s adequacy challenge 
is as much about transmission as it is about local capacity shortfalls.

At a high level, transmission capability determines whether new supply 
or large loads can be reliably integrated. The 500 kilovolt (kV) + network 
serves as the bulk-power backbone for long-distance, high-volume transfers 
while 345 kV lines function as the regional workhorse system, connecting 
generation hubs to metropolitan demand centers. Medium- to lower-voltage 
sub transmission layers often create the decisive “last-mile” constraints that 
govern actual deliverability to concentrated load pockets, such as hyperscale 
data-center campuses. As a result, reliability and adequacy challenges are 
frequently driven by transfer capability and localized network limits rather 
than purely by aggregate megawatt shortages, underscoring the importance 
of coordinated transmission planning alongside generation additions.

Grid Issues with Large-Load Integration

The rapid and highly concentrated growth of hyperscale data centers is 
creating localized grid stress that regional averages often mask. In dense 
corridors, such as Northern Virginia and parts of ERCOT, multiple hundred-
MW campuses can form load pockets where transmission outages, substation 
constraints, or interface congestion have outsized reliability implications. As 
a result, the integration challenge is frequently geographic and operational 
rather than purely system-wide adequacy.

Reliability risks are bidirectional. Rapid load additions tighten reserve 
margins and strain interconnection pathways, but sudden loss of very 
large load blocks can also create operational disturbances. A recent Eastern 
Interconnection event involving the loss of roughly 1,500 MW of load 
during a transmission fault illustrates how large-load behavior, particularly 
customer-side protection and ride-through settings, can contribute to 
frequency and voltage excursions.36 Such events underscore that both load 
growth and load volatility must be incorporated into planning studies.

These dynamics elevate the importance of explicit voltage ride-through 
standards, dynamic load modeling, fault sensitivity analysis, monitoring of 
coincident load loss, and controlled reconnection-ramp protocols. Integration 
is further constrained not only by transmission capacity, but also by 
infrastructures such as transformer ratings, reactive-power capability, and 
substation topology. In high-growth regions where interconnection timelines 
extend far beyond data center construction schedules, congestion and 
transfer capability, rather than aggregate MWs, are increasingly the decisive 
factors in reliable integration.
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Key Insights

The analysis of data center deployment, market structure, regional adequacy, 
and transmission constraints points to several structural shifts in how 
capacity expansion must be evaluated. These insights frame how nuclear 
uprates and other firm resources should be positioned within rapidly 
evolving load centers.
1.	 Data centers have become a system-level driver of capacity expansion, 

with hyperscale and AI loads accelerating demand in concentrated 
regions (notably PJM and ERCOT)

2.	 Transmission and interconnection constraints—not just generation—
are now the binding reliability limits, with queue delays and congestion 
determining deliverability

3.	 There is a structural mismatch between fast load build cycles (18–24 
months) and slow infrastructure timelines (up to a decade)

4.	 Nuclear uprates offer a rare near-term, firm capacity option using existing 
assets, but their value depends on transmission and market alignment

5.	 Physical proximity between data centers and generation does not guarantee 
deliverability; sub-regional and backbone transfer limits are decisive

6.	 Market structure (regulated vs. competitive) materially shapes 
contracting pathways, risk exposure, and speed-to-power.

Strategic Priorities for Investors, Utilities and Policymakers

Given these structural dynamics, capacity expansion and offtake strategies 
should be evaluated through a focused set of screening questions. These 
are intended to guide siting decisions, market studies, and nuclear uprate 
alignment assessments:
•	 Where is the binding constraint: generation adequacy, regional 

congestion, interregional transfer limits, or last-mile infrastructure?

•	 Can incremental nuclear output be delivered to the target load zone 
without major transmission reinforcements?

•	 Do interconnection timelines realistically align with data center 
commissioning schedules?

•	 What transmission upgrades are required, and are they permitted, 
funded, and sequenced appropriately?

•	 Does the regional market structure support long-term firm offtake 
arrangements?

•	 How exposed is the project to queue backlogs, cost-allocation disputes, 
or siting delays?

•	 Are large-load operational risks explicitly modeled and contractually 
addressed?

•	 Is the opportunity addressing a local reserve margin issue, a 
deliverability constraint, or an interregional transfer limitation?

DRAFT



21

DRAFT



22

For data-center developers navigating the realities of grid interconnection, a 
broader question is increasingly being asked: what options exist beyond, or 
even alongside, the grid? This chapter explores the growing range of options 
for generating and managing power outside of (or in combination with) the 
traditional utility relationship. Nuclear energy figures prominently in that 
picture, but the path to nuclear integration is shaped by a set of technical, 
economic, and operational choices that deserve careful examination on their 
own terms, and will be explored in more depth in Chapter 4.

This chapter opens with the question of how a nuclear power plant and 
a data center can actually be connected. Five distinct electrical coupling 
configurations are examined in the section on Data Center Electric-
Coupling Scenarios with Nuclear, each carrying different implications 
for cost, reliability, grid dependence, and reactor sizing. From there, the 
discussion moves into thermal integration—specifically, the opportunity 
to use reactor heat, not just reactor electricity, to drive data center cooling. 
The section on NPP/DC Thermal Coupling Through Absorption Chillers 
explores how this approach can meaningfully expand the computing capacity 
a given reactor can support, and what tradeoffs are involved in different 
chiller configurations.

Water is then taken up as a resource that connects nuclear and data center 
operations in ways that are often underappreciated. The section on Energy-
Water Nexus examines how both industries draw on shared water supplies, 
how that demand is regulated across different jurisdictions, and why water 
availability is increasingly a binding constraint on siting decisions. The 
section on Controls addresses the operational challenge of managing a 
complex microgrid (one that may include a reactor, battery storage, and 
variable loads) safely and reliably, and describes the testing frameworks 
being developed to validate these systems before deployment. Finally, the 
section on Direct Current Power for Data Center Racks examines an 
emerging shift in how power is distributed within data centers themselves, 
and why DC architectures may offer meaningful advantages as rack densities 
continue to rise.

2.1  �Data Center Electric-Coupling Scenarios  
with Nuclear

Introduction

A data center requires energy in the form of electricity for its IT equipment: 
both computational and cooling, predominantly supplied by electric chillers 
that produce and circulate chilled water. Electricity can be provided directly 
by the nuclear power plant (NPP), either through a direct connection or 

through the grid. The different coupling options are driven by technical and 
economic considerations influenced by region-specific regulatory and grid 
constraints. This chapter summarizes those options, detailing some of their 
implications for nuclear projects and data centers.

Why Does This Matter for Data Centers?

The type of electrical connection considered will directly influence how much 
a data center relies on the electrical grid, how much nuclear-reactor capacity 
is needed, and the number of units or backup required to meet reliability 
requirements. Reducing data center reliance on the grid can potentially 
benefit long-term economics through reduced transmission costs and 
faster deployment due to current interconnection-queue backlogs and high 
rejection rates in some regions of the U.S.

Research and Findings

Five different options for electrical coupling of NPPs to data centers were 
defined, based on the type of grid connections to the coupled nuclear/data 
center system, as illustrated in Figure 8. Benefits and challenges of each 
option are summarized in Table 5-3 of [37], with highlights summarized 
here.

In Option 1, the NPP and data center are electrically interconnected 
through bulk-transmission lines only. Through a non-physical delivery PPA, 
the data-center owner can agree to purchase power from the NPP at set 
prices while physical settlement with the local utility or market operator 
proceeds separately. This option provides flexibility in terms of nuclear 
siting—because no proximity with the data center is required—and in 
terms of power matching. Although data-center capacity can be built 
in 1–3 years, which is faster than any firm source of energy generation 
or transmission expansion, NPP deployment need not match the data-
center timeline provided the grid has sufficient reserve capacity. The two 
facilities can operate on independent schedules, with the NPP eventually 
contributing to peak data-center demand. The NPP and data center can 
maintain independent outage and operation schedules. This option (grid 
connection) benefits from the high capacity factors and firm baseload-power 
characteristic of nuclear generation while grid inertia contributes to high 
power quality for the data center. However, it requires sufficient existing 
or new transmission and distribution infrastructure, and because the data 
center would draw from the broader grid mix, it is not possible to track from 
which kind of source the electricity consumed originates.
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Options 2, 3, 4, and 5 are different types of co-location or BTM 
configurations, all requiring some proximity between the NPP and data 
center to accommodate direct electrical connection and share a substation 
and its interconnections to the high- or extra-high-voltage transmission 
system. In Option 4, the NPP and data center are isolated from the grid 
and operating in an island mode. In Options 2 and 3, the NPP maintains 
a connection to the grid to sell excess electricity. In Options 2 and 5, the 
data center maintains a direct connection to the grid to serve as backup or 
complement to an NPP. The benefits and challenges of these options can be 
summarized as follows:
•	 Option 2 connects both the NPP and data center to the grid, 

allowing the NPP to sell excess electricity and improving 
project economics while the data center retains grid backup for 
reliability. Transmission costs are minimized although proximity 
between facilities is needed, and load transients must be 
carefully managed to avoid impacts on the NPP or grid.

•	 Option 3 similarly allows the NPP to sell excess power to the 
grid while minimizing transmission costs, but the data center 
has no direct grid connection. This places greater reliance on 
the NPP (potentially together with other energy infrastructure) 
to meet data-center power demand, necessitating additional 
onsite redundancy that adds to overall project costs.

•	 Option 4 isolates both the NPP and data center from the 
grid entirely, eliminating transmission costs and enabling 
deployment in remote or off-grid locations. However, the absence 

of any grid support requires significant backup generation 
capacity and potential additional reactor units to meet data 
center reliability requirements, increasing overall costs.

•	 Option 5 maintains a direct grid connection for the data center as 
backup while the NPP operates solely to serve the data center load 
without selling excess electricity to the grid. This improves reliability and 
can reduce electricity costs, though it foregoes potential NPP revenue 
streams and remains subject to regional regulatory constraints.

Within each coupling-path option, the power distribution path within 
the data center may be designed for varying degrees of availability by 
incorporating features for redundancy, maintainability without disruption, 
and fault tolerance. To meet reliability requirements, this distribution system 
may have separate redundant circuits and UPSs serving IT equipment, along 
with onsite generation capacity to meet or exceed the peak data-center 
power demand. The internal redundancy of the data center distribution 
system is designed independent of the reliability of any external power 
supplies, including the utility electricity supply and any generation that is 
not under direct control of the data-center operator.

The type of coupling option will affect significantly what type and number 
of nuclear reactors that may be needed to power a data center. This was 
illustrated in Stauff by applying the reactor sizing optimization framework 
developed from Hanna, with results summarized in Table 7.37,38

The analysis uses generic cost estimates for nuclear reactors of varying sizes, 
based on next commercial-offering cost overnight capital costs, operation 
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Figure 8. Illustration of different options for electrical connection of an NPP to a data center.
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and maintenance (O&M) costs, and construction durations derived from 
curve-fitting of literature data. It is important to note that these cost 
estimates carry significant uncertainty, and the results should be interpreted 
in terms of relative trends rather than absolute cost predictions. Additionally, 
the analysis considers only the cost of power supplied by the nuclear plant 
itself and does not account for transmission and distribution costs or battery-
storage costs that may be part of a real deployment. A fixed data-center 
demand is assumed, with load fluctuations expected to be managed on the 
data-center side.

The details of this methodology can be found in [38] together with the data 
used (costs, construction duration, learning rate [LR], refueling interval). 
Learning across multiple sites is not considered in this model, which focuses 
on a single site project. Depending on the configuration of the NPP and data 
center, total demand, economies of scale, and electricity price, the ideal 
reactor size varies for each application.

Key Insights

The main trends observed in the results show that larger reactor sizes will 
be preferred to meet higher data-center power demand while benefiting 
from economies of scale. In the absence of grid backup (as in Options 3 and 
4), additional reactor units or other onsite power production will be needed 

to meet reliability requirements, leading to potentially smaller nuclear-
reactor sizes. When the nuclear reactor is connected to the grid to sell excess 
electricity (as in Options 1, 2, and 5), higher electricity prices favor over-
capacity builds. Additionally, higher interest rates have a more significant 
impact on larger reactors, owing to their longer construction times.

Further Exploration

Further details on the different connection options are provided in the 
System Analysis and Integration (SA&I) report on nuclear-powered data 
centers sponsored by DOE’s Office of Nuclear Energy (NE).37 Table 5-4 
of [37] report especially summarizes the main benefits and challenges 
associated with these different coupling options. Other relevant resources 
are the Electric Power Research Institute (EPRI) reports on nuclear-powered 
data centers39 and behind-the-grid operation.40 More details on the INL 
optimization framework for nuclear sizing to match data-center power 
demand are available in [37]. Ongoing effort by the SA&I campaign involves 
case-study analysis of different deployment scenarios for NPPs with data 
centers on specific sites. Other ongoing work from the Integrated Energy 
Systems program has explored the reliability and cost of grid-connected and 
islanded microgrid configurations that include nuclear power.

Table 7. Summary of reactor sizing optimization analysis for different NPP/DC coupling options. This table is intended to illustrate (1) how the optimum reactor size 
varies with data-center demand and coupling configuration and (2) the relative differences in levelized cost of electricity (LCOE) across options, considering only 
NPP costs. 

DC Demand 
(MWe)

Option 1, 2, and 5 Option 3 Option 4

Through the grid 
(or direct connection with grid backup)

Direct connection to DC 
with option to sell excess to the grid

Direct connection to DC  
without connection to the grid

Optimum Reactor Size 
(MWe) # Units LCOE*  

($/MWh)
Optimum Reactor Size 

(MWe) # Units LCOE  
($/MWh)

Optimum Reactor Size 
(MWe)

# Units LCOE  
($/MWh)

50 50 1 147 10 6 166 5 11 174

100 50 2 129 20 6 145 10 11 153

500 500 1 97 100 6 108 50 11 116

1000 1000 1 87 500 3 95 50 21 103

2000 1000 2 79 1000 3 83 100 21 92

6000 1000 6 72 1000 7 73 400 16 77

*   �The LCOE values presented here do not represent the full cost of powering a data center with nuclear energy because they exclude transmission and distribution costs and other project-specific factors.
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2.2  �Economic Outlook of NPP/Data Center 
Thermal Coupling with Different Cooling 
Configurations

Introduction

Coupled nuclear data-center systems involve tightly integrated electrical 
and thermal subsystems that have their performance dependent on both 
infrastructure design and operational behavior. Power generation, cooling 
technology, thermal-energy storage (TES), and electrical storage interact in 
ways that influence system sizing, utilization, and cost. Cooling configuration 
is a primary driver of these interactions. Air-cooled systems rely primarily 
on electricity and minimize water use, but can increase electrical demand. 
Liquid-cooled systems improve heat removal efficiency, often reducing 
electrical demand while increasing water and infrastructure requirements. 
Absorption-cooled systems use thermal energy to drive cooling, partially 
substituting electrical demand with thermal input and introducing 
direct coupling between reactor-heat output and facility-cooling needs. 
Importantly, these cooling-driven electrical demands are distinct from the 
IT (compute) load, representing an additional and configuration-dependent 
component of total facility power demands. These differences in electricity, 
thermal power, and water requirements shape how generation and storage 
assets are deployed and utilized.

Data-center load profiles add another key dimension. While total demand is 
often predictable, temporal variability can differ significantly depending on 
workload type. High-performance computing and AI workloads, for example, 
may exhibit periods of high volatility, while others operate closer to steady 
baseload. This variability directly affects dispatch, storage utilization, and 
overall system performance.

Tools such as the Holistic Energy Resource Optimization Network (HERON) 
represent time-dependent, dispatch-based technoeconomic analysis 
(TEA) frameworks that capture these effects by co-optimizing system 
design and operation under time-varying conditions.41 These methods 
co-optimize component sizing and operational dispatch over time, allowing 
system performance to be assessed under realistic, time-varying load 
conditions.42,43,44 By resolving operation at an hourly (or similar) timescale, 
dispatch-based TEA captures key dynamics such as storage utilization, 
load-following behavior, and interactions between thermal and electrical 
subsystems.

Why Does This Matter for Data Centers?

Economic performance in coupled systems depends on how effectively 
infrastructure responds to time-varying demand and integrated thermal and 
electrical requirements. Static TEA approaches, based on averaged behavior, 
can overlook these dynamics—particularly when multiple storage systems and 
cooling strategies are involved. Time-dependent, dispatch-based TEA captures 
how variability in compute and facility loads drives the use of generation, 
battery storage, and TES. This is especially important when comparing cooling 
configurations because each imposes different temporal demand patterns and 
resource dependencies. Electrically driven cooling may increase sensitivity to 
electrical load fluctuations while absorption cooling can introduce additional 
flexibility—and constraints—through thermal coupling.

This framework enables clearer identification of system-level tradeoffs, 
including storage value, generation sizing, and cooling-strategy selection, all 
of which can vary with load variability and system design. It also occupies a 
practical middle ground: more representative than steady-state TEA, but far 
more tractable than detailed transient modeling. For data-center stakeholders, 
this supports early-stage decision making by enabling consistent comparisons 
across configurations, highlighting sensitivities to load variability, and 
identifying promising system designs for further analysis.

Research and Findings

INL’s technoeconomic models investigated absorption-chiller performance 
with a pressurized water reactor (PWR)-type small modular reactor (SMR), 
comparing it with air-cooled and conventional water-cooled systems.45 
The study used the HERON tool to optimize nuclear-powered data-center 
configurations with a focus on reliability and economic performance. HERON 
conducts two optimizations simultaneously: an inner-loop optimization on 
hourly (or other timestep) resource utilization subject to technical constraints 
and load-time signals informs an outer-loop selection of component 
capacities to maximize economic performance. Loading scenarios were 
synthesized from 1 year of hourly data-center computing and facility load 
made available from the INL high-performance computing (HPC) for 2023. 
As shown in Figure 9, these synthesized time series represented a high- and 
low-volatility loading scenario for the data center to capture the range 
of possible operating data-center schemes. Cooling loads were handled 
separately, as a variable to be solved in the problem.
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Figure 9. Normalized compute (top) and facility (bottom) electricity loads for simulated data center in hourly timesteps. A high and low variability signal is shown 
for each load type.

Microgrid conditions were simulated assuming a data center powered by 
a collection of 100 MWe SMR units with battery storage and TES. Different 
coupled configurations were modeled using air-cooled, conventional water-
cooled, and absorption-cooled systems. Net present value (NPV) results were 
calculated for each configuration coupled to a 1 GW data center, as shown 
in Figure 10. Economic outcomes, based on generalized cost assumptions, 
should be interpreted as trends rather than finalized results. Each column 
represents a different cooling technology, and subplots display NPV (top row), 
required SMR units (middle row), and thermal capacity for TES and cooling 
(bottom row) as functions of battery capacity under high- and low-variability 
scenarios. Increasing battery capacity generally reduces costs, especially in 

high-volatility load scenarios, but diminishing returns are observed up to a 
certain battery size. For the low-volatility, liquid-chilled configuration, larger 
batteries reduce the need for one SMR unit, leading to lower costs. Across the 
configurations evaluated, the liquid-cooled system achieved the lowest costs 
under the given assumptions. It should be noted that water-related costs 
were not included because this analysis was not tied to a specific geographic 
location. Additionally, the absorption-cooled configuration was modeled using 
simplified, linear performance representations, which may not fully capture 
system behavior under all operating conditions. The following section explores 
absorption-chillers in more detail.
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Key Insights

1.	 Cooling configuration is a primary driver of system 
economics. Across scenarios, liquid-cooled configurations 
achieved the lowest NPVs; however, water-related costs were 
not investigated, reflecting the balance between reduced 
electrical demand and manageable infrastructure requirements 
relative to air- and absorption-cooled systems.

2.	 Battery storage provides the greatest value under high 
load variability. Increasing battery capacity reduces system 
costs by smoothing temporal mismatches between generation 
and demand, with the strongest benefits observed in high-
volatility load scenarios for the 1 GW data center. However, 
diminishing returns emerge beyond a certain storage capacity.

3.	 Storage and cooling choices directly influence generation 
capacity needs. Under certain scenarios, increased battery 
capacity can offset the need for additional SMR units, 
demonstrating the importance of co-optimizing storage and 
generation sizing rather than treating them independently.

4.	 Thermal and electrical coupling introduces additional 
design tradeoffs. Absorption-cooled systems create opportunities 
to use thermal energy but require careful integration and 
more-detailed modeling to fully capture potential efficiency 
gains, which were not fully represented in this analysis.

5.	 Results are sensitive to assumptions and highlight the need 
for site-specific analysis. Generalized cost inputs and simplified 
cooling models mean results should be interpreted as directional 
trends. Factors such as water costs, improved thermodynamic 
performance, and multi-year load data could materially shift outcomes.
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Further Exploration

Several extensions would improve fidelity and applicability to real-world 
deployments. Incorporating anonymized, site-specific data from existing 
data centers—particularly multi-year time series of IT load, facility demand, 
and regional weather—would better capture operational variability. Time 
series for thermal loads and water usage would also improve validation of 
results. Additional detail on cooling configurations, efficiency metrics, e.g., 
power usage effectiveness, and O&M costs would further refine the analysis.

Expanding the temporal scope to multiyear operation would enable 
evaluation of long-term economic performance under evolving conditions. 
Relaxing constraints such as fully islanded operation would also allow 
exploration of hybrid grid-connected strategies aligned with data-center 
requirements. Increasing temporal resolution below the hourly scale would 
enable modeling of faster-acting components (e.g., flywheels, backup 
generators) and additional operational constraints such as frequency and 
voltage response.

Finally, scenario-based analysis in HERON can be used to capture uncertainty 
in system performance. In the HERON framework, multiple realistic scenarios 
can be generated from historical data while preserving key temporal 
characteristics and evaluated in parallel.41 Each scenario produces a 
corresponding economic outcome, resulting in a distribution of NPVs rather 
than a single value. This allows results to be summarized using statistics 
such as the mean or range and supports decision-making based on expected 
performance across a range of operating conditions. With sufficiently rich 
multi-year datasets, these models can be trained to reflect realistic system 
behavior, enabling more complex analyses while still producing simple, 
decision-relevant performance metrics.

2.3  �NPP/DC Thermal Coupling Through 
Absorption Chillers

Introduction

Within a typical data center, cooling high-density server racks alone 
accounts for 30 to 50% of total site electricity consumption,46 a load met 
almost exclusively by electrically driven vapor-compression chillers. Nuclear 
technology—large, SMRs or microreactors—offers a compelling case for 
powering data centers with continuous, reliable electricity with high (>90%) 
capacity factors.47 Crucially, nuclear reactors also present an opportunity 
for thermal cogeneration.48 By shifting the cooling burden from electricity 
to reactor heat—for example, by using absorption chillers rather than 
electrically driven ones—data-center operators can meaningfully improve 
energy utilization and reducing electrical-grid dependence.49

Nevertheless, several important gaps remain unaddressed in the existing 
literature. Studies focused on data-center waste-heat recovery have been 
constrained to low-temperature sources (typically below 80°C) which 
limits applicability to low-efficiency, single-effect chillers. Commercial 
absorption chillers require driving heat across a specific temperature 
spectrum—from 70 to 230°C depending on absorption-chiller type. 
Because nuclear reactors can readily supply steam that comprehensively 
covers these required temperatures (from 45 up to 560°C, spanning from 
PWRs to high-temperature gas-cooled reactors [HTGRs]), they are uniquely 
well-suited to drive absorption chillers. Recent research has mapped this 
design space by examining the electricity-heat tradeoff that arises when 
steam is extracted from a nuclear plant’s balance of plant (BOP).49 Extracting 
higher-temperature steam enables efficient multi-effect chillers with strong 
coefficient of performance (COP) values, but accelerates turbine-efficiency 
losses, while lower-temperature extraction reduces the electrical penalty at 
the cost of lower chiller efficiency and a much-larger thermal draw to meet 
the same cooling load.DRAFT
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Why Does This Matter for Data Centers?

A tightly integrated nuclear-powered data center uses both electricity and 
heat as primary energy carriers, fundamentally transforming its energy 
profile and infrastructure economics. In this architecture, reactor heat drives 
high-efficiency absorption chillers in place of conventional electrically driven 
units. Shifting this load from electricity to reactor heat directly frees up 
electrical capacity for revenue-generating IT equipment, including AI and 
HPC workloads.

A further infrastructure benefit follows from this shift. Because conventional 
data centers must treat cooling as a critical load, they are required to 
oversize their UPSs and backup diesel generators to cover both IT and cooling 
demands during outages.50 Replacing electric chillers with heat-driven 
cooling could reduce the required capacity and cost of expansive battery-type 
backup systems, as well as strengthen the site’s resilience by diversifying its 
backup infrastructure: e.g., through the inclusion of TES.

Research and Findings

To investigate this trade-off systematically, ongoing national-laboratory 
research is evaluating the benefits of tight integration of nuclear with data 
center. The research, led by Argonne National Laboratory (ANL), examines 
direct thermal coupling between several advanced-reactor technologies—
PWRs, sodium-cooled fast reactors (SFRs), HTGRs, and very high temperature 
reactors (VHTRs)—with single-, double-, and triple-effect absorption 
chillers. A rapid-assessment framework seeks to identify the optimal steam-
extraction rate and temperature, effectively probing the theoretical limits of 
BOP optimization where the electrical savings from displacing conventional 
chillers are maximized against the generation penalty.

To contextualize these improvements, the baseline electric-chiller 
configuration assumes a highly efficient vapor-compression system with 
a COP of 5.2. Using a metric, the peak-IT-to-reactor (PIR) ratio, the study 
quantifies that tightly integrated NPPs with absorption cooling systems 
can support 6–16 % more peak IT load per unit of reactor thermal capacity 

compared to baseline electric cooling configurations, as shown in Table 8. 
To demonstrate this potential, rapid thermal modeling of proposed coupling 
architectures is underway, offering a technically and economically grounded 
pathway toward maximizing plant utilization. Due to data availability, the 
HTGR was examined for double- and triple-effect configurations only; results 
below 100°C would likely align with those of the SFR. For each reactor type, 
the preferred absorption chiller configuration depends on the reactor outlet 
temperature, house-load thermal requirements, and condenser/heat sink 
temperature.51

The VHTR delivers the greatest data-center support capacity, outperforming 
other configurations by up to 16%. While VHTRs represent a longer-term 
commercialization horizon relative to near-term deployments of other 
advanced reactors, they are included to establish the upper bound of tight 
integration performance, defining the limits of design and operational 
space. Because its direct Brayton cycle rejects high-quality waste heat 
at temperatures up to 125°C, it ideally suits the driving requirements of 
standard to high-efficiency absorption chillers with no turbine extraction 
penalty; chiller-type selection will therefore hinge primarily on capital cost.

To determine total site-wide cooling duty, the framework assumes all IT 
power and UPS losses convert fully to heat, equating 1 MWe of electrical 
load to 1 MWt of thermal load. Absorption chillers are modeled across 
their optimal driving temperature ranges: ~80–100°C for single-effect, 
100–130°C for double-effect, and 140–170°C for triple-effect systems. Using 
a bottom-up approach49 that aggregates IT, auxiliary, and cooling demands, 
the framework yields a typical power-usage effectiveness of 1.4.

Table 8. PIR ratio improvement for several nuclear-reactor types with different 
chiller technologies.

Electric Chiller 
(Base)

[IT Load MWe/ 
NPP Capacity MWt]

Single-
Effect

[Improvement 
%]

Double-
Effect

[improvement 
%]

Triple- 
Effect

[Improvement 
%]

PWR 0.231 6% 7% 6%

SFR 0.274 7% 8% 6%

HTGR 0.267 - 6% 6%

VHTR 0.293 16% 16% 16%
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Key Insights

The derived efficiency improvements are broadly technology-agnostic: 
reactors with comparable thermal outlet conditions and BOP configurations 
tend to yield similar gains in IT support capacity, suggesting that these 
results are transferable across reactor designs rather than tied to any single 
technology. The VHTR represents the upper bound of integration performance 
given its high outlet temperature, but near-term reactor designs achieve 
meaningful improvements as well. Across configurations, the framework 
consistently shows that displacing conventional electric cooling with heat-
driven absorption systems meaningfully expands the IT capacity a given 
reactor can support. This points to a generalizable pathway for maximizing 
nuclear plant utilization in data-center applications.

Further Exploration

The use of absorption refrigeration for cooling has been studied across 
several contexts although it has not yet been deployed in tight integration 
with nuclear systems. While successfully deployed globally, nuclear 
cogeneration lacks large-scale commercial demonstration in the U.S. 
Pioneering this tight integration will require navigating first-of-a-kind 
(FOAK) licensing challenges, specifically regarding the safety of directly 
coupling a data-center chiller system to a reactor’s BOP. Absorption chillers 
operate on the same thermodynamic principles as vapor-compression 
systems but use thermal energy rather than mechanical work to drive the 
cycle.52 Existing studies have explored harvesting low-grade waste heat 
from data centers to power absorption chillers, highlighting measurable 
reductions in electrical load.35,53 Other work has examined absorption-chiller 
integration with natural-gas turbines, using exhaust waste heat to pre-cool 
compressor-inlet air and thereby improve turbine output.54 A separate body 
of literature addresses solar-assisted lithium-bromide water-absorption 
chillers, confirming that multi-effect configurations achieve substantially 
higher COPs when supplied with higher-temperature heat.55

EPRI explicitly examines steam-driven absorption cooling as a strategic 
technical pathway for nuclear integration.56 A thermal modeling study by INL 
examines how nuclear power plants can simultaneously supply electricity 
and cooling for hyperscale data centers (Table 9). Using Aspen Plus, it 
compares vapor-compression refrigeration with water/lithium bromide 
(LiBr) absorption chillers across multiple BOP coupling options. The study 
introduces COP of electricity (COPe) and COP of heat (COPx) to translate 

steam-extraction penalties and waste-heat recovery into comparable 
effective cooling performance. Chiller efficiency and plant impacts are shown 
to be governed primarily by evaporator or condenser temperatures and 
steam-diversion point within the turbine cycle. Table 9 shows that coupling 
an extraction-condensing turbine with a double-effect absorption chiller 
yields a COPe in the range of approximately 4.78–6.89, with an optimum 
at modest steam-extraction levels (≈0.1–0.2). However, at this operating 
point, the configuration limits the IT load that can be supported for a given 
reactor size. In contrast, a backpressure-turbine configuration can increase 
COPe to as high as 7.43 at higher cooling fractions, but this improvement 
comes at the cost of greater electricity-generation loss due to increased 
steam extraction.

Using the information of Table 9 and other reports, as described in [45], cost 
estimates for absorption chillers vapor-compression chiller (VC) chillers of 
2000 RT (~7033 kW) with operation time of 99.5% were performed and 
tabulated in Table 10. A steam price of $3.5/MMBTU is derived from natural-
gas price of $3/MMBTU using a conversion table (Table 9), and electricity 
cost is assumed to be 0.0886 $/kWh, the average industrial-electricity cost 
in the U.S. during June of 2025.57 The installed cost of a VC chiller is less 
than an absorption chiller. However, energy cost for operation of absorption 
chillers is less than for VC chillers. The difference is even greater if waste heat 
or other readily available heat can be used in the absorption chiller. In the 
U.S., because the natural-gas price for heat is inexpensive relative to other 
countries, the advantages of the absorption chiller are enhanced.
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Table 9. Summary of combined cooling, heating and power configurations for data center with reactor.

Chiller Type Features ECE 
[%]

COP 
Cooling  

(COPvc or 
COPac)

COPe 
Effective 
Cooling)

COPx 
(CCP)

COPhp 
(HP)

Final Heat 
Released 

Temp. [°C]
Note

Integration of Chiller and BOP for Data Center

Vapor 
compression 

Te of 9.22 °C

30.96

2.24-7.33

— — — 32-65

COP highly depends on evaporator and (low 
pressure) condenser temperature

Te of 15 °C 2.24-11.8

Te of 25 °C 3.72-32

Absorption 
+ Extraction 

condenser 
turbine

Double effect 
Te of 15 °C

24.1-
30.3 1.36-1.45 4.78-6.89 5.03-8.76 — 32-65

Optimal cooling capacity exists with extraction ratio 
of 0.1–0.2 regarding COPe, in which the amount of 
cooling capacity is less than the amount of electricity 
generated. So, auxiliary cooling equipment is 
required for data centers. Thus, it is not good for large 
capacity as reducing turbine reliability and COPe. 

Absorption + 
Backpressure 

turbine

Double effect 
Te of 15 °C 14.7 1.36-1.45 0.63-7.43 5.41-9.70 — 32-120

COPe is dramatically improved when large cooing 
capacity. High temperature waste heat can be 
obtained without a heat pump but resulting in 
sacrificing cooling efficiency a lot.

Absorption 
+ Direct 

extraction 
before turbine

Double effect
10.6-
29.6

1.429 4.06-4.50 4.06-4.50 — 32-65
COPe does not change much but is lower than other 
configurations.

Triple effect 1.8 5.12-5.67 5.12-5.67 — 32-65 It is a rough estimation 
Need multiple effect absorption chiller for efficient 
use of heatQuadruple effect 2.2 6.26-6.93 6.26-6.93 — 32-65

With Heat Augmentation for Reuse of Waste Heat

Vapor 
Compression 

Cascade heat 
boosting 30.96 — — 3.24-4.48 2.12-

2.74 105
COP is a strong function of evaporator 
and condenser temperature

Absorption Cascade heat 
boosting 23.15 1.382 6.50 1.75 4.131 105

Using an absorption condenser temperature of 
60°C. Cascade heat boosting is used to avoid high 
temperatures and pressure ratios

Absorption Direct steam 
compression 23.15 1.382 6.50 1.78 5.081 105

Using an absorption condenser temperature of 60°C. 
More efficient direct steam compression is used but 
has a high pressure ratio and high max temperature. 

Energy (electricity) conversion efficiency (ECE), absorption chiller (AC), combined cooling and power (CCP), temperature of evaporator (Te)DRAFT
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Table 11.Cost estimate for absorption chiller and compression chiller of 2000 RT (~7033 kW) with operation time of 99.5%

Absorption chiller* Compression Chiller†

Single effect, Steam Double effect, Steam Full load 60% load

COP 0.8 1.4 6.5 9.6

Installed cost $2.56M‡ ($1,280/ton, extrapolated) $2.63M‡ ($1,314/ton) $2M ($1,000/ton) $3.3M ($1,000/ton)

Energy cost $916k/year $523k/year $836k/year $566k/year

O&M cost $53k/year (0.3 ¢/ton-hr, assumed) $70k/year (0.4 ¢/ton-hr) — § — §

Table 10.Capital- and operational-cost estimates of absorption chiller (from DOE EERE 2024 and 2017) (Department of Energy 2024).

*   �O&M costs do not include energy costs required for operation but do include all maintenance requirements associated with an absorption chiller, including periodic purging of non-condensable gases and monitoring of the cooling tower and of chilled water quality.

†   There is huge difference between 2024 and 2017 data, cost of 0.5-1¢/ton-hr from 2024 data except small size (50 ton) is a reasonable estimation; thus, interpolation of these data is used for calculation of cost estimation done in Table 11.

Design SIngle effect† Double effect†

Heat source Hot water Steam 
(low p) Steam Steam (high p) Exhaust fired

Nominal 
Cooling 

Capacity (tons)
50 250 500 1000 50 440 1320 500 1000 2000 330 1320 330 1000

Installed cost 
($/ton) 4508 2318 1863 1590 6000 2300 1800 2162 1671 1314 3000 2200 3300 2000

L Equipment 
($/ton) 2373 1129 860 697 2010 930 820 1086 787 649 1190 1000 1330 930

L Installation 
($/ton) 2135 1189 1003 893 3990 1370 980 1076 884 665 1810 1200 1970 1070

O&M cost 
(¢/ton-hr)* 3.75 1 0.75 0.5 0.6† 0.2 0.1 0.9 0.65 0.4 0.3 0.1 0.3 0.1

Reference a a a a b b b a a a b b b b

*   Steam price of $3.5/MMBTU, derived from natural-gas price of $3/MMBTU.

†   Electricity cost, 8.86 ¢/kWh.

‡   Not considered for installation of steam boiler.

§   No data available DRAFT
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2.4  Energy-Water Nexus

Introduction

The intricate linkage between water and energy is referred to as both 
the “water-energy” nexus and the “energy-water” nexus. This nexus 
acknowledges that water is used in all phases of energy generation and 
production while energy is required to treat and transport water. Conveying 
and treating water is energetically expensive while producing energy 
consumes large quantities of water. This water-energy interaction was 
initially explored by DOE in the report “Water-Energy Nexus: Challenges and 
Opportunities Overview and Summary.” The report served as a call to action 
to improve water-efficient energy technologies and promote energy-efficient 
water management. The report highlighted the need for improved data on 
water usage within the energy sector. As a “preliminary assessment,” the 
report identified the following water-for-energy technologies for more 
in-depth analysis: cooling, waste-heat recovery, process-water efficiency and 
quality, alternatives to freshwater in energy production, and hydropower.58

In the absence of a unified approach to the DOE recommendations, attempts 
have been made on a sector-by-sector basis to address these complex 
relationships, with limited success. For example, Cafferty et al. provided an 
update to cooling water demands in the commercial nuclear fleet in their 
report, “Analysis of Water-Energy Issues for Nuclear Power with Industry 
Perspective,” as quoted in [58]. Other efforts on the process of water and 
waste heat have seen some success.

 

Why Does This Matter for Data Centers?

Historically, interactions between energy and water systems have been 
developed, managed, and regulated independently, for the most part. 
While the interdependence between water and energy systems has long 
been recognized, there is growing importance as water and energy demand 
increase for data centers. Shehabi et al. reported direct water consumption 
of data centers tripling, from 21.2 billion liters in 2014 to 66-billion-liters 
in 2023. Similarly, they estimated the indirect water consumption (i.e., 
energy-water nexus) of data centers in 2023 at 800 billion liters, more than 
100 times greater than the direct use. 59 Furthermore, WestWater Research 
forecasts that data center related water consumption in the U.S. is likely to 
increase by 170% by 2030.60 

Research and Findings

It is reported that currently, 20% of data centers rely on watersheds under 
moderate to high stress due to drought. Although data centers typically use 
less water than agriculture or municipal sectors, they can still represent a 
significant demand and impact on localized areas from direct and indirect 
demands. For example, multiple largescale centers are clustered in Arizona’s 
Tech Corridor in Mesa and Silicon Valley’s Santa Clara. Clustering large 
demands individually may have benign impact, but if considered as a group, 
the impact can be influential. Finally, while work is employing site-cooling 
configurations that rely less on water, these configurations can require 
substantially more power and involve less-established technologies. New 
power—particularly thermal plants—that come online to support data 
centers have their own significant water demands for cooling.

In the U.S., water has historically been managed as a public resource, 
meaning it is held in trust by the government for common use rather than 
private ownership. Water resources encompass lakes, streams, groundwater, 
coastal water, wetlands, and even newly emerging alternative sources 
like treated (e.g., reused, recycled water) wastewater. This contrasts with 
other resources, like minerals, that can be extracted and exploited for 
profit. Similarly, energy in the U.S. is not a public resource because over 
80% of energy infrastructure is privately owned, operated by investor-
owned utilities, and driven by private investment. While public power and 
cooperatives exist, the bulk system is primarily market driven. As a result, 
many U.S. energy-sector water decisions are made by private entities. 
Conversely, public or state entities have the majority of the authority over 
water use and allocation policies and decisions.61

Although water is part of a connected system, or “water cycle,” it is typically 
regulated based on its source—i.e., surface water, groundwater, brackish 
water have different rules—but even within the category of “surface water,” 
water regulations can vary depending on whether the surface water is 
perennial, ephemeral, or anthropogenic. In general, water law—the field of 
governing ownership, control, allocation, and use—can be divided into two 
main areas: rights to use water and restrictions on quality degradation. More 
specifically, water law balances public rights and private rights to use water 
with the relative rights of individual water users and water quality and the 
regulation of discharges to water. In the U.S., water allocation is dominated 
by thermoelectric power generation, with over 40% withdrawals (total 
diverted) and roughly 28% consumption.62
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The American Society of Civil Engineers reports on the status of American 
infrastructure. In 2025, the overall grade for water infrastructure was a C-. 
The report notes that despite recent increases in federal funding, the U.S. 
water infrastructure remains aged and underfunded. The Environmental 
Protection Agency (EPA) reports that the deficit of funds to be almost $625 
billion over 20 years, which is $150 billion more than the 2018 assessment. 
However, as reported in common reporting standard (CRS) R46471, “Federally 
Supported Projects and Programs for Wastewater, Drinking Water, and Water 
Supply Infrastructure,” for decades, Congress has authorized, modified, 
and funded federal programs and projects to help communities address 
water supply and water-infrastructure needs administered by the Bureau of 
Reclamation, the United States Army Corps of Engineers (USACE), the United 
States Department of Agriculture (USDA), EPA, the Department of Housing 
and Urban Development, and the Economic Development Administration. 
Despite federal support of traditional financial tools—including project 
grants, formula grants, capitalization grants, direct and guaranteed 
loans—many alternative financing approaches to encourage private-sector 
investments and public-private partnerships (P3) are being considered and 
could be an opportunity for data-center developers.

Regional and local energy- and water-resource opportunities vary based 
on several factors, including (1) the type of water and the local and 
regional significance of water use, (2) regional conditions and policies for 
management of source-water and/or waste-water, and (3) energy type being 
produced and/or used.

Key Insights

1.	 Communities are concerned about their ability to maintain water 
services to both existing and new demands, including data centers. 
Maintaining services means balancing demand growth with necessary 
quality and quantity requirements as regulated under prescriptive 
regulatory laws, but also within structural financial limitations.

2.	 Zero-water evaporation and water-free cooling alternatives 
being considered as a means to reduce water consumption 
need to consider energy-water nexus consumption. The savings 
may or may not be net positive if advanced-manufacturing 
needs for ultrapure water and more-critical material mining 
are required to supplement a greater number of resources 
needed in next-generation central processing units.

3.	 Alternative water sources, like reclaimed and recycled water, 
are additional opportunities that should be explored as source 
water for data-center developers considering construction in 
arid and semi-arid environments. However, the energy use from 
the treatment requirements must be considered, as should zero-
water evaporation and water-free cooling indirect water use.

4.	 New legislation policies are pushing for more reporting 
requirements on water transparency; more consistent 
reporting conditions across state boundaries would put regions 
and states on similar playing fields for comparison.

5.	 As regions trend to multi-scalar water-governance frameworks, like 
in the Colorado River basin, net water evaluation could be important 
to show holistic impact. A standard or certification program may 
bridge the gap needed for energy-water nexus considerations. 
Exploring existing programs, for example Leadership in Energy 
and Environmental Design that uses its own criteria for water 
efficiency but also includes ISO 14044, “Life Cycle Analysis,” and 
ISO 14046, “Water Footprint,” could benefit certain data centers.  

Further Exploration

Continued opportunities allow water entities to embrace innovation and 
improvement. Many water utilities actively improve infrastructure through 
innovations like asset monitoring, which improves the ability to identify 
issues before they become failures. For example, the U.S. drinking-water 
infrastructure is composed of more than 2 million miles of underground 
transmission and distribution lines. Each year an estimated 33 trillion gallons 
is lost due to leaks, breaks, and failures. Recovering a small fraction of these 
system losses would cover the projected data-center need. Ironically, asset 
monitoring and prediction innovations use data and will need data centers to 
implement.

Similarly, there is a disconnect in understanding the scale of water use in 
terms of localized impact. The energy-water nexus must show individualized 
influence at the community level if public resources will be accepted 
for data-center needs. Attempts at the county level have been made by 
Pacific Northwest National Laboratory, but more work is needed. Finally, 
data centers must do a better job of showing public benefit. As the public 
understands the scale and scope of data centers, acceptance will follow. If 
data centers are used to advance medical discovery or improve accountancy, 
those successes, properly communicated to the public, will increase the 
public’s support of the use of its resources.
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2.5  �Controls for  
Data Center Microgrids

Introduction

Microgrids are emerging as an effective solution for meeting diverse energy 
needs for data centers. Integrating small reactors (SRs) with traditional 
thermal generation or novel high efficiency fuel cells operating on natural 
gas would offer a reliable option for decentralized power generation. 
Dedicated operation of power sources alongside locally opportunistic power 
generation and storage systems could produce power for operation of data 
centers capable of meeting the extreme uptime requirements of some data 
centers with the flexibility to assist the distribution and bulk electric systems 
when not islanded.

Reducing development risk will increasingly emphasize physical testing 
and validation of data-center microgrids, bridging analytical studies with 
fielded demonstration. These demonstration platforms will provide critical 
validation of dynamic behavior and system safety and reliability across 
multiple scenarios, reducing the technical and institutional risks associated 
with integrating power sources and storage into operational data center 
microgrids.

As this playbook has shown the path for establishing the data-center 
application with adequate controls needs to follow a framework. The 
illustration in Figure 11 shows such a framework with a nuclear-powered 
application as an example.
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Figure 11. Data-center microgrid feasibility and testing framework.

The framework supports the full range of pre-deployment activities from 
early-stage modeling and TEA to real-time simulation, hardware-in-the-
loop testing, and physical implementation. Ultimately, this initiative aims to 
demonstrate the deployability of microgrids to serve emerging high-demand 
applications such as data centers. To achieve this objective, this framework 
focuses on the following key research and development areas:
•	 Modeling and Simulation Resources: Develop a comprehensive library 

of simulation models, and root-mean square and cost-estimation 
tools to support analysis of data center microgrid applications.

•	 Design Configurations for Microgrids: Create a library of energy 
system configurations for power resources in microgrids 
including nuclear that support both electricity and heating 
needs integrating thermal and electric storage integration 
in grid-connected and islanded configurations.

•	 Technology and Market Database: Establish a centralized database of 
power resources with detailed technical and economic characteristics 
to support early-stage screening and application matching.

•	 Energy-Management System: Design an operational framework 
to optimize dispatch of generation and storage, and manage 
loads based on dynamic capabilities, ensuring safe and efficient 
performance in both normal and emergency scenarios.

•	 Integrated Control and Protection-Coordination Framework: Develop a 
generalized, standards-compliant control architecture for coordinating 
nuclear, thermal, and electrical subsystems, with AI/machine learning 
(ML)-enhanced autonomous control and validation through control 
hardware-in-loop (CHIL) and physical-component testing. Develop 
strategy to coordinate protection of power resources, thermal, and 
electrical subsystems under variety of design configurations that ensure 
safe and resilient operation during transients, aligned with standards.

•	 Testing and Demonstration Platforms: Build and use platforms to 
CHIL simulations, lab-scale data-center microgrid applications.DRAFT
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Figure 12. Two use-case examples. Previous page: a case explores the integration of a nuclear reactor or traditional fossil fuel-based heat and power generation, 
BESS and photovoltaic (PV) for off-grid data center facility. Above: a use case exploring the integration of an SR and TES to support heat and electricity demand of a 
grid-connected microgrid.

Technoeconomic optimization typically leads to hour dispatch solutions for 
designing and potentially operating the system at the hourly time scale (see 
Figure 12). However, this is a design that works in theory but needs to be 
tested in real time implementation of the control system that must manage 
the large slower-moving energy resources alongside the agile systems 
required to maintain frequency and voltage stability in islanded mode.

Successful deployment of data-center application microgrids requires tight 
coordination of traditional electricity and combined heat and power (CHP) 
control systems with advanced control strategies capable of coordinating 
large energy producers and locally available energy sources. Figure 13 
illustrates the main blocks of the combined SR-based microgrid system, the 

low-level control systems, and the overarching application management 
system that operates applications of the microgrid. The integration of 
SRs into microgrids introduces a new type of highly reliable, continuous 
electricity and heat generation. Advanced control strategies integrate across 
the system and must ensure operational flexibility, safety, and regulatory 
compliance while maximizing the microgrid’s resilience and performance 
needs. Data centers demand highly reliable, safety-critical controls, 
especially when operating within microgrids that include variable generation 
and storage. In such settings, control systems must support autonomous 
operation, islanding and resynchronization, and dynamic load balancing 
across both dispatchable and intermittent resources.
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Figure 13. Application management system. The system must both leverage existing electric and CHP microgrid systems that can support facility and campus as 
well as power for computation in the data center.
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Why Does This Matter for Data Centers?

•	 Many data centers require very high reliability of the grid.

•	 Data centers have been projected to have volatile 
power usage in some applications.

•	 Data centers are in a position of being required to “bring your own power” 
and can in that case optimize over scenarios where the grid is connected.

•	 Control systems of complicated energy systems require the ability 
to be tested with the intended application being represented.

Research and Findings

The definition of a process that is exemplified in the development of a small 
nuclear-energy-based data-center microgrid is shown below.63

SRs, including microreactors and SMRs, can power microgrids for years without 
refueling. They can supply reliable electricity to remote areas, data centers, 
and mission-critical facilities. INL is accelerating the safe and affordable 
deployment of microgrids powered by small nuclear reactors. Using an 
approach like black starts of run-of-the-river hydroelectric systems, INL is 
using its real-time simulation capabilities to help nuclear reactor vendors and 
microgrid developers mitigate technical and financial risks (Figure 14).  
INL researchers develop representative models for small nuclear reactors and 
other energy assets such as battery storage, diesel generators, and flexible load 
with advanced control systems in a real-time simulation environment.

Researchers conduct hardware-in-the-loop tests with models, gradually 
replacing simulated components with physical hardware, avoiding the risks and 
costs associated with direct experimentation on one-of-a-kind equipment.

Because any part of the system can be simulated in real-time, it can easily be 
reconfigured to incorporate both simulated and physical distributed-energy 
assets and adapt to different microgrid topologies. This flexibility allows 
developers to test a wide range of configurations and control strategies 
before physical deployment, reducing risk and accelerating design iteration.
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Figure 14. Approach used to incrementally build confidence in control system design and hardware integration towards demonstration and deployment of a data 
center microgrid.
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Key Insights

Using models early in the development process allows microgrid developers 
to reduce deployment risks. Testing components with simulated models and 
physical hardware allows developers to evaluate system behavior, validate 
control strategies and identify integration challenges well before a physical 
reactor is built and tested. Studying the reactor’s performance in real-time, 
alongside simulated and physical microgrid equipment, allows researchers 
to assess whether the system architecture, asset mix and control logic are 
appropriately configured for FOAK deployment.

Real-Time Digital Simulator (RTDS) and grid emulation enable the modeling 
of complex or in-development components, such as SRs described by 
neutronics, gas-Brayton heat-transfer mechanisms, and power-conversion 
systems. This allows testing with high-fidelity representation of the system 
components without putting one-of-a-kind equipment at risk.
1.	 Control systems integration including controller-system hardware 

such as the Microgrid Automated Control System (MACS), the 
Microgrid in a Box (MIB) controller and the overarching microgrid-
management system or distribution energy-management 
system. The functionalities provided by these controllers include 
temperature-control and load-following capabilities.

2.	 Testing of real-world equipment through integrating physical 
hardware into the RTDS test bed, as it becomes available, to gain 
operational experience. In this case, the Microreactor Agile Non-
Nuclear Experiment test bed (MAGNET) will be paired with MIB via 
RTDS for real-time physical demonstration of grid scenarios, to be as 
prepared as possible for full demonstration using the Microreactor 
Applications Research Validation and Evaluation (MARVEL). Ongoing 
real-time simulation and hardware-in-the-loop testing with assets 
such as MAGNET, MARVEL and MIB, along with advanced controllers 
like MACS, will support the safe, efficient and scalable deployment of 
microreactor-based energy systems under realistic grid condition.

3.	 Looking ahead, this capability will support a broader range of 
emerging nuclear technologies, including those being demonstrated 
at INL and deployed by industry partners across the United States.

Further Exploration
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2.6  �Direct Current Power for Data Center 
Racks

Introduction

Data-center power architectures commonly employ high-voltage AC, 
typically delivered at 600 or 480 V. This supply is subsequently transformed 
to 208 or 120 V for distribution to equipment racks supporting servers and 
other information-technology loads. A UPS with associated energy-storage 
elements, such as batteries, provides ride through capability and protection 
from power disturbances. In conventional designs, the incoming AC is 
rectified to direct current (DC) for storage and then inverted back to AC 
for distribution through the facility’s electrical system and routed to PDUs 
supplying individual racks.64

However, DC power distribution to computer racks is increasingly being 
adopted in modern data centers, particularly in high-density computing 
environments such as hyperscale facilities, AI clusters, and edge computing 
systems. DC-power architecture centralizes conversion and distributes DC 
directly to server racks, reducing conversion losses and simplifying rack-level 
power infrastructure. With the rapid growth of power-intensive workloads 
(e.g., graphical processing units, AI accelerators), DC distribution is emerging 
as a viable solution to improve energy efficiency, scalability, and operational 
resilience.

A typical medium-voltage DC (MVDC) and low-voltage DC (LVDC) architecture 
for datacenter loads and flexible DC loads and sources is shown as Figure 
15. Because servers, batteries, fuel cells, and many wind and solar sources 
are inherently DC-based, DC distribution reduces the number of power-
conversion stages and removes harmonic propagation associated with AC 
rectification. DC buses can provide fast capacitive buffering that smooths 
sub-second load ramps while droop-controlled DC converters improve 
stability when feeding constant power loads. Furthermore, MVDC systems 
allow for faster fault isolation using solid-state breakers and enable better 
integration with BESS, improving dynamic response and overall efficiency. 
As data centers scale toward hundreds of megawatts, especially for AI-driven 
applications, MVDC and LVDC can provide improved stability, reduced 
losses, simplified control, and enhanced compatibility with wind and solar 
generation and storage systems. The overall system will serve to mitigate 
any power-quality issues or unpredictable-load profile disruption to the bulk 
electric system when tied to the grid.
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Why Does This Matter for Data Centers?

Developing DC-power architecture for data centers posits the following 
advantages:
•	 Increased Efficiency: DC power distribution eliminates multiple 

AC-DC and DC-AC conversion stages typically present in conventional 
architectures. This reduces cumulative conversion losses, improving 
overall power-usage effectiveness and lowering operational energy costs.

•	 Higher Rack Power Density: By removing individual server power 
supplies (which can exceed 100 units per rack in traditional systems), 
DC architecture frees up physical space and reduces thermal constraints. 
This enables higher computing density per rack, which is critical for  
AI/ML and HPC workloads.

•	 Enhanced Reliability: Fewer components at the rack level translate 
to fewer points of failure. Centralized power conversion systems can be 
designed with redundancy and better monitoring, improving system 
uptime and maintainability.

•	 Reduced Infrastructure Cost: DC distribution can reduce the size and 
complexity of busways, cabling, and PDUs. This leads to potential savings 
in both capital expenditure (CAPEX) and installation complexity.

•	 Improved Thermal Management: Eliminating distributed power 
supplies reduces localized heat generation within racks, simplifying 
cooling design and improving thermal efficiency.

Research and Findings

Recent studies and industry deployments indicate that DC-powered data 
centers can achieve efficiency improvements of 5–15% compared to 
traditional AC systems, depending on architecture and load profile.66 Key 
findings include:
•	 Conversion Efficiency Gains: DC-powered conversion stages can achieve 

efficiencies above 97–98%, compared to cumulative efficiencies of 85–
92% in multistage AC-DC conversion systems. The center of expertise for 
data-center energy reports that the overall efficiency of AC-DC conversion 
systems used for servers and other IT products can be as low as 50%.67

•	 Reduced Component Count: Eliminating rack-
level power supplies significantly reduces hardware 
complexity and maintenance requirements.

•	 Scalability for High-Power Loads: DC systems are better suited for 
emerging high-power racks (>50–100 kW), where traditional 
AC distribution becomes increasingly inefficient and bulky.

•	 Integration with Energy Storage: DC architecture enables 
more seamless integration with BESS, reducing conversion 
steps during backup or peak-shaving operations.

•	 Industry Trends: Key industry players leading the 800V DC 
charge include Vertiv, Eaton, Delta, and SolarEdge while 
hyperscalers like Nvidia (with its Vera Rubin Ultra Kyber 
platform) are setting the hardware standards that are pulling 
the entire ecosystem toward DC-native power distribution.68
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Figure 15. Single-line diagram for MVDC/LVDC distribution design. 65
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Key Insights

1.	 Voltage level matters: Higher DC distribution voltages (e.g., 380 or 
800 VDC) reduce current levels, minimizing I²R losses and conductor-
size requirements.

2.	 Centralized vs distributed architectures: Centralized power 
architectures improve system efficiency and reduce hardware 
redundancy but require robust redundancy schemes and advanced 
protection strategies to ensure reliability whereas distributed 
architectures offer better fault isolation at the expense of lower 
efficiency and higher component count.

3.	 Compatibility with IT equipment: Adoption depends on server and 
equipment manufacturers supporting DC input standards, which is 
increasingly becoming available.

4.	 Safety and standards: While DC systems present challenges such as 
arc suppression and protection coordination, modern standards and 
protection technologies address these concerns.

5.	 Enabling the use of intermittent energy resources to improve 
efficiencies: DC architecture supports direct integration of intermittent 
energy sources, such as wind and solar, and DC-power sources such as 
fuel cells. Natural-gas-fueled solid-oxide fuel cells can achieve electrical 
efficiencies approaching 60–70%, relative to approximately 30–40% 
for conventional gas-turbine generation. When directly coupled to DC-
powered data-center racks, this high-efficiency, DC-native generation 
pathway minimizes conversion losses and translates into reduced fuel 
consumption and lower operational expenses.

Further Exploration

•	 Standardization efforts: Continued development of industry 
standards—e.g., EMerge Alliance, ETSI, Open Compute Project—is 
critical to accelerate adoption

•	 Hybrid AC/DC data centers: Transitional architecture combining AC and 
DC distribution may provide a practical pathway for retrofitting existing 
facilities

•	 Advanced protection systems: Research into DC fault detection, 
isolation, and arc mitigation remains an important area for safe 
deployment

•	 AI and high-density workloads: As AI workloads continue to scale, 
DC distribution may become essential for supporting ultra-high-density 
racks efficiently

•	 Economic analysis: Further cost-benefit studies comparing life-cycle 
costs (CAPEX + operational expense) of DC vs AC systems are needed 
across different deployment scales.
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Introduction

Powering a data center with nuclear energy is not a bilateral transaction 
between a developer and a reactor vendor. It is a multistakeholder 
undertaking that requires sustained engagement across utilities, engineering 
and construction partners, nuclear developers, government entities at every 
level, and a range of financial actors. Identifying the right stakeholders 
early and understanding their distinct roles, incentives, and constraints is 
one of the most consequential decisions a data-center developer will make. 
Misjudging who needs to be at the table, or engaging them too late, is a 
leading cause of project delays.

This chapter provides an overview of the primary stakeholder categories 
relevant to nuclear-powered data-center projects, with practical guidance on 
why each matters and when to engage them.

Why Does This Matter for Data Centers?

Nuclear integration is unlike other power-procurement strategies. A long-
term PPA with a gas peaker or an alternative energy developer involves a 
relatively contained set of counterparties. By contrast, a nuclear-powered 
data-center project may implicate a regulated utility’s integrated resource 
plan, a state PUC, multiple federal agencies with overlapping jurisdiction, 
a FOAK engineering challenge, and a financing structure that requires 
government credit support to be bankable. Each of these relationships carries 
its own timeline, approval process, and organizational culture. Data-center 
developers who approach nuclear with the same stakeholder cadence 
they use for conventional power procurement will find themselves behind 
schedule and surprised by the complexity.

The good news is that the stakeholder landscape, while broad, is mappable. 
The sections below identify the key actors, the questions each will need 
answered, and the points of leverage available to data-center developers.

3.1  Utilities

Electric utilities are often the first institutional stakeholder a data-center 
developer encounters, and they remain relevant throughout the project 
life cycle in ways that depend heavily on the market structure in which the 
project is located.

Regulated (Vertically Integrated) Markets

In states with traditionally regulated, vertically integrated utilities—common 
across much of the Southeast, Mountain West, and parts of the Midwest—a 
single utility owns and operates generation, transmission, and distribution assets 
and recovers costs through rates approved by the state PUC. For a data-center 
developer in these markets, the utility is simultaneously the interconnection 
gatekeeper, the potential power supplier, and a regulated actor that must justify 
any significant new investment to its regulator and ratepayer base.

Engaging a regulated utility around nuclear power requires an understanding 
of its IRP process. Most regulated utilities file IRPs on 2–4 year cycles, and a 
large load, like a hyperscale data center, can materially affect those plans. 
Developers who engage utilities proactively—sharing load projections 
early, participating in IRP comment processes, and offering to collaborate 
on demand forecasting—are better positioned to influence how the utility 
accounts for new nuclear capacity in its planning. Regulated utilities also 
have established cost-recovery mechanisms, and a data-center developer 
willing to sign a long-term contract can provide the utility with the demand 
certainty it needs to justify a capital investment to its regulator.

Deregulated (Restructured) Markets

In deregulated markets, including ERCOT, PJM, and ISO-NE, and parts of the 
Southwest, generation is separated from transmission and distribution. 
Power is procured through competitive wholesale markets. In these markets, 
the utility’s role shifts: a transmission and distribution utility manages the 
wires and handles interconnection while the data-center developer procures 
power through bilateral contracts (PPAs), direct market participation, or 
ownership structures.

For nuclear integration in deregulated markets, the critical utility relationship 
is with the transmission operator managing interconnection. Interconnection 
queues in major RTOs and ISOs have grown significantly in recent years, with 
median wait times for large loads now exceeding 4 years in some regions. Data-
center developers in these markets should treat interconnection as a long-lead 
item and engage the relevant transmission operator and any applicable RTO/
ISO early and continuously. The interconnection process, timeline, and cost can 
vary dramatically by region and by the specific configuration of the nuclear 
facility (BTM, co-located, or grid-connected).

Whether in regulated or deregulated markets, utilities also play a role 
in resilience planning. Data centers have uptime requirements typically 
targeting Tier III or IV availability, meaning 99.982–99.995% uptime, that 
create specific requirements around backup power, redundancy, and grid 
stability. Understanding how the utility’s grid characteristics interact with 
those requirements is an important early diligence step.
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3.2  �Engineering, Procurement, and 
Construction Firms

Engineering, procurement, and construction (EPC) contractors are the 
organizations that translate a nuclear-powered data-center concept into a 
physical facility. Their role spans feasibility and front-end engineering design 
(FEED), equipment procurement, construction management, and systems 
integration, and their selection and engagement timeline can determine 
whether a project stays on schedule and on budget.

The Challenging Interface Between Nuclear and  
Data Centers

Few EPC firms have deep experience at the intersection of nuclear plant BOP 
engineering and hyperscale data-center construction. These are historically 
separate disciplines with different safety cultures, contracting norms, 
and regulatory environments. Data-center construction has historically 
moved fast—a hyperscale shell can be delivered in 18–24 months—while 
nuclear construction operates on longer timescales driven by regulatory 
requirements, quality-assurance programs (including Nuclear Quality 
Assurance-1 compliance), and the complexity of safety-related systems.

Data-center developers pursuing nuclear integration should expect to engage 
multiple EPC partners: one with nuclear BOP and civil expertise, and one with 
data-center infrastructure experience. Understanding where the interfaces 
between those scopes lie, particularly around electrical interconnection, 
thermal systems, and control architectures, is a critical early engineering task.

Front-End Engineering and FEED Studies

Before committing to a project, most developers benefit from a structured 
FEED study that characterizes site conditions, defines the coupling 
configuration between the NPP and the data center (see Chapter 2), 
identifies long-lead equipment, and produces a preliminary cost estimate 
with meaningful confidence bounds. FEED studies for nuclear-adjacent 
projects are more expensive and time-consuming than for conventional 
power infrastructure, but they surface project-specific risks, particularly 
around site hydrology, geotechnical conditions, and interconnection, before 
they become costly surprises during construction.

Procurement and Long-Lead Equipment

Nuclear projects involve long-lead equipment—reactor pressure 
vessels, steam generators, large transformers, and specialized electrical 
switchgear—that must be ordered years before it is needed on site. EPC 
firms with established nuclear-procurement relationships can provide 
access to qualified suppliers and help manage the supply-chain risks 
discussed in Chapter 4. Data-center developers should specifically ask 
prospective EPC partners about their experience with nuclear Tier 1 and 2 
supplier qualification, as well as their relationships with the domestic and 
international nuclear supply chain.

3.3  Advanced Nuclear Developers

The companies designing and commercializing SMRs and microreactors are 
stakeholders distinct from traditional large-reactor utilities or EPC firms, and 
their engagement model with data-center developers is evolving rapidly.

Several advanced-reactor companies have already announced partnerships 
with hyperscale data-center operators, and more are in discussion. 
These relationships vary in structure: some involve direct power-offtake 
agreements, some involve equity co-investment, and others are structured 
as design partnerships in which the data-center operator provides input 
into plant configuration (particularly around thermal coupling, discussed in 
Chapter 2). Data-center developers evaluating advanced-reactor partnerships 
should assess each developer against several dimensions: regulatory 
maturity (i.e., has the design received a Nuclear Regulatory Commission 
[NRC] design certification or combined license application?), fuel supply 
security, manufacturing readiness, and the credibility of the developer’s cost 
and schedule commitments.

It is also worth noting that the advanced-nuclear developer community is 
itself a stakeholder that needs the data-center industry’s engagement to 
succeed. Firm, long-term power-offtake commitments from creditworthy 
data-center operators are among the most-powerful tools available to de-
risk advanced-reactor projects and unlock project financing. The relationship 
is genuinely symbiotic, and developers who approach it as such, rather than 
as a purely transactional procurement, tend to achieve better commercial 
outcomes.DRAFT
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3.4  Government

Government engagement for a nuclear-powered data-center project is not 
a single conversation. It spans multiple agencies at the federal, state, and 
local levels, each with distinct authorities, timelines, and priorities. Treating 
government engagement as a compliance exercise rather than a relationship 
building opportunity is a common and costly mistake.

Federal Government

     �DOE is the federal agency most directly engaged with the data-
center–nuclear nexus. DOE-NE funds much of the research summarized 
throughout this playbook and administers programs that can support 
early-stage project development, including cost-shared demonstrations 
and technical assistance. DOE’s Gateway for Accelerated Innovation in 
Nuclear (GAIN) program provides a structured mechanism for industry to 
access national-laboratory expertise and facilities. Data-center developers 
pursuing nuclear integration are encouraged to engage GAIN early, both 
for technical support and for connections to the broader DOE research 
ecosystem.

     �NRC has exclusive federal authority over the licensing and regulation of 
civilian nuclear facilities in the U.S. For data-center developers, the most 
important NRC engagement questions are the licensing pathway that 
applies to the specific reactor technology under consideration, and a the 
realistic timeline. The NRC offers pre-application engagement, such as 
meetings, white-paper reviews, and regulatory-audit programs that can 
significantly reduce uncertainty before a formal application is submitted. 
Developers should expect licensing timelines of 5–10 years for novel 
reactor designs under current frameworks although the NRC actively 
works to streamline reviews for advanced-reactor technologies under The 
Accelerating Deployment of Versatile, Advanced Nuclear for Clean Energy 
Act of 2024.

     �FERC has jurisdiction over wholesale electricity markets, interstate 
transmission, and the interconnection of generation facilities in most of 
the U.S. (Texas and certain non-interstate systems excepted). Data-center 
projects with grid-connected nuclear configurations will encounter FERC’s 
interconnection rules, and developers operating in RTO/ISO markets 
should monitor FERC’s ongoing interconnection reform proceedings, which 
are reshaping how large loads and generators access the grid.

     �EPA and USACE are together involved in environmental permitting, 
particularly for water intake and discharge associated with nuclear-plant 
cooling. Section 404 of the Clean Water Act (USACE jurisdiction) and Section 
316 of the Clean Water Act (EPA jurisdiction over thermal discharge) are the 
most-commonly encountered authorities. Early coordination with these 
agencies, informed by the water-energy nexus considerations discussed in 
Chapter 2, can avoid late-stage permitting delays.

State Government

State governments play a pivotal role in nuclear-powered data-center siting, 
permitting, and economic development. Their influence operates through 
several channels:

     �PUCs, in regulated states, must approve any significant changes to a 
utility’s resource plan, including the addition of new nuclear generation 
contracted to serve large loads. Data-center developers should understand 
the PUC’s procedural requirements and engage early with utility partners 
on how a nuclear project will be presented to the commission.

     �State energy offices and economic development agencies have 
established programs in many states to attract data-center investment, 
including property-tax abatements, sales-tax exemptions on equipment, 
and expedited permitting processes. Some states, particularly those 
with existing nuclear fleets or active advanced nuclear programs, have 
also established state-level incentives specifically for nuclear energy 
development. Mapping the incentive landscape in target states early in 
site selection can meaningfully affect project economics.

     �Environmental and water permitting authorities in the states 
administer many of the environmental permits relevant to both nuclear 
facilities and data centers, including water-withdrawal permits, air-
quality permits, and state environmental policy act reviews. As noted in 
Chapter 2, water availability is often the binding constraint on siting, and 
state water law, which varies significantly across regions, governs how 
water rights are allocated and transferred.DRAFT
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Local Government

The influence of county commissions, municipal authorities, and regional 
planning bodies over large energy and data-center projects is frequently 
underestimated. Zoning approvals, local permitting, road-use agreements 
for construction traffic, and tax-increment financing arrangements are all 
within local government authority. More importantly, local elected officials 
and community leaders shape the public perception environment in which a 
project operates, a topic addressed in Chapter 4.

Data-center developers with experience in conventional siting know that 
community opposition can derail even well-capitalized projects. Nuclear 
projects carry additional public-perception complexity, and early, transparent 
engagement with local officials, especially before formal applications are 
filed, is strongly recommended. Communities adjacent to proposed nuclear 
sites will have questions about safety, jobs, tax revenue, and water use. 
Developers who arrive with answers and who engage in genuine dialogue, 
rather than one-way communication, build the durable local relationships 
that sustain projects through multi-year development timelines.

3.5  Financing

The capital intensity of nuclear-powered data-center projects that combine 
two of the most capital-intensive industries in the modern economy requires 
a financing strategy that goes beyond conventional corporate debt or equity. 
A well-structured financing approach draws on public-sector credit support, 
tax-incentive programs, and private capital structures designed to share risk 
appropriately among parties.

Department of Energy Office of Energy Dominance 
Financing

The DOE Office of Energy Dominance Financing (EDF) is among the most-
consequential federal tools available to advanced nuclear and energy-
infrastructure developers. Under its Title XVII Innovative Energy Loan 
Guarantee Program, DOE-EDF can provide loan guarantees for projects that 
employ innovative advanced energy technologies—a category that explicitly 
includes advanced nuclear reactors. Loan guarantees from EDF can unlock 
financing at rates and tenors unavailable in the private market alone, and 
they carry an implicit federal endorsement that can improve the project’s 
profile with commercial lenders and equity investors.

EDF’s engagement process is rigorous, but the agency has made significant 
investments in building its nuclear expertise and has signaled strong interest 
in supporting nuclear-powered data-center projects. Early pre-application 
engagement with EDF staff is strongly encouraged because the agency 
can provide guidance on eligibility, structuring, and the information it will 
require to evaluate a project.

Federal Tax Incentives

The Inflation Reduction Act of 2022 introduced and expanded several tax 
incentives relevant to nuclear-powered data-center projects:
•	 The Production Tax Credit (PTC) for nuclear (Section 45U of the Internal 

Revenue Code) provides a per-kilowatt-hour tax credit for electricity 
generated by existing nuclear facilities. While this credit applies to 
existing plants rather than new construction, it is relevant to data-center 
developers pursuing PPAs with operating nuclear plants or capacity-
expansion projects at existing sites.

•	 The Investment Tax Credit (ITC) and Advanced Energy Project Credit 
(Section 48C) may apply to certain advanced nuclear components and 
qualifying manufacturing investments associated with the project. 
The applicability of these credits is fact-specific and depends on the 
technology, ownership structure, and project configuration.

•	 Transferability and direct pay provisions in the Inflation Reduction Act 
(IRA) allow tax credits to be monetized by parties that cannot use them 
directly, which presents a significant structural tool for project finance 
transactions involving tax-exempt entities or investors with limited tax 
capacity.

Data-center developers should engage tax counsel with energy-project-
finance experience early in project development to map the applicable credit 
landscape and structure the project to capture available incentives.

Power Purchase Agreements and Offtake Structures

Long-term PPAs are among the most important tools available to data-
center developers pursuing nuclear power. A creditworthy, long-term 
offtake commitment, typically 15–25 years for nuclear projects, provides the 
revenue certainty that lenders and equity investors require to underwrite 
project finance. For data-center companies with investment-grade credit 
ratings, a direct PPA with a nuclear developer or utility can serve as the 
anchor around which the rest of the project’s financing is assembled.
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BTM configurations (Options 2–5 in Chapter 2) create additional structural 
options: the data-center operator can participate as an equity co-investor in 
the nuclear facility, capturing both the economic upside and the security of 
onsite power while the nuclear developer benefits from a committed anchor 
customer.

Public-Private Partnerships

Several states and municipalities have expressed interest in P3 structures 
for energy infrastructure that serves both public and private needs. In 
the context of nuclear-powered data centers, P3 structures could take 
several forms: a state economic-development authority co-investing in 
site infrastructure, a municipal utility participating as a minority power-
offtake agent alongside the data-center operator, or a regional economic-
development compact supporting workforce training and community 
infrastructure around a new nuclear site.

P3 structures require patient capital and complex multi-party negotiation, 
but they can unlock public resources—including state revolving funds, 
federal economic-development grants, and tax-exempt bond financing—
that are not available to purely private projects. Developers operating in 
regions where state and local governments are actively competing for 
data center and energy investment are well-positioned to explore these 
structures.

Additional Information Sources

The stakeholder landscape for nuclear-powered data centers is evolving 
rapidly, and the following resources provide additional context:
•	 DOE GAIN: https://gain.inl.gov

•	 DOE-EDF: https://www.energy.gov/EDF

•	 NRC Pre-Application Engagement: https://www.nrc.gov/
reactors/new-reactors/pre-application-activities.html

•	 FERC Interconnection Reform resources: https://www.ferc.gov.
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Nuclear energy is increasingly recognized as one of the few power sources 
capable of meeting the scale, reliability, and longevity requirements of the 
most demanding data-center applications. But what does it actually take to 
get there, and where does a developer begin? Recognizing the potential and 
realizing it are very different things. The road to nuclear may be technically 
complex, and shaped by forces that extend well beyond the reactor itself, 
from supply chains and site conditions to public perception and project 
finance. This chapter is intended to serve as a practical guide to that road, 
covering the full range of considerations a data-center developer is likely to 
encounter.

The chapter opens with the near-term opportunity. The section on Capacity 
Expansion of Existing Power Plants examines how power uprates at 
currently-operating nuclear facilities can add firm capacity in 3–7 years—
faster than any new-build option—and what site-specific factors determine 
whether a given plant is a viable candidate. For developers with a longer 
horizon, the section on the Advanced Reactor Landscape surveys the 
range of designs currently under development, from large light-water 
reactors (LWRs) to SMRs and beyond, with attention to how differences in 
fuel type, modularity, and design maturity translate into practical differences 
in deployment timeline and operational reliability. The section on New-
Build Plant Costs then addresses the economics of nuclear construction 
directly, including the significant uncertainty that surrounds cost projections 
for FOAK designs and the factors—learning rates, economies of scale, 
financing structure, and incentives—that most influence the all-in cost of 
power.

The remaining sections broaden the lens. Nuclear Integration: Dynamics 
of Policy and Public Perception examines the federal, state, and local 
regulatory environments that shape where and how nuclear projects 
can be developed, as well as the community engagement strategies 
that are increasingly recognized as essential to project success. Nuclear 
Supply Chain Considerations maps the equipment, fuel, and workforce 
dependencies that nuclear integration introduces, including areas of 
overlap with data center supply chains that can create both efficiencies and 
competition. The section on Nuclear Plant Reliability and Availability 
translates the nuclear industry’s well-established reliability metrics into 
terms relevant to data center uptime requirements. The section on Site 
Planning and Selection draws on a national siting analysis to identify 
where co-located nuclear and data-center development is most feasible, 
with particular attention to the role of water availability as a binding 
constraint. Finally, the section on Workforce and Socioeconomic 
Impact examines the employment, labor income, and broader economic 
contributions that a co-located campus can generate for its host community, 
an asset that is increasingly relevant to permitting strategy and stakeholder 
relations alike.

4.1  �Capacity Expansion of Existing  
Power Plants

Introduction

A nuclear power uprate refers to the process of increasing the licensed 
thermal power of an existing power plant, which allows for an increase in 
electricity production. The uprate process is mature; since 1977, the NRC 
has approved 171 uprates, adding roughly 8 GW of capacity—comparable 
to eight new large reactors.69 In addition to uprates, power increases can 
be achieved through thermal performance upgrades, which improve the 
efficiency with which a plant converts thermal energy into electricity. This 
section discusses the different types of power uprate, the potential for future 
power uprates and thermal performance upgrades, and the anticipated cost 
and timeline.

Why Does This Matter for Data Centers?

For data-center developers seeking nuclear power, expanding output at 
existing nuclear plants is one of the fastest pathways to additional firm, 
always-on nuclear capacity. Power uprates can add meaningful capacity in 
3–7 years depending on the scope of the uprate and regulatory timeline, in 
contrast to the deployment of a new advanced reactor, which may require 
up to 10–15 years. Uprates are also generally less expensive on a per-kWe 
basis than new builds, since major civil and structural infrastructure is 
already in place. Further, uprate projects typically carry lower regulatory 
and construction risk, since the plant is already licensed and operating. As a 
result, power uprates are an important option for data-center developers to 
consider as part of a broader nuclear power strategy, particularly for those 
seeking to add firm capacity on a shorter timeline than new builds allow.DRAFT
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Research and Findings

A nuclear plant’s licensed thermal power, the highest power level at which 
it is allowed to operate, is regulated by the NRC. Operators can submit an 
application to the NRC requesting that the licensed thermal power of an 
existing plant be increased, so long as plant safety is maintained. The NRC 
defines three different types of power uprate, which vary in impact and 
complexity:
•	 Measurement Uncertainty Recapture (MUR) Power Uprates: 

MURs recover conservatism embedded in reactor-power measurements 
by using higher-accuracy instrumentation and analysis methods. 
Projects generally require minimal hardware changes, have the shortest 
implementation timelines, and result in a licensed thermal power 
increase of 1.5–2%.

•	 Stretch Power Uprates (SPU): SPUs achieve moderate power increases 
(2–7%) through targeted modifications, typically on the secondary side 
of the plant: e.g., turbines, feedwater systems. SPUs involve modest 
capital investment and limited BOP adjustments.

•	 Extended Power Uprates (EPU): EPUs enable the largest output 
increases (typically up to 20%), but require significant upgrades to major 
plant systems, such as steam generators or turbines. EPUs often deliver 
200–400 MW per unit and involve multiyear engineering, procurement, 
and installation efforts.

There is also potential for power increase through thermal performance 
upgrades, which can be achieved through refurbishment or replacement of 
major equipment in the BOP. This differs from power uprates in that power 
increases are achieved through Rankine cycle efficiency gains rather than 
increases in licensed thermal power. As such, NRC approval is not required, 
which may allow for shorter timelines compared to uprates.

Uprate Potential and Cost

While much of the U.S. fleet has already undergone power uprates, there 
is remaining potential for future uprates. The amount that a plant can 
be uprated is site specific and will be dependent on many factors such 
as prior uprates, design constraints, regulatory approvals, supply-chain 
considerations, and sustained multiyear project execution. Determining 
the amount which a specific plant can be uprated will require detailed 
engineering and financial analysis. Further, the decision to uprate a plant 
and the extent of the uprate will depend on factors such as the cost, 
remaining plant lifetime, market forecast, and perceived risk.

Figure 16 and Figure 17 show the amount of power already gained through 
past uprates and an estimate of the amount of untapped power available 
through further uprates. For the boiling-water reactor (BWR) fleet, it is 
estimated that the licensed thermal power can be increased to 130% of the 
original value, which would result in approximately 5 GW of additional power 
produced. For the PWR fleet, it is estimated that licensed thermal power can 
be increased to 125% of the original licensed thermal power, which would 
result in approximately 12 GW of power.

DRAFT



55

PEACH BOTTOM 3

PEACH BOTTOM 2

SUSQUEHANNA 2

SUSQUEHANNA 1

BROWNS FERRY 3

BROWNS FERRY 2

BROWNS FERRY 1

NINE MILE POINT 2

CLINTON

MONTICELLO 1

BRUNSWICK 2

BRUNSWICK 1

HOPE CREEK 1

QUAD CITIES 2

QUAD CITIES 1

DRESDEN 3

DRESDEN 2

HATCH 2

HATCH 1

GRAND GULF 1

RIVER BEND 1

LIMERICK 2

LIMERICK 1

LASALLE 2

LASALLE 1

FERMI 2

PERRY 1

FITZPATRICK

COLUMBIA

COOPER 1

NINE MILE POINT 1

BWR Fleet - Completed and Available Uprates

                        122.0%

                        122.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                          120.0%

                                 118.5%

                          117.8%

                          117.8%

                   117.0%

                   117.0%

                    115.1%

                    115.1%

                    115.0%

                        106.8%

                        106.7%

                        106.7%

                        106.7%

                        106.7%

                105.9%

        105.0%

                    104.1%

                101.7%

                101.6%

100.0%

Uprate potential to 130%
~ 5GWe

Current % Uprate
Remaining to 130%

Figure 16. Potential uprate capacity for BWRs.70

DRAFT



56

PWR Fleet - Completed and Available Uprates

VOGTLE 1
VOGTLE 2

MILLSTONE 3
SEABROOK 1

BYRON 1
BYRON 2

BRAIDWOOD 1
BRAIDWOOD 2

COMANCHE PEAK 1
COMANCHE PEAK 2

WOLF CREEK
CALLAWAY

SALEM 1
DIABLO CANYON 1
DIABLO CANYON2

MCGUIRE 1
MCGUIRE 2
CATAWBA 1
D.C. COOK 1
D.C. COOK 2

WATTS BAR 1
WATTS BAR 2

SALEM 2
STP 1
STP 2

SEQUOYAH 1
SEQUOYAH 2

CATAWBA 2
TURKEY POINT 4
TURKEY POINT 3

BEAVER VALLEY 2
BEAVER VALLEY 1

FARLEY 2
FARLEY 1

ROBINSON
NORTH ANNA 2
NORTH ANNA 1

SURRY 2
SURRY 1

V.C. SUMMER
POINT BEACH 2
POINT BEACH 1

GINNA
SHEARON HARRIS 1

PRAIRIE ISLAND 2
PRAIRIE ISLAND 1

SAINT LUCIE 1
SAINT LUCIE 2
WATERFORD 3

ANO 2
CALVERT CLIFFS 2
CALVERT CLIFFS 1

MILLSTONE 2
PALO VERDE 1
PALO VERDE 2
PALO VERDE 3

DAVIS-BESSE 1
OCONEE 3

OCONE 2
OCONEE 1

ANO 1
VOGTLE 3
VOGTLE 4

W
EC

 4-
LO

OP
W

EC
 3-

LO
OP

W
EC

 2-
LO

OP
B&

W
AP 10

00
CE

100.0% 105.0% 110.0% 115.0% 120.0% 125.0%

Uprate potential to 125%
WEC 4-Loop: ~ 7GWe

Uprate potential to 125%
WEC 3-Loop: ~ 1.7GWe

Uprate potential to 125%
WEC 2-Loop: ~ 0.5GWe

Uprate potential to 125%
CE: ~ 1.8GWe

Uprate potential to 125%
B&W: ~ 1GWe

Current % Uprate
Remaining to 125%

                    108.9%
                    108.9%
                  108.7%
                  106.9%
                  106.9%
                  106.9%
                  106.9%
                  106.9%
    105.9%
    105.9%
          104.5%
          104.5%
                       103.6%
   102.2%
   102.2%
                      101.7%
                      101.7%
                      101.7%
                      101.7%
                      101.7%
                  101.4%
                  101.4%
                  101.4%
                  101.4%
                  101.4%
                101.3%
                101.3%
100.0%
                       120.2%
                       120.2%
                           109.4%
                           109.4%
              106.5%
              106.5%
            106.3%
        106.1%
        106.1%
        106.0%
        106.0%
            104.5%
                         118.5%
                         118.5%
                           116.8%
         104.4%
                      101.6%
                      101.6%
                  118.0%
                  118.0%
                              109.6%
                          107.5%
                  106.9%
                  106.9%
                       105.5%
                 105.0%
                 105.0%
                 105.0%
                     101.6%
                      101.7%
                      101.7%
                      101.7%
100.0%
100.0%
100.0%

PWR Fleet - Completed and Available Uprates

VOGTLE 1
VOGTLE 2

MILLSTONE 3
SEABROOK 1

BYRON 1
BYRON 2

BRAIDWOOD 1
BRAIDWOOD 2

COMANCHE PEAK 1
COMANCHE PEAK 2

WOLF CREEK
CALLAWAY

SALEM 1
DIABLO CANYON 1
DIABLO CANYON2

MCGUIRE 1
MCGUIRE 2
CATAWBA 1
D.C. COOK 1
D.C. COOK 2

WATTS BAR 1
WATTS BAR 2

SALEM 2
STP 1
STP 2

SEQUOYAH 1
SEQUOYAH 2

CATAWBA 2
TURKEY POINT 4
TURKEY POINT 3

BEAVER VALLEY 2
BEAVER VALLEY 1

FARLEY 2
FARLEY 1

ROBINSON
NORTH ANNA 2
NORTH ANNA 1

SURRY 2
SURRY 1

V.C. SUMMER
POINT BEACH 2
POINT BEACH 1

GINNA
SHEARON HARRIS 1

PRAIRIE ISLAND 2
PRAIRIE ISLAND 1

SAINT LUCIE 1
SAINT LUCIE 2
WATERFORD 3

ANO 2
CALVERT CLIFFS 2
CALVERT CLIFFS 1

MILLSTONE 2
PALO VERDE 1
PALO VERDE 2
PALO VERDE 3

DAVIS-BESSE 1
OCONEE 3

OCONE 2
OCONEE 1

ANO 1
VOGTLE 3
VOGTLE 4

W
EC

 4-
LO

OP
W

EC
 3-

LO
OP

W
EC

 2-
LO

OP
B&

W
AP 10

00
CE

100.0% 105.0% 110.0% 115.0% 120.0% 125.0%

Uprate potential to 125%
WEC 4-Loop: ~ 7GWe

Uprate potential to 125%
WEC 3-Loop: ~ 1.7GWe

Uprate potential to 125%
WEC 2-Loop: ~ 0.5GWe

Uprate potential to 125%
CE: ~ 1.8GWe

Uprate potential to 125%
B&W: ~ 1GWe

Current % Uprate
Remaining to 125%

                    108.9%
                    108.9%
                  108.7%
                  106.9%
                  106.9%
                  106.9%
                  106.9%
                  106.9%
    105.9%
    105.9%
          104.5%
          104.5%
                       103.6%
   102.2%
   102.2%
                      101.7%
                      101.7%
                      101.7%
                      101.7%
                      101.7%
                  101.4%
                  101.4%
                  101.4%
                  101.4%
                  101.4%
                101.3%
                101.3%
100.0%
                       120.2%
                       120.2%
                           109.4%
                           109.4%
              106.5%
              106.5%
            106.3%
        106.1%
        106.1%
        106.0%
        106.0%
            104.5%
                         118.5%
                         118.5%
                           116.8%
         104.4%
                      101.6%
                      101.6%
                  118.0%
                  118.0%
                              109.6%
                          107.5%
                  106.9%
                  106.9%
                       105.5%
                 105.0%
                 105.0%
                 105.0%
                     101.6%
                      101.7%
                      101.7%
                      101.7%
100.0%
100.0%
100.0%
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The cost of a power uprate will depend on the type of uprate and the 
modifications required. For any uprate being considered, a feasibility study 
should first be conducted, which will include a detailed analysis of the plant 
to determine the modifications required to achieve a given power increase 
and the cost associated with those modifications.71

The difference between a straightforward uprate and a high-risk one is 
rarely the reactor island; the risk can come from the surrounding plant 
and site. Three constraints dominate feasibility and cost: cooling and heat 
rejection (condenser performance and water/ambient limits), switchyard and 
interconnection capacity, and BOP condition (how much equipment must 
be replaced, rather than modified). The same site-specific factors that shape 
scope also drive a wide cost distribution. The cost of most uprate projects 
have not been shared publicly, though the cost of some EPU projects has 
been published, which are shown in Table 12. Costs for future uprates will be 
plant-specific and should be evaluated on a case-by-case basis.

Table 12. Representative EPU Costs (2023 USD).72

Plant Plant 
Type Year Capacity 

Added
Cost 

($/kW)

Browns Ferry 
(3 units)

BWR 2019 465 MW $1,200

Monticello BWR 2013 71 MW $10,350

Grand Gulf BWR 2012 178 MW $6,440

St. Lucie Unit 1 PWR

2013

145 MW

$7,570
St. Lucie Unit 2 PWR 132 MW

Turkey Point Unit 3 PWR ~120 MW

Turkey Point Unit 4 PWR ~120 MW

Brunswick Unit 1 BWR
2002

116 MW
$1,250

Brunswick Unit 2 BWR 117 MW

Capacity Outlook

Uprates can move faster than new plants can be built, but near-term 
additions are still constrained by project timelines. Pathways to delivering 
1.5–2.3 GW by 2030 from licensed uprates and thermal-performance 
improvements have already been identified, rising to 7–10 GW total by 
2035 with sustained investment, and these projections are evolving rapidly. 
These timelines may be accelerated with targeted actions to align policy 
goals with action-oriented financial incentives. Ongoing efforts at DOE 
national laboratories are investigating the extent to which timelines can be 
accelerated, and at what cost. Developers can improve outcomes by engaging 

early and by structuring commitments around gated milestones. Prioritizing 
the following diligence items can mitigate project risks and improve 
outcomes:
•	 Contract around milestones (e.g., license-amendment request submitted 

and approved; outage complete) and define uprate scope and life-cycle 
management work

•	 Validate cooling and switchyard/interconnection constraints early

•	 Stress-test the outage plan and understand the utility’s regulatory and 
cost-recovery pathway.

The timeline for capacity expansion will depend on the chosen pathway. 
Thermal performance upgrades are the fastest option, typically achievable in 
3–4 years, because they do not require NRC license amendments. However, 
capacity gains are limited, generally 50–150 MW per unit. MUR and SPU 
projects can also deliver additional power quickly, but they provide a smaller 
impact in generation capacity. Large EPU projects will likely take longer than 
6 years to complete, but sustained investment and timely project initiation 
can deliver large generation gains by 2035.

Further Exploration

•	 EPRI. July 2023. “Facilitating Power Uprates at Nuclear Power Plants: 
Feasibility Study Guideline.”

•	 Larsen, L. M. et al. 2023. “Assessing the impact of the Inflation Reduction 
Act on Nuclear Plant Power Uprate and Hydrogen Cogeneration.” Idaho 
National Laboratory, Idaho Falls, ID.

•	 International Atomic Energy Agency, “Power Uprate in Nuclear Power 
Plants: Guidelines and Experience” Vienna, 2011.
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4.2  �Advanced-Reactor Landscape: What Data 
Center Developers Need to Know

Introduction

The 94 operating reactors in the U.S. are all LWRs: either PWRs or BWRs. The 
operational characteristics of the existing fleet are well known and based on 
over 50 years of operating experience. Additionally, the supply chains needed 
to service, maintain, and fuel these reactors are well established. The new 
generation of advanced reactors is expected to include a range of advanced-
reactor technologies, including large LWRs, LWR SMRs, HTGRs, SFRs, and 
molten salt reactors (MSRs). Unlike the existing fleet, these designs vary in 
terms of coolants, fuel types, enrichment levels, and power outputs. While 
these design differences may not directly matter to a data-center developer 
whose primary need is reliable electricity, they have significant downstream 
consequences for the factors that do matter: deployment timeline, cost, 
and reliability and availability. This section discusses the advanced-reactor 
landscape, focusing on the characteristics that vary across reactor types and 
are most likely to affect deployment timelines, cost, and reliability for data-
center applications.

Why Does This Matter for Data Centers?

Data-center developers considering nuclear should understand the 
differences between advanced-reactor designs and how these differences can 
impact deployment timelines, cost, and reliability and availability for data-
center applications. This is particularly important for data-center developers 
considering a dedicated nuclear plant for BTM power.

Research and Findings

Many different advanced-reactor designs are being actively developed; all 
of these can serve as a reliable source of abundant energy for data-center 
applications. However, these reactors vary in terms of design characteristics, 
design maturity, supply-chain readiness, and other factors, which can lead to 
differences in deployment timelines, cost, and operational reliability. 

To highlight the variation in advanced-reactor designs, Table 13 below lists 
advanced-reactor designs that have been deployed or are currently under 
development, including designs that have reached the pre-application 
licensing stage or and equivalent stage in the licensing process in the United 
Kingdom (UK), excluding microreactors.

Key Differences Between Advanced Reactor Designs

Table 13 illustrates the breadth of advanced-reactor designs under 
development and highlights the key characteristics that vary across reactor 
types. The following discusses how these characteristics translate into 
practical considerations for data-center developers.

Power Output and Modularity: For any reactor that can be deployed 
with multiple units, the amount of power produced per reactor will have an 
impact on availability and the optimal microgrid design. The backup power 
requirements will vary depending on the power output and number of 
modules because units will undergo outages for refueling, maintenance, or 
other potential issues. More units may provide more resilience by enabling 
units to be taken offline in stages, rather than needing to take the entire 
plant offline at the same time.

Power output and modularity will also influence capital costs of the plant. 
While it is difficult to project the cost of specific reactor types, general trends 
related to the differences between large and small reactors are known. For 
example, the per-kilowatt cost for large reactors is expected to be less than 
for SMRs due to economies of scale while SMRs are expected to benefit 
from faster learning and cost reductions due to economies of multiples.38 
Additionally, SMRs are expected to have shorter construction times than do 
large reactors due to the potential for factory fabrication and concurrent 
manufacturing, which can decrease the amount of interest accrued during 
construction and reduce overall capital expense.

Fuel Enrichment and Fuel Type: The existing fleet benefits from a well-
established fuel supply chain; however, new advanced-reactor designs, 
particularly of non-LWRs, may require different supply chains that do not yet 
exist. The existing fleet uses low-enriched (less than 5% enrichment) uranium 
(LEU) fuel while many advanced-reactor designs will require high-assay, low-
enriched uranium (HALEU), which is enriched to levels close to 20%. Currently 
neither this enrichment infrastructure nor a HALEU supply chain exists in the 
U.S. The DOE has awarded funds to companies to stand up this capability,73 but 
when this will be commercially available at scale to support a significant rollout 
of advanced nuclear reactors requiring HALEU is unclear.
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Table 13. Advanced reactor designs and characteristics.

Large Light Water Reactor

Reactor Type Coolant Fuel Type Fuel 
Enrichment Design Developer Power Output 

(MWe)
Licensing 

Stage

PWR Water Uranium Oxide LEU AP1000 Westinghouse 1,120 MWe Several units 
deployed

Small Modular Reactor

Reactor Type Coolant Fuel 
Type

Fuel 
Enrichment Design Developer

Power 
Output 
(MWe)

Licensing Stage

PWR Water
Uranium 

Oxide
LEU SMR-300 Holtec 320 MWe

Pre-Application and Limited Work 
Authorization for Pioneer 1 & 2 (Michigan) 
under review

NuScale 
Power 

Module
NuScale 77 MWe

Standard Design Approval Application 
Approved

Rolls Royce 
SMR

Rolls-Royce 470 MWe UK Generic Design Assessment Step 3

AP-300 Westinghouse 300 MWe Pre-Application

BWR Water
Uranium 

Oxide
LEU BWRX-300

General 
Electric-Hitachi

300 MWe
Construction Permit Application for TVA Clinch 
River Site under review

HTGR

Helium TRISO HALEU Xe-100 X-energy 320 MWe Construction Permit Application under review

Helium
Uranium 
Carbide

HALEU
Energy 

Multiplier 
Module

General 
Atomics

265 MWe Pre-Application

SFR
Molten 
Sodium

Metallic 
Uranium 

Zirconium
HALEU

ARC-100
ARC Clean 

Energy
100 MWe Pre-Application

Aurora Oklo 75 MWe Pre-Application

Natrium TerraPower 345 MWe Construction Permit Application Granted

MSR  
(Salt-Cooled)

Molten 
Salt

TRISO HALEU KP-FHR Kairos 140 MWe
Pre-Application. Have two construction 
permits approved for demonstration facilities

MSR  
(Salt-Fueled)

Molten 
Salt

Molten 
Salt

HALEU
Integral 

Molten Salt 
Reactor

Terrestrial 
Energy

195 MWe Pre-Application

LEU MSR-100
Natura 

Resources
100 MWe Pre-Application
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In addition to differences in enrichment, some of these new reactors may 
require different fuel forms than do LWRs. These newer fuel forms may not be 
fully scaled for commercial production. While the U.S. has deployed metallic 
fuels for SFRs in the past, no current commercial demand exists for metallic 
SFR fuels. TRISO fuel does have some commercial capability, but fuel-
fabrication facilities and infrastructure are insufficient to support large-scale 
commercial operations. The enrichment and fuel-fabrication infrastructures 
could play key roles in commercially scaling these technologies on a 
timeframe that is needed for data center buildouts. Additionally, the fuel 
supply chain must be vetted to understand fuel availability and future pricing 
of fuel around the life-cycle cost of the plant. If a fuel unique in enrichment 
or fabrication is employed, the long-term commercial viability of that fuel 
supply chain must be established to ensure future operations of the reactor.

Refueling Method and Maintenance Strategy: Traditional reactor types 
and most advanced-reactor types refuel offline, meaning that they must 
periodically power down for refueling. At a periodicity of 18–24 months, the 
existing fleet of LWRs typically refuel their reactor cores, which requires a 
reactor to be shut down to take care of refueling and other normal inspection 
and maintenance activities. Refueling outages typically last a month or 
less, but during this time, power is unavailable. Some newer advanced-
reactor types, such as pebble-bed reactors, can be refueled online, which is 
advantageous for data-center applications because they have no need to shut 
down for refueling. However, the need to perform inspection and maintenance 
activities will periodically require the reactor to be shut down, so the 
maintenance strategy and plan will influence the availability of the plant.

Design and Operational Maturity: To date, the non-LWR advanced-
reactor designs have not been demonstrated. The U.S. DOE has awarded 
funds through the Advanced Reactor Demonstration Program74 to support 
commercial demonstrations of some designs, like TerraPower’s Natrium 
or X‑energy’s Xe-100. Others are receiving support from the DOE through 
the reactor pilot program to provide a DOE authorization pathway to 
demonstrate and de-risk these systems prior to their commercial scale up.75 
That these designs have not yet been demonstrated in these configurations 
means that there is some risk to commercial scale up. This risk could manifest 
in a true design risk that leads to a reactor’s not being commercially viable, 
or it could be on the operations-risk side, where unknown conditions lead 
to a reactor that runs, but may not be as reliable in operations. It would 
thus be more costly to operate than traditional reactors. Understanding the 
technology maturation plan will help stakeholders comprehend potential 
timelines of availability and risk of certain technologies.

While the new advanced reactors may boast certain unique features, the 
maturity of the design and operational characteristics may mean that 
operational learning is happening in a commercial setting. LWR designs are 
well tested, with significant operational knowledge to drive high-capacity 
factors with limited unplanned maintenance. The newer advanced designs 
may not yet offer the reliability of LWR performance until they operate 
and develop the operational processes that have made the LWR fleet the 
backbone of electricity generation with greater than 90% capacity factors.

Commercial Market Penetration: A further consideration is the commercial 
maturity of reactor technology and its supporting ecosystem; the current fleet 
of LWRs benefits from a high level of commercial market penetration, with 
a supply chain that services the needs of that specific reactor technology. 
Newer designs may not yet have achieved the market penetration needed 
for additional infrastructure to develop around them. Data-center developers 
should consider the overall risk of a limited vendor that will service, fuel, and 
maintain advanced nuclear designs that have not yet achieved significant 
commercial deployment because these chokepoints can affect both the 
timeline to bring a plant online and its long-term operability.

Implications for Data Center Developers

The advanced-reactor landscape offers data-center developers a range of 
technology options, each with distinct characteristics that affect deployment 
timeline, cost, reliability, and availability. Selecting among reactor 
technologies involves more than comparing power outputs and price quotes; 
the design characteristics discussed in this section have real consequences 
for when power can be delivered, its cost over the plant’s lifetime, and the 
reliability and availability generation.

The deployment timeline—the speed at which a nuclear plant can begin 
supplying power to a data center—will be influenced by factors such as 
design completion, supply-chain maturity, fuel availability, partnership 
agreements, licensing, and expected construction durations. The deployment 
timeline should also consider how risks identified in earlier demonstrations 
are incorporated into the final commercial design such that risks can be 
managed before building the commercial design.DRAFT
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Cost will also vary across reactor designs. Capital cost is driven primarily 
by reactor size, with large reactors benefiting from economies of scale and 
SMRs offering potential cost reductions through economies of multiples 
and shorter construction timelines. Beyond capital costs, the long-term 
cost of operating a nuclear plant is shaped by the maturity of its fuel supply 
chain, the depth of the commercial ecosystem available to service it, and the 
operational track record of the design—all of which are less certain for new 
designs than for established LWR technologies.

Reliability and availability depend on power-unit modularity, the refueling 
and maintenance strategy, and design and operational maturity. The 
frequency and duration of scheduled outages will depend on refueling 
and maintenance strategies while power-unit modularity will determine 
the fraction of NPP that is unavailable during these outages. Unscheduled 
outages are more difficult to predict for non-LWR designs, which are less 
mature and do not have the benefit of decades of operating experience. 
Data-center developers who are early customers of less-mature designs 
should consider the impact of design maturity on plant reliability and plan 
backup capacity accordingly.

4.3  New-Build Plant Costs

Introduction

As data-center developers evaluate nuclear energy for their long-term power 
needs, understanding how to estimate and contextualize reactor costs is 
essential. However, due to the early stage of advanced nuclear reactors, 
the economic considerations have a high degree of uncertainty with many 
factors to consider.

Nuclear is uniquely capital intensive. Unlike natural gas or other alternative 
energies, for which fuel or equipment costs are spread over time and tied 
to market prices, the majority of the lifetime cost of nuclear plants is 
determined upfront by the cost to build the plant. This means that getting 
the cost estimate right and understanding the uncertainty around it matters 
enormously. In addition to using line-item estimates (such as bottom-
up cost estimates), estimating reactor costs for data-center applications 
should include a transparent set of modifiers that reflect scale, delivery 
method, learning, financing, and site integration. This method moves 
beyond single-point values and encompasses many factors on a micro- and 
macroeconomic scale. The work completed by Abou-Jaoude et al.76 presents 
ranges of advanced-reactor cost estimates in this fashion, taking bottom-
up cost estimates and adding several economic assumptions to produce an 
informed set of cost ranges. This work also documents how multi‑unit plants, 
construction timelines, lifetime, and ramp rates affect cost and performance, 
all of which are relevant to hyperscale computing campuses.

This section discusses the main cost-differentiating contributors that should 
be considered when performing nuclear energy planning for data centers. This 
discussion will include learning (cost reductions over time), economies of scale, 
construction risk and overruns, standardization, and financing and incentives.

Why Does This Matter for Data Centers?

For data-center developers evaluating nuclear as a long-term power source, 
plant economics are unavoidably central to the decision. Current advanced-
reactor designs have not yet been demonstrated or built at commercial 
scale, so cost projections rely on engineering estimates and modeling 
rather than observed data. As a result, estimates vary widely and carry 
substantial uncertainty. A developer who cannot critically evaluate a vendor’s 
cost projections, or who treats a single-point estimate as reliable, risks 
making a multi-decade, multi-billion-dollar capital commitment based on 
assumptions that may not stand up over time.
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Research and Findings

Cost Estimation

The overnight capital cost (OCC) is the upfront cost to build a nuclear plant, 
excluding financing cost. This can include pre-construction costs, direct 
costs, indirect services costs, personnel costs from before the commercial 
operation date, and supplementary costs. A meta-analysis of advanced-

reactor cost estimates analyzed a number of historic estimates to project the 
cost of new nuclear builds.76 This report analyzed historic bottom-up reactor 
cost estimates, both OCC and O&M costs, to develop projections for future 
advanced-reactor costs. The report separated large reactors (~1000 MWe) 
and SMRs (~300 MWe) and provided cost estimates with varying levels 
(advanced, moderate, and conservative) of conservatism, as shown in Table 
14. The cost estimates are not specific to any reactor type or technology and 
are based on a variety of estimates, including HTGRs, LWRs, and SFRs. The 
estimates are normalized per kilowatt of electricity produced; they therefore 
scale with reactor size.

Table 14. OCC for large NPPs and SMRs.76

Account Title Large Reactor (~1,000 MWe) Small Modular Reactor (~300 MWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

10 Capitalized Pre-
Construction Costs $369 $404 $545 $280 $394 $509 

11 Land and Land Rights $3 $3 $4 $11 $16 $20 

12 Site Permits $19 $21 $28 $7 $9 $12 

13 Plant Licensing $182 $199 $269 $134 $189 $245 

14 Plant Permits $20 $22 $29 $16 $22 $29 

15 Plant Studies $28 $31 $41 $22 $31 $40 

16 Plant Reports $14 $15 $20 $11 $16 $21 

17 Community Outreach 
and Education $0 $0 $0 $0 $0 $0 

18 Other Pre-Construction 
Costs $61 $67 $91 $45 $63 $81 

19 Contingency on Pre-
Construction Costs $42 $46 $62 $34 $48 $62 

20 Capitalized Direct 
Costs $3,441 $3,769 $5,080 $3,553 $5,007 $6,461 

21 Structures and 
Improvements $849 $930 $1,253 $1,099 $1,549 $1,999 

22 Reactor System $695 $761 $1,026 $796 $1,121 $1,447 

23 Energy Conversion 
System $206 $226 $304 $212 $299 $386 
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Account Title Large Reactor (~1,000 MWe) Small Modular Reactor (~300 MWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

24 Electrical Equipment $332 $364 $491 $520 $733 $946 

25 Initial Fuel Inventory $118 $130 $175 $165 $233 $300 

26
Miscellaneous 

Equipment
$118 $130 $175 $165 $233 $300 

27
Material Requiring 

Special Consideration
$325 $356 $480 $0 $0 $0 

28 Simulator $0 $0 $0 $0 $0 $0 

29 Contingency on Direct 
Costs $797 $873 $1,177 $596 $839 $1,083 

30 Capitalized Indirect 
Services Cost $1,128 $1,235 $1,665 $1,431 $2,016 $2,601 

31 Factory & Field Indirect 
Costs $387 $424 $572 $435 $613 $791 

32 Factory & Construction 
Supervision $276 $303 $408 $166 $234 $302 

33 Startup Costs $23 $25 $33 $43 $60 $78 

34 Shipping and 
Transportation Costs $0 $0 $0 $41 $58 $74 

35 Engineering Services $393 $430 $580 $221 $311 $401 

36 PM/CM Services $49 $53 $72 $162 $229 $295 

39 Contingency on 
Indirect Services Cost $0 $0 $0 $362 $511 $659 

40 Capitalized Pre-COD 
Personnel Costs Not included

50 Capitalized 
Supplementary Costs $312 $341 $460 $236 $333 $429 

51 Taxes $0 $0 $0 $0 $0 $0 

52 Insurance $82 $90 $121 $0 $0 $0 

53 Spent Fuel Storage $0 $0 $0 $0 $0 $0 

54 Decommissioning $9 $10 $13 $12 $17 $22 

55 Other Owners' Costs $0 $0 $0 $0 $0 $0 
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Account Title Large Reactor (~1,000 MWe) Small Modular Reactor (~300 MWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

Advanced  
($/kWe)

Moderate  
($/kWe)

Conservative  
($/kWe)

56 Fees $0 $0 $0 $0 $0 $0 

57 Management Reserve $0 $0 $0 $0 $0 $0 

59  Supplementary 
Contingencies $221 $242 $326 $182 $257 $331 

Total $5,250 $5,750 $7,750 $5,500 $7,750 $10,000 

Table 15. Estimated operations and maintenance cost and fuel costs for large reactors and SMRs.76

Large Reactor (~1,000 MWe) Small Modular Reactor (~300 MWe)

Advanced Moderate Conservative Advanced Moderate Conservative

Fixed Non-Fuel O&M ($/kW-yr) 126 175 204 118 136 216

Fixed O&M ($/MWh @ 93% CF) 15.5 21.5 25.1 14.5 16.6 26.5

Variable Non-Fuel O&M ($/MWh) 1.9 2.8 3.4 2.2 2.6 2.8

Nuclear Fuel Cost ($/MWh) 9.1 10.3 11.3 10.0 11.0 12.1

Nuclear Fuel Cost ($/MBTU) 0.88 0.99 1.09 0.97 1.06 1.17

Total O&M ($/MWh) 26 35 40 27 30 41

O&M costs for nuclear plants are commonly categorized as fixed non-fuel 
O&M costs, variable non-fuel O&M costs, and fuel costs. Fixed O&M costs are 
largely driven by ongoing labor costs: operator, engineering, and security 

costs. Variable O&M costs include costs such as consumables and chemicals. 
Table 15 below provides assumptions for O&M costs based on [76].

Learning from First-of-a-Kind to Nth-of-a-Kind

One of the most-important cost modifiers to understand is where a given 
reactor offering sits on the learning curve—specifically, whether it is a FOAK, 
a between-of-a-kind, or an nth-of-a-kind unit. These descriptions represent 
the maturity of a specific reactor cost offering based on the number of reactors 
(n) deployed. These titles are less of a specific design choice or parameter, 
but rather they represent a culmination of factors that are learned over time 
through deployment experience that contribute to lower costs.

FOAK costs are expected to be substantially higher than nth-of-a-kind costs, 
with the delta driven by non-recurring engineering costs, supply-chain 
inefficiencies, construction-learning penalties, regulatory uncertainty, and 
the absence of an established workforce trained on the specific design. 
The meta-analysis performed by Abou-Jaoude et al.76 quantifies LRs from 
literature and applies them to project how costs may decline over successive 

deployments. Historical nuclear-LRs have varied dramatically. Experience 
from Korea and France, where standardized designs were deployed in rapid 
succession, showed meaningful cost declines while the fragmented U.S. 
program of the 1970s and 1980s saw cost escalation due to design changes 
mid-construction, regulatory interventions, and lack of standardization. The 
work by Abou-Jaoude et al. reports LRs ranging from about 5–15%77 while 
follow on work in Abou-Jaoude et al.76 estimates 8% for large reactors and 
9.5% for SMRs. The cost of the nth reactor can be expressed as:

CostN=FOAK×(1-LR)log2N 

where the cost of reactor n is a function of the FOAK cost, the LR, and the 
reactor number (N).

For a data center, the practical implication remains that the earlier in the 
deployment sequence a reactor is built, the higher the uncertainty (and 
potentially higher cost) one should expect. To combat this, organizing 
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large consortium-based purchasing agreements can help move the 
developer down the cost curve and lower the order-book average cost 
for all purchasers. Data-center developers considering nuclear should 
understand where in the production sequence the quoted units fall and what 
assumptions drive their cost projections regarding LRs and standardization.

Economies of Scale

Traditional nuclear power benefited from economies of scale: larger reactors 
produced more power with proportionally lower capital cost per kilowatt. The 
move to SMRs and microreactors deliberately trades some scale advantage 
for other benefits: modularity, faster construction, better financing profiles, 
and operational flexibility.

Analysis by Abou-Jaoude et al. distinguishes broadly between large (~1,000 
MWe) reactors and small reactors (~300 MWe) reactors, with OCC ranges 
consistently higher on a dollar-per-kilowatt, electric basis for smaller 
units.76 The key question for data center planners is whether the premium 
for smaller, modular units is offset by advantages in deployment speed, 
financing cost, reduced construction risk, and operational flexibility.

Economies of scale can be partially recovered through multi-unit 
deployments on a single site. Rather than building one large reactor, a 
campus could deploy multiple SMR modules, capturing volume discounts on 
shared infrastructure (site preparation, security perimeter, control systems, 
switchyard, cooling systems) while retaining modular-construction benefits. 
Estimates from Abou-Jaoude et al. estimate reductions in OCC and O&M for 
multi-unit plants up to 30 and 33%, respectively (Table 16).76 Note that when 
applying the multi-unit reduction factor, the standard deployment package 
should be treated as a single unit. For example, if the standard plant design 
is a four-pack of reactors, then the four-pack counts as a single plant and the 
multi-unit reduction factor should only be applied if multiple four-packs are 
deployed at a single site.

Plant Performance and Capacity Factors

While not directly contributing to the OCC of a reactor, the capacity factor 
can directly impact life-cycle cost of a reactor. Given the large capacity factor 
of electricity from nuclear energy, the high-capacity factor of the current 
fleet of LWRs are the one reason why nuclear is still considered a necessity 
for energy security. The analysis of Abou-Jaoude et al. 76 did not distinguish 
between capacity factors between large and small reactors and used a value 
of 93% for all options. In reality, the 93% value for the capacity factor is 
directly applicable to LWR technology. When considering other technologies 
like SFRs, HTGRs, or MSRs, there will be a learning curve to reach the same 
level of performance and decades of performance of the current LWR fleet.

For an understanding of some of the capacity factors for certain reactors, a 
review of research reactors that operated in the past can be done. The U.S. 
previously operated research facility SFRs, notably the Experimental Breeder 
Reactor II (EBR-II), which operated from 1964 to 1994 and produced power 
as well as running experiments. Initially, the capacity factor was quite low, 
typically under 50% for the first decade of operation, even reaching as low as 
20% in one year.78 After this initial period, the capacity factor increased and 
exceeded 70% although it could have been 5–10% higher if its main purpose 
was power generation, rather than experimental operations.78 A similar trend 
was seen with the operation of the BN-600 SFR in Russia, which has been 
operating for decades. Initially, the capacity factor was around 56%, but 
this steadily increased over time and exceeds 75% now. 79 These historical 
examples show that there are FOAK risks to a new technology. While there is 
historical experience, there will still most likely be startup issues with these 
new reactors.

Construction Risk, Overruns, and Standardization

Historically, nuclear-construction cost overruns have been the primary driver 
of project failures and uncompetitive economics. The U.S. projects at Vogtle 
Units 3 and 4 (the only recently completed large nuclear construction in 
the U.S.) experienced material cost and schedule overruns, with total costs 
significantly above original budgets and commercial operation dates years 
behind schedule. Construction risk is a function of many factors, including 
design maturity, regulatory stability, labor availability, supply chain depth, 
site conditions, and project management capability. These factors, specific to 
a nuclear project, should be strongly considered before decisions are made.

Table 16. OCC and O&M cost reductions for multi-unit nuclear plants.

(Illustrative multipliers; actual values will vary by technology, site, and contract.) 

Number of Units OCC Cost Reduction O&M Cost Reduction

1 1.0 1.0

2 0.9 0.67

4 0.8 0.67

8 0.7 0.67

10 0.7 0.67
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While most observed construction‑risk data come from large LWR projects, 
one of the primary value propositions of advanced SMR designs is the shift 
from field construction to factory fabrication, where manufacturing occurs in 
controlled factory environments and is then shipped and assembled on site. 
This approach promises tighter quality control, shorter onsite construction 
schedules, reduced skilled labor requirements in the field, and a more 
predictable cost profile.

For data-center developers, a key question is how construction and delivery 
risk is allocated between the developer and the customer. Different contract 
structures distribute this risk in different ways, and those choices directly 
influence pricing and project outcomes. Some structures place more of the 
schedule and cost exposure on the project developer, while others shift more 
variability to the buyer. Many projects also rely on consortium or partnership 
models, where multiple parties share responsibilities and coordinate risk 
allocation across engineering, construction, and technology providers. 
Irrespective of the structure, understanding how risk is shared is essential 
for buyers, and financial models should incorporate stress-testing of budgets 
and schedules.

Financing, Incentives, and Cost Savings

Due to the high upfront capital requirements and multiyear construction 
timelines, interest costs and equity returns can add substantially to the all-in 
project cost well beyond OCC alone. However, data centers looking to deploy 
nuclear for BTM power present a different financing dynamic than standard 
utility-scale electricity providers that sell into a wholesale market. In this 
situation, financing can be underwritten against a large corporate offtaker 
(such as a hyperscaler), potentially achieving lower financing costs due to 
large investment-grade balance sheets and credit ratings.

Incentives like ITCs or PTCs can also play a part in cost reductions. Over the 
last several years, many state and federal bills have incentivized NPPs and 
data centers. Depending on the locale, these incentives could significantly 
reduce capital, operational, or tax burdens.

Key Insights

When building a reactor cost model for data center planning purposes, 
the following factors should be treated not as fixed inputs but as scenario 
variables that can be modified through strategic decisions.
1.	 First of a kind versus nth of a kind: the deployment maturity of 

the technology may be the largest single driver of cost uncertainty and 
should be bounded with high and low scenarios.

2.	 Multi-unit sites: the number of units deployed on site or across a 
buyer’s portfolio affects both shared infrastructure economics and 
volume discounts.

3.	 Standardization and modularization: the degree of standardization 
and factory modularization affects how much of the cost-reduction 
potential the developer can actually achieve.

4.	 Construction risk: the construction risk allocation in the contract 
structure determines who bears the financial exposure to schedule and 
cost overruns.

5.	 Financing: the financing structure, timeline, and incentives can 
drastically shift all-in economics relative to OCC alone.

Taken together, these factors mean that two projects deploying nominally 
identical reactor technology could have significantly different all-in power 
costs that differ by a factor of two or more. For data-center operators, getting 
the deployment strategy, contracting structure, and financing approach right 
is critical.
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4.4  �Nuclear Integration: Dynamics of Policy 
and Public Perception

Introduction

Nuclear projects must navigate myriad federal, state, and local policies that 
shape the design and outcomes of project proposals. Understanding the 
policy landscape at each of these jurisdictional levels can greatly inform 
planning, application, and construction timelines as the U.S. nuclear 
resurgence gains momentum. The following sections give a brief, summary-
level overview of the regulations most pertinent to nuclease projects. While 
not exhaustive, these policy considerations provide potential starting points 
for data-center stakeholders to prioritize early actions and inform decision-
making when considering location, siting, configuration, and design choice 
of nuclear-generation assets.

Nuclear projects have historically provided safe, reliable, and relatively 
inexpensive energy within the U.S. However, a handful of rare nuclear 
accidents around the world in decades past have helped perpetuate negative 
stigma surrounding nuclear technology. How the public perceives nuclear 
technology will be vital to integrating nuclear projects into data centers. 
This is based not only on the trends observed with the development of data 
centers themselves, but also perspectives from some local officials who 
believe advanced nuclear project will likely “face significant community 
resistance.”80

Why Does This Matter for Data Centers?

These concepts affect the planning, construction and operational phases. 
Public policy and perception represent a double-edged sword for data 
centers: clarity surrounding regulatory nuances and robust public support 
can enable such projects to achieve timely completion and streamline 
operations and future expansion down the road. However, without a keen 
understanding of these concepts, nuclear integration can face political 
hurdles and developmental setbacks due to an uncertain regulatory 
environment at each jurisdictional level.
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New Reactor Licensing ProcessFigure 18. New-reactor licensing process (source: NRC).
Research and Findings

Federal Policy

The nuclear space is shaped by several federal policies, some of which span 
decades. Recent national priorities have culminated in a suite of executive 
orders (EOs) at the federal level that are geared toward revitalizing the U.S. 
nuclear-energy sector while pushing for innovation through adoption of 
new technologies such as SMRs and microreactors. This includes EO 14299, 
“Deploying Advanced Nuclear Reactor Technologies for National Security,” 
EO 14300, “Ordering the Reform of the Nuclear Regulatory Commission,” EO 
14301, “Reforming Nuclear Reactor Testing at the Department of Energy,” 
and EO 14302, “Reinvigorating the Nuclear Industrial Base.” Together, 
these EOs outline priorities maximizing the capacity of existing nuclear 
generation facilities while fostering the addition of new generation sources 
through technological innovation and regulatory reform and, ultimately, 
quadrupling U.S. nuclear energy capacity from 100 to 400 GW by 2050. 
Understanding these directives and their purpose provides a valuable context 
in understanding the necessity of growing U.S. energy supply. Aligning these 
efforts to the needs of data center growth and other large loads may help 
nuclear generation projects achieve desired outcomes in feasible timeframes.

However, the brunt of federal regulatory agency resides with the NRC. 
This body is responsible for accepting, reviewing, approving and renewing 
applications for nuclear projects. The Atomic Energy Act of 1954 and Title II of 
the Energy Reorganization Act of 1974 codified the functions and authorities 
of the NRC. Additionally, the NRC is responsible to produce environmental 
impact statements for licensing all new and renewed nuclear plants, 
pursuant to the National Environmental Policy Act of 1969.81 Specifically, 
there are certain sections of U.S. Code that pertain to the development 
and renewal of nuclear projects and licenses. Title 10 of the United States 
Code of Federal Regulations (CFR), Chapter 1, enumerates the roles and 
responsibilities of the NRC, making this entity a central fixture in the 
regulatory-review process through which any new nuclear project must go. 
The general review process of the NRC for new and renewed nuclear plant 
licensing is outlined in Figure 18.

Specifically, 10 CFR 1 articulates the authorities of the NRC pertaining to 
the licensing-application process as well as requirements for various license 
applications. Of note, Parts 50–55 specify the requirements of production and 
utilization facilities (reactors). Understanding the provisions of these sections 
can help stakeholders identify key requirements, thereby streamlining the path 
to regulatory approval. Other related sections elsewhere in 10 CFR 1 may also 
provide guidance on regulations for other nuclear infrastructure, such as fuel 
production (Parts 40–49), waste disposal (Parts 60–69), and transport facilities 
(Parts70–79). For the immediate focus of nuclear reactors, Table 17 identifies 
Parts 50–55 and their corresponding requirements:

Table 17. Code provisions: 10 CFR 1, Parts 50–55.

10 CFR Chapter 1 
Provision Regulatory Topic

Part 50 Power reactor licensing

Part 51 Environmental protection

Part 52 New reactor licenses

Part 53
Risk informed, technology-inclusive regulatory 

framework for advanced reactors (draft)

Part 54 License renewal

Part 55 Operator licenses
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Of note, some licensing options under Part 52 allow for application of 
early site permits, which may obtain approval for a reactor site without 
specifying the design of the reactor to be built, as well as certified plant 
designs that can be approved expeditiously approved.82 This standardization 
may accelerate the regulatory process because these designs need only 
go through full review once, providing predictable metrics and outcomes 
with each subsequent application. Some designs have already gained this 
expedited approval from the NRC, and this trend is likely to continue as 
advanced-reactor designs evolve over the next few years.

While most of these sections are in effect, Part 53 represents a new 
section that seeks to expedite the review process for advanced SMRs and 
microreactors. The NRC recognizes the uniqueness of advanced reactors and is 
in the process of developing a final rule that would allow future commercial 
nuclear plants, including both LWRs and non-LWRs, to pursue licensing under 
a separate review process. As the title implies, this process would leverage 
a probabilistic risk assessment that applies risk-informed and performance-
based review methods that are flexible and practicable for application across 
the multitude of different advanced-reactor designs.82 This draft-rulemaking 
package for Part 53 was proposed in 2023, with the final version expected to 
be implemented by 2027.

General awareness of the various federal policies and procedures can 
influence planning efforts early in the data-center development process. 
This can lead to better-informed decision-making when selecting the 
type of nuclear technology most appropriate for a data-center project and 
potentially expedited regulatory approval processes as well.

State and Local Policy

While the federal regulatory environment is well-defined and supported 
by national priorities, a great amount of variation exists at the state and 
local levels. In fact, the variation becomes more evident at lower levels 
of jurisdiction. Support for nuclear technology at the state level has been 
relatively positive, with several states passing legislation that favors nuclear 
technology as a reliable-energy source in recent years. A 2023 study led 
by INL identified several nuclear-related policies and developments across 
several states.83 Select findings from this study are outlined in Table 18.

Table 18. Nuclear-related policy and developments. Source: INL.

Policy and Developments States

Nuclear adoption and  
extension support

AK, CT, GA, ID, IL, IN, KY, LA, MD, MI, 
MS, MT, NE, NC, UT, VA, WV, WY

Expanding policy definitions  
with nuclear as a preferable 

energy source
CA, CT, ID, IL, IN, NJ, VA

Repealed prohibitions on nuclear 
development or updated siting 

authority
AK, CT, KY, MT, WV

Proposing or advancing studies 
aimed at potential for siting or 
permitting advanced reactors

MD, MI, NE, NH, PA, SC, VA, WI

The advancement in state-level policy related to nuclear technology is likely 
to continue, with more states expected to develop their own regulatory 
frameworks and siting studies to accommodate new nuclear projects. These 
frameworks will likely have an impact, not only on nuclear siting processes, 
but on data-center siting as well, depending on the configuration and 
nuclear-integration arrangement. This is especially important for data centers 
seeking BTM arrangements—including co-location designs that must 
navigate both nuclear and data center regulatory frameworks. Tracking policy 
developments and economic drivers between states may lead to environments 
conducive to the development of data centers with nuclear integration. Still, 
regulatory challenges may reside within each state at the local level.

Despite being smaller jurisdictions than the state and federal levels of 
government, local government represents a key threshold that all projects, 
whether nuclear- or data center-related, must cross before construction begins. 
In many ways, local regulation is the gatekeeper for almost all of these projects. 
Hence, understanding the frameworks, processes, and requirements for 
development at this level should be a priority immediately after submitting a 
combined (construction and operation) license application with the NRC.DRAFT
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Regional economic, environmental, and social factors are far more nuanced 
at the local level than at the federal or even state levels. Within a single 
state, factors such as water availability and water rights, population density, 
and economic incentives vary greatly. All of these factors influence public 
policy. Localities with existing nuclear plants may be more conducive 
to additional nuclear projects. Others that may have significant existing 
data-center infrastructure may not have the regulatory framework in place 
for nuclear. This has the potential to lengthen the approval, and even 
construction processes, once approved. Local zoning and land-use codes have 
specific site-planning and performance requirements that vary between 
jurisdictions.

However, this complexity can be used to a data-center project’s advantage. 
Variation in regulatory policy may translate to flexibility on the 
development side, allowing projects to choose from a variety of options and 
customizations to calibrate nuclear-integration projects to niche regulations 
within a local context. The wide variety of nuclear-generation options—such 
as the many advanced reactor designs—can be used as levers to optimize 
cost, data-center power demand, and local regulatory provisions. In this 
regard, a one-size-fits-all approach may actually hinder project advancement 
while adjusting and fine-tuning nuclear projects to meet the needs of local 
jurisdictions may ensure approval and expedite construction.

Another advantage for nuclear projects, specifically advanced reactors, may 
exist—somewhat ironically—in their timeline to commercial viability: 
data centers and nuclear projects are both heavily regulated industrial 
projects with similar scales in terms of spatial requirements, water usage, 
environmental impacts, and safety concerns. Significant overlap exists 
between data centers and nuclear in these areas. While widespread 
commercial availability of advanced reactors is expected to occur 5–10 years 
from now, many of the existing and planned data centers today will have 
already undergone these regulatory processes. This means advanced-reactor 
projects will have the advantage of identifying regions where data-center 
developments were successful and understanding the specific challenges 
involved in accommodating those developments. This, in turn, removes much 
uncertainty as to where nuclear projects would have a favorable chance of 
success. Leveraging lessons learned by current and planned data-center 
projects at the local level can provide valuable insights and best practices for 
integrating nuclear projects as well.

Several concepts—setbacks, transportation access requirements (especially 
for nuclear fuel delivery and storage) and construction access and aesthetic 
design—warrant consideration early in the process. Each jurisdiction has 
unique development requirements, and this environment is evolving due 
to the rise in data-center development. Incorporating these considerations 
into the data-center planning and development processes can expedite 
co-located nuclear-development approval and preclude heavy revisions to 
data-center campus-site design once advanced reactors become available. 
However, public policy at the local level is largely driven by public perception, 
a component in the regulatory context that should not be overlooked.

Public Perception

Understanding public perception is especially important at the local-
government level for a few reasons. First and foremost, public perception 
influences election of public officials, whose offices drive policy, 
development standards, and regional priorities that can affect the regulatory 
environment. Second, the public has much greater access to elected officials, 
who are more intrinsically involved in specific site-planning processes than 
their state or federal counterparts. Third, federal, state, and local nuclear-
regulatory processes require many public hearings during which individual 
residents and interest groups can speak either against or in favor of projects. 
Getting ahead of any potential concerns can reduce uncertainties that 
might extend the review process and thereby minimize public resistance. 
Finally, gauging public perception early in the planning process establishes 
a baseline of the peoples’ understanding and clarifies areas where outreach 
and educational campaigns may quell many of the concerns harbored by the 
public.

Many of the same questions posed by the public surrounding data centers 
regard environmental impacts, resource depletion, and public-safety 
concerns. These map onto nuclear projects as well. One important distinction 
between data centers and nuclear plants is job creation; while data center 
employment surges during construction, the actual workforce needed long-
term to operate data centers is relatively small. By contrast, nuclear projects 
must retain a sizeable workforce of operators, engineers, physicists, and 
other support staff to operate and maintain facilities long after construction 
is complete. Other concerns regarding water usage and public safety are 
among the top priorities for the public. Addressing these concerns may help 
clear objections and alleviate pressure placed on public officials by their 
constituents, thus aiding nuclear projects to clear regulatory review.
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Here too, timeline can be used to the advantage. Whereas data-center 
developments must alleviate concerns in real time as new and proposed 
projects undergo regulatory and site-planning review, nuclear projects—
particularly advanced-reactor projects—may be years away, allowing a 
valuable window through which to observe trends in public perception, 
impacts on data-center development, and the effectiveness of outreach and 
educational campaigns to inform the public on the safety and benefits of 
nuclear integration.

Data-center stakeholders can take immediate action to support nuclear-
integration projects by actively engaging with public officials and local 
interest groups to open dialogue on priorities and concerns regarding future 
projects. This helps achieve amicable solutions that benefit all parties 
involved while demonstrating transparency and proactive stakeholder 
engagement. Educational and public-outreach initiatives can greatly inform 
the public while demystifying some of the stigma surrounding nuclear 
energy. Underscoring the technological advancement of nuclear energy and 
highlighting the safety, economic benefit of potential BTM configuration, 
and minimal environmental impacts of nuclear energy should serve as a solid 
starting point around which key messaging strategies can be built.

Key Insights

1.	 The efforts to expedite regulatory processes, standardize reactor 
designs, and build flexibility into new frameworks (like 10 CFR Part 53) 
will become increasingly important in public policy at the federal level.

2.	 The decentralized and varied nature of state and local policies introduces 
challenges that data-center developers must carefully navigate. This 
complexity presents both obstacles and opportunities for tailored 
solutions. Understanding the nuances of development processes 
and distinct requirements in each locality can greatly influence the 
implementation of nuclear-integration projects for data centers.

3.	 The timeline for advanced-reactor adoption provides an opportunity to 
analyze successful data-center projects, identify favorable regulatory 
environments, and leverage lessons learned to address public concerns 
and policy hurdles for future nuclear integration.

4.	 Public perception of nuclear energy represents a key issue that warrants 
early consideration and action, especially at the local level, requiring 
data-center developers to proactively engage communities early 
through educational initiatives that address safety, environmental 
impacts, and economic benefits to build trust and reduce opposition.

4.5  Nuclear Supply-Chain Considerations

Introduction

Supply chains are a key component of nuclear integration that should be 
considered early in the planning process for data-center development. 
Adequate planning and accommodation have the potential not only to 
shape the power supply of data centers, but their design. For this analysis, 
an important factor to note is that a marked difference exists between 
traditional nuclear power-generation assets, otherwise known as large 
NPPs, and advanced nuclear-generation assets, such as SMRs. Though the 
fission process is largely the same among all nuclear reactors, great variation 
is found among these nuclear-generation assets, which greatly influences 
their underlying supply chains, fuel life cycles, and the facility requirements 
that enable them. Some key supply-chain considerations include fuel life 
cycles, logistics requirements, and mutual supply chains that support both 
SMRs and data centers. Some supply chains that support nuclear-generation 
facilities meant to sustain data centers may also support the data centers 
themselves, potentially leading to inadvertent competition for resources 
and supplies to achieve the same goals and objectives. Such supply-chain 
considerations should be accounted for early in the planning process of 
data-center development. This will help identify potential pitfalls and 
inform strategic decision-making while building supply-chain resilience in 
the long term. Additionally, other factors, such as location, configuration, 
and workforce development, can also affect nuclear supply-chain resilience 
as well. The following sections offer key insights and considerations that 
account for variability in the numerous supply chains that will support 
nuclear integration with data centers and other large loads.

Why Does This Matter for Data Centers?

Supply chains for nuclear technology can be complex and diverse, depending 
on a number of factors including design, location, configuration, and fuel 
type. Understanding this diversity early on enables detailed analysis of nuclear 
integration in tandem with data-center development. Mapping the supply 
chains for fuels and other resource requirements can greatly inform selection 
of nuclear technology to be applied to these data centers. Incorporating these 
factors in the planning phase of data-center development can ensure that 
spatial and connectivity considerations, as well as configuration for nuclear 
technology are accounted for in the overall data-center design, potentially 
saving expense and regulatory difficulty of piecemealing the development of 
nuclear projects and data centers separately.
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Research and Findings

Fuel Cycles of Large NPPs vs. SMRs

Nuclear fuel cycles should be one of the primary factors to consider when 
integrating nuclear generation with data centers. Tradeoffs certainly exist 
between large NPPs and SMRs, most of which are affected by the fuel used in 
electricity production. Fuel cycles between large NPPs and SMRs are expected 
to be relatively similar, with reactors operating between 1.5 and 2 years 
between refueling.84 Modularity of SMRs allows for timely refueling. When 
units are brought offline, they can be removed and immediately replaced 
during the refueling stage, allowing additional SMR units to continue 
operating through the refueling cycle. However, nuances exist between the 
type, quantity, and even enrichment levels of fuels. These variables warrant 
further investigation into which type of nuclear technology best suits the 
data-center project in question.

Large NPPs often have well-established fuel supply chains that, in many 
cases, have been in operation for decades. This fact—coupled with the 
largely ubiquitous fuel requirements and standardized transport, storage, 
and disposal infrastructure—leads to a robust, predictable fuel supply chain 
that accommodates the entirety of the fuel life cycle. By comparison, SMR 
fuel supply chains and life cycles are not yet well established, leading to 
challenges affecting CAPEX and operational expenditure estimations. This is 
because tremendous variation exists between SMR designs; no two designs 
are the same. This translates to niche supply chains for each, meaning that 
containment vessels, transport requirements, and storage and disposal 
protocols may not be as standardized as those of large NPPs.85 Still, these 
advantages are relegated to regions where large NPPs already exist and have 
the capacity to support data centers.

Just as SMRs that are the FOAK are typically more expensive to develop, 
operate, and maintain, their fuel supply chains will likely also experience 
higher costs due to the high LR associated with FOAK development. As the 
fuel supply chains materialize and begin to solidify, associated costs are 
expected to reduce due to the growing economies of scale.

When SMRs are considered, understanding the duration and optimal 
phasing, or staggering, of unit refueling cycles can help inform which design 
and configuration best fits the needs and uptime requirements of data-
center projects. Research conducted at INL identifies an optimal number of 
eight 300-MW SMRs needed to power a hyperscale datacenter with a load 
requirement of 1 GWe. The remaining two units may be utilized to allow for 
scheduled maintenance on a rotating basis without affecting overall capacity. 

However, the exact number reactors needed will vary among datacenters, 
based on factors such as load and availability requirements, type of SMR 
deployed, and interconnection agreements with utilities and ISOs.

Understanding the widespread application and availability of each fuel 
type, manufacturer, and source of upstream materials that factor into fuel 
production can provide visibility into how to build a resilient fuel supply 
chain. As SMR technology advances and becomes commercially viable, 
coordination between nuclear and data center stakeholders will become 
increasingly important in working toward greater standardization of fuel 
types, life cycles, and equipment, thereby collectively making the fuel supply 
chain more robust across the industry.

Shared and Indirect Supply Chains

Research reveals several commonalities in supply chains between data 
centers and nuclear generation plants. Both require intensive electricity 
transmission and distribution (T&D) equipment, often relying on the same 
electrical equipment supply chains to support them. Research has shown 
that transmission bottlenecks can delay nuclear and data-center deployment 
and transmission congestion directly drives supply-chain urgency.

This is especially true in cases where nuclear facilities and data centers are 
geographically concentrated in the same locality. Co-location of nuclear 
generation with data centers can reduce interconnection costs and allow 
shared use of existing infrastructure, such as substations, transmission 
lines, and water-system facilities. While this commonality may appear 
synergistic, it creates competition for common resources that, in many cases, 
are becoming increasingly scarce. This in turn can cause delays in data-
center development. In fact, at least 20% of projected data-center additions 
expected through 2030 could face delays due to supply chain shortages in 
such equipment as turbines and transformers.86

The energy-sector industrial base is especially sensitive to heighted demand. 
Water represents another commodity for which data centers and nuclear 
generation plants may compete. Though water is often viewed as a siting, 
regulatory, or environmental issue—or any combination thereof—it also 
warrants consideration as a supply-chain concern. Both data centers and 
nuclear technology rely on light water that requires treatment and purification 
prior to use. Some SMR designs utilize light water for neutron mediation as 
well as cooling. These LWRs and some data centers employ light water as a 
coolant due to its thermal properties that can cool systems up to 30 times 
faster than air-cooling technology. Each type of SMR may have different 
water requirements, with SMR internal configurations varying just as much as 
those of data centers. Understanding the specific water requirements of the 
specific SMR model, and location of the data center in question, are both key 
considerations that affect water supply-chain dynamics.
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Table 19. Mutual supply-chain dependencies. Nuclear generation plants, data 
centers, and electricity T&D.

Component / 
System Nuclear Data Centers Electricity 

T&D

Prime mover Steam turbine None Conduit

Electric generator  No No

Heat source Nuclear fission IT equipment No

Steam generation
 

(steam generators)
No No

Condenser  No No

Cooling system   Sometimes

Cooling towers/heat 
rejection

  No

Primary working 
fluid

Water/steam Air/liquid Oil

Feedwater system  No No

Pumps   No

Large rotating 
machinery

 Limited No

Transformers 
Step-down/

UPS


Switchyard/
substation

  

Electrical 
distribution

  

Emergency power   Sometimes

Backup generators   Sometimes

Energy storage Limited Batteries (UPS) Sometimes

Because of the requirement to treat water prior to use by either nuclear 
reactors or data centers, treatment facilities with adequate capacity must be 
in place to accommodate such heavy uses. In smaller localities and remote 
regions, this often entails the construction of new water treatment facilities to 
accommodate the significant increases in volume, along with the disinfectant 
and treatment supply chains, such as chlorine, to enable a constant, robust 
light-water supply. Heavy usage by both data centers and power plants within 
the same geographical region can not only exacerbate local and regional water 
shortages, but create significant supply-chain dependencies where fluctuations 
in water availability may strain data-center operations, depending on the 
center’s design factors, scale, and employed cooling technology. This may occur 
either directly through data-center water usage or indirectly through electricity 
generation. Notably, the latter concern is not relegated to nuclear generation 
alone; it also impacts other generation sources that rely on steam turbine 
technology. Nevertheless, understanding the sourcing of water and potential 
supply-chain risks—such as disruptions to water-treatment plant operations 
or sudden drops in water supply—are important factors to consider when 
selecting which nuclear technology will support data-center development.

Even secondary and tertiary supply chains that do not directly feed into 
nuclear power generation have the potential to impact the overall supply 
chain security. One such example can be found in the context of international 
supply chains for data centers themselves. As of 2025, the U.S. has no domestic 
commercial large-scale supplier of HALEU, and instead comes as a byproduct of 
U.S. DOE’s downblending and processing of high-enriched uranium stockpile.37 
Meanwhile, processors, rare-earth elements, fiber-optic cables, and other 
elements that enable data centers to operate may be strained by geopolitical 
dynamics, sanctions, or economic factors that may cause supplies to fluctuate. 
While such considerations clearly have a direct impact on data centers, demand 
for nuclear power is intrinsically tied to the demand sought by data centers 
and other large loads. If the projected growth of data-center development 
fluctuates or is truncated by the availability of materials and resources, so too is 
the demand for new technology such as SMRs, affecting economies of scale for 
building and deploying SMRs to meet this demand.

Other supply chains, such as those across the transportation sector, also 
impact the economic viability of nuclear integration. The price of fuel, 
bandwidth of manufacturing of specialty shipping and hauling vessels 
that accommodate emerging nuclear technology, and even construction 
equipment can have indirect impacts on the supply chain for nuclear 
assets—particularly SMRs. Conversely, these existing supply chains for data 
centers are relatively robust compared to those of SMRs; continued elevated 
demand for data centers may translate to nuclear supply chains’ not being 
able to keep pace to satiate demand over the next 5–10 years. Though 
seemingly disconnected, these supply chains can have reciprocal influence on 

one another, warranting the need to monitor supply chains across different 
industries in order to adapt nuclear integration strategies accordingly. Table 
19 demonstrates potential areas of mutual reliance on common supply 
chains between nuclear generation plants, data centers, and electricity T&D 
with the strongest commonalities bolded for additional consideration.

Other Supply Chain Considerations
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Site planning is often influenced by supply-chain considerations. The size and 
demand of data centers can influence the quantity, type, and configuration 
of such onsite nuclear generation as SMRs, which inherently determine the 
type of generation, capacity, fueling cycles, water-supply requirements, and 
spatial design of co-located projects. Transportation connectivity is another 
key aspect that influences supply-chain viability for nuclear-powered data 
centers. Ensuring that surface-transportation corridors have the correct 
clearance, turning radii, and loading facilities to, from, and within the data-
center development will be largely driven by SMR design. Site selection that 
incorporates robust and redundant transportation, such as maritime and 
intermodal facilities, can influence supply-chain security as well.

Workforce is yet another factor related to supply chains that will warrant 
additional consideration. Data centers, in combination with nuclear 
facilities, can support a significant number of local jobs. A GW-scale data 
center is expected to directly employ around 1,000 employees. A single 
GW-scale nuclear facility would employ at least 650 employees per reactor. 
Employment for SMRs is currently expected to require fewer workers 
per gigawatt of electricity. Nuclear generation facilities require a robust 
workforce that may not be large enough to accommodate the rapid increase 
in nuclear integration. In this regard, talent pipeline may be regarded as 
yet another supply chain that is often overlooked. For more information 
on workforce needs and development, please refer to the Workforce and 
Socioeconomic Impact of Nuclear-Powered Data Centers section of this 
Playbook.

Federal, local, and state regulatory approval processes should also be taken 

Component / 
System Nuclear Data Centers Electricity 

T&D

Control room / NOC   

Instrumentation & 
control

  

Protection systems   

Fire protection   Sometimes

Water treatment  Sometimes No

Fuel handling Nuclear fuel None None

Waste handling Rad waste E-waste
Specialty 
Chemicals

Cranes/heavy lifts   

Civil structures   

into consideration. Public hearings are typically required for any nuclear 
project, including new builds and expansions. Timing these processes—in 
alignment with lead times for construction materials, labor, and other 
capital—should be considered in supply-chain assessments. Under one 
scenario, labor contracts and early orders for fuels and construction materials 
could stall if the approval processes are prolonged. Likewise, expeditious 
approval prior to material procurement could impact project timelines 
and lead to cost overruns. To this end, close coordination with regulatory 
bodies at federal, state, and local levels should not be overlooked, but 
incorporated throughout the development and procurement processes. Even 
the construction of these projects can have adverse effects on localities, 
especially smaller communities that may lack robust infrastructure and 
housing stock to support construction activities. Here, too, supply chains 
are a key consideration because a rapid influx of construction personnel 
and families can constrict housing stocks or even leave a high number of 
vacant homes that these communities would have to address. While growth 
is typically welcomed in most communities, rapid fluctuations in housing 
availability and overbuilding represent a long-term risk for localities 
experiencing nuclear integration with data-center projects.

Key Insights

•	 While both traditional large NPPs and SMRs rely on similar processes, 
their supply-chain composition will be inherently different. Moreover, 
no two SMR designs are the same, meaning that designs that leverage 
common fuels, technology, and storage equipment may help mitigate 
supply-chain shocks.

•	 Mapping nuclear supply chains should include identifying those 
components which may overlap with supporting data centers, such as 
electrical equipment and water distribution.

•	 Secondary supply chains may still impact the speed of SMR adoption, 
such as rare-earth elements, processors, and transportation equipment 
availability. Understanding the effect of these supply chains on nuclear 
integration with data-center projects while seeking domestic production 
sources may mitigate some of the potential risk associated with 
international supply chains.

•	 Transportation and workforce requirements should be taken into 
consideration to reflect the size and scope of SMR integration with data 
centers and may influence ultimate project design.
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4.6  �Nuclear Plant Reliability  
and Availability

Introduction

The nuclear industry has long relied on reliability or unreliability metrics 
(e.g., failure rates or frequencies) for the purposes of safety, design, 
regulation, and operation. These metrics help organizations identify 
weaknesses, prioritize maintenance, optimize designs, and reduce 
operational risk. Through its emphasis on reliability metrics, the nuclear 
industry has developed a reputation for safety and performance. Emphasis 
on quantifying and managing equipment has contributed to operational 
reliability and extended periods of uninterrupted operation. In fact, the 
average capacity factor of the commercial fleet regularly exceeds 90%.87 
Given this fact, nuclear power aligns well with data centers or sectors 
requiring uninterrupted, reliable power.

Why Does This Matter for Data Centers?

The demand from data centers is outpacing the supply of available power 
from the standard electric grid. This demand has created significant 
challenges for grid operators, including regional constraints on capacity 
and long lead times for establishing new connections to the electric grid. 
As a result, data-center developers are forced to consider alternate sources 
of electricity, such as onsite localized microgrids powered by nuclear 
generators. The design of such microgrid solutions is a balance between 
reliability and cost. Reliability can simply be described as the ability of a 
component to perform its required functions during a specified period.88 
Generally high reliability (e.g., the absence of failures) is expensive or 
unfeasible. Given this reality, failures are expected and managed through 
maintenance activities and system designs (e.g., redundant features). 
Thus, multiple, cost-effective components with decent reliability can meet 
the overall performance of a cost-prohibitive, highly reliable component. 
Understandably, these design decisions, as well as maintenance activities 
(i.e., planned downtimes), have an impact on the ability of a microgrid to 
support the steady power requirements of a data center. This next section 
discusses reliability metrics pertaining to a nuclear power source.

Research and Findings

Reliability is described as the ability (expressed as a probability) of a 
component’s performing its required functions during a specified period.88 
Strictly speaking, reliability does not consider the concept of repair. By 
considering repair, the discussion of reliability becomes a discussion of 
availability. After an item fails, there is a period during which it is incapable 
of performing its required function. This downtime (i.e., unavailable period) 
encompasses the activities necessary for repairing and redeploying the 
item to its functional or ready state. Availability captures the downtime 
due to unscheduled maintenance (i.e., failures and repair) and scheduled 
maintenance. Thus, availability generally refers to the quality or state 
of being ready for use. This perspective of availability is often used 
interchangeably with “uptime” or the fractional time that a system is up and 
running during a given period. A similar concept, known as capacity factor, is 
related to uptime but is slightly different. Capacity factor represents the ratio 
of actual energy produced for a set period to the maximum energy that could 
have been produced during the same without any downtime.

In summary, a highly reliable power generator is one that operates for a long 
time without failure. A highly available power generator is one that is nearly 
always capable of providing power, but there is no limit or requirement for 
how much power it must provide. A power generator with high-capacity 
factor means that the generator nearly always operates at maximum power. 
In all cases, reliability metrics (used loosely here to describe metrics that 
influence reliability, availability, capacity factor, etc.), are important to 
monitor and track. Generally, metrics that are important are those that 
capture downtime, including failure rates and maintenance activities.

Unanticipated Failures

NPPs are complex machines with numerous components. To evaluate the 
reliability and availability of a nuclear power generator, it is necessary to 
consider the multiple ways by which a reactor may be offline or unavailable 
(for both scheduled and unscheduled maintenance). Presently, advanced 
and next-generation reactor data are limited; however, data on existing and 
historical large NPPs are less scarce. NRC data acquired from current and 
historical nuclear reactor operations can be used to determine an overall 
unscheduled trip rate.89,90 Table 20 provides a list of events that would be 
considered the cause of unscheduled maintenance activities. Note that mean 
duration data was extracted from [90] and [91].
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Table 20. NPP transient data (PWR).

Initiating Event
Mean Event 
Frequency 
(per year)

Mean Duration 
(hours)

Loss of vital AC bus 
(LOAC) 5.29E-03 192.00

Loss of vital DC bus 
(LODC) 6.23E-04 120.00

Partial loss of 
component cooling 

water (LCFW)
1.56E-03 348.00

Loss of feedwater 
(LFW) 6.98E-02 188.16

Partial loss of 
service water (LSW) 1.25E-03 408.00

PWR loss of 
instrument air 

(LOIA)
8.44E-03 59.04

PWR loss of heat 
sink (LOHS) 5.81E-02 340.80

PWR General 
Transient (GT)* 9.43E-01 137.52

Loss of coolant 
accident (LOCA) 1.56E-03 1200.00

Loss of offsite 
power (LOOP) 2.36E-02 18.11

Total events/year 1.1132

Total Event down 
time per year 

(hours)
167.56

Scheduled Outages

Traditional LWRs typically need to shut down and refuel every 18–24 months 
of operation for PWRs and BWRs although the possibility of extending 
this cycle is being explored. The U.S. Energy Information Administration 
(EIA) publishes information on the average length of refueling outages 
for operating plants in the U.S. based on information from the NRC.92 The 
average length of refueling outage for plants in a given year ranged from 
approximately 30 to 45 days between 2000 and 2023.92 However, refueling 
outage length can vary by plant. For example, Constellation has reported 
that the average refueling outage length for its fleet averaged 21.5 days in 
2025, compared to the industry-wide average of approximately 37.5 days.93

The outage frequency and duration for advanced-reactor designs are 
expected to differ from those of the existing fleet. For example, some 
reactors are designed for online refueling, meaning that the reactor would 
not need to be shut down for refueling at all. For reactors that refuel online, 
the refueling cycle (i.e., refueling outage frequency) and outage duration 
can vary for different reactor designs. Table 21 lists the anticipated refueling 
cycle characteristics for some advanced reactor designs.

Table 21. Designed and upgraded fuel cycle length with the duration of the 
refueling and maintenance for different NPP types.

Reactor Type 
[Size]

Designed 
Fuel Cycle 

Length

Potential 
Upgrades for 

Fuel Cycle 
Length

Refueling and 
Maintenance 

Duration 

PWR [1000 MW]/
AP-1000

18 months94 24 months 30-45 days92

BWR [1000 MW] 24 months 36 months 30-45 days92

Natrium [345 MW] 18 months95 N/A N/A

Arc-100 [100 MW] 20 years96 N/A N/A

NuScale [77 MW/
module]

21-24 
months97,98 48 months96 10 days per 

module97

AP-300 [300 MW] 48 months99 N/A N/ADRAFT
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Even reactors designed for online refueling will still require shutdown 
periodically for maintenance activities. It is expected that the maintenance 
schedule for the turbomachinery will be the driving factor for the 
frequency and duration of scheduled outages for reactors that refuel online. 
Turbomachinery maintenance schedules are typically dictated by the 
equipment supplier; therefore, they will vary. As an example of possible 
outage requirements, Table 22 provides the maintenance schedule provided 
by one of the major turbine manufacturers.

Table 22. Turbomachinery outage assumptions, based on expert solicitation.

Outage 
Type

Shutdown 
Time 

(days)

Maintenance 
Time (days)

Startup 
Time 

(days)

Outage 
Frequency 

(years)

Endoscope 
Inspection 1 1-3 1 2

Minor 
Maintenance 1 12 1 4

Major 
Maintenance 1 27 1 12

Key Insights

Ultimately, for the purposes of reliability and availability assessments, it is 
necessary to track events and data that influence the downtime of a given 
power source. Most of the random failure data for next-generation SMRs, 
especially candidates for microgrids, remain uncertain. Ideally this data 
should come from the nuclear vendors themselves.

Further Exploration

Further details for reliability and availability can be found in Reliability 
Engineering and Risk Analysis: A Practical Guide.100

4.7  �Site Planning  
and Selection

Introduction

This section explains where and how NPPs and data centers can be built 
in tandem across the U.S., based on a comprehensive national siting 
analysis using the OR-SAGE tool. This analysis determines local suitability 
using criteria based on environmental, geotechnical, hydrological, and 
infrastructure factors.

Environmental and geotechnical constraints exclude regions where siting 
would be either impractical, prohibitively expensive, or detrimental to the 
safe operation of the infrastructure in question. These constraints include 
land within 100-year floodplains, wetlands and protected lands, areas with 
excessively steep terrain, and regions with a high risk of landslide or seismic 
hazard. Additionally, for nuclear facilities, the risk of radiation dose to nearby 
populations in the event of failure requires appropriate setback distances 
from dense population centers.

Site determinations are also based on access and proximity to various 
resources. For instance, cooling is essential for both reactors and data 
centers. Sites near rivers, lakes, or robust municipal water systems offer 
greater flexibility. In arid regions, dry cooling or alternative systems may be 
required. Other resources required for successful deployment of both nuclear 
and data center facilities include access to transmission infrastructure and 
roads, the presence of a suitable and sizeable workforce, and fiber-optic 
connectivity for data centers.

Why Does This Matter for Data Centers?

While nuclear reactors and data centers serve different purposes, they share 
similar requirements. Data centers require massive amounts of reliable, 
constant electricity, significant cooling resources, and large land areas. 
Advanced nuclear reactors, especially SMRs, can provide a reliable source of 
base-load electricity. Compared to large reactors, their compact footprint and 
relaxed criteria constraints offer a widespread region of suitability. When co-
located, these systems can reduce strain on regional grids, improve energy 
security, enable AI growth, and revitalize existing energy communities. The 
configuration options based on this study is summarized in Table 23.
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Research and Findings

Brownfield Revitalization: A Transformational 
Opportunity

One of the findings of the national study is the potential to repurpose 
existing infrastructure. Many operational nuclear sites have available land 
within a 5-mile radius that could support hyperscale data centers. Leveraging 
these locations can reduce development timelines, use existing transmission 
capacity, and build on established regulatory familiarity. Retiring power 
plants present exceptional opportunities for transformation because they 
come with preexisting connections to transmission infrastructure and water 
supply. These sites are already zoned for industrial use, and the surrounding 
community has become accustomed to energy operations. This also means 
that a workforce to operate these sites has already been established.

Repowering these sites with SMRs and co-locating data centers can preserve 
skilled jobs, stabilize local tax bases, and avoid greenfield land disturbance, 
all while supporting energy abundance. This pathway offers one of the 
fastest and most state-aligned strategies for deployment.

The additional findings of this analysis can be summarized as:
•	 Abundant land is suitable for data centers

•	 Advanced nuclear reactors significantly expand viable siting options

•	 Revitalizing brownfield is both possible and practical

•	 Water, not land, is often the primary limiting factor.

Table 23. Configuration options for co-location of SMR and data-center 
technology.

Configuration Strengths Best Use Case

SMR + hyperscale 
data center

Flexible siting, lower 
water demand Midwest & Southeast

SMR + data center 
at brownfield site Fastest deployment Energy communities

Large LWR + GW 
data center Maximum scale Water-rich regions

Dry-cooled SMR + 
modular data center

Water-constrained 
areas Select Western states

Basically, for brownfield development, two major options exist: existing 
nuclear sites and coal-fired power plants. There are total of 64 existing nuclear 
sites in total. Of these, 54 sites are active NPPs while 11 have recently retired. 
Eighty-seven percent of these sites can host a 200-acre hyperscale data center 
within 5 miles. Only 24% can host a 2,000-acre gigawatt data center.

With respect to coal-powered plant sites, the screening process yielded 
a total of 146 viable sites. Ninety-three percent of these can host co-
located SMRs and hyperscale data centers; 48% can host co-located LWR 
and gigawatt data centers. Overall, the strongest states for brownfield 
development are Wyoming, Indiana, and Kentucky.

Greenfield Development: An Expansion Opportunity

With regard to greenfield development, the most-flexible siting options for 
advanced reactors are SMRs cooled by city water. They show high suitability 
across the Midwest, Southeast, and parts of the Northwest, where their 
independence from natural cooling water is decisive. Conversely, fresh-water 
cooled reactors are heavily restricted west of the 100th Meridian. Large LWR 
technology, in particular, shows significantly reduced viability in the West 
due primarily to its high cooling-water demand. The dominance of water 
access as a siting constraint is a common throughline in this analysis.

Greenfield data centers are broadly suitable, with every state having 50% 
land suitability for city-water cooled data centers. Here again, freshwater-
cooled data centers are more heavily constrained in the Southwest and West.

Based on the above insights, the best greenfield co-location regions include:
•	 The Midwest (Indiana, Illinois, Iowa, Ohio)

•	 The Southeast (Alabama, Georgia, Mississippi)

•	 The Northeast (Maine).
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Key Insights

1.	 While both large NPPs and SMRs rely on similar processes, 
their supply chain composition will be inherently different. 
Moreover, no two SMR designs are the same, meaning that 
designs that leverage common fuels, technology, and storage 
equipment may help mitigate supply chain shocks.

2.	 Mapping nuclear supply chains should include identifying 
those components which may overlap with supporting data 
centers, such as electrical equipment and water distribution.

3.	 Secondary supply chains may still impact the speed of SMR adoption, 
such as rare-earth elements, processors, and transportation 
equipment availability. Mapping these supply chains—as 
they affect nuclear integration with data-center projects while 
seeking domestic production sources—may mitigate some of 
the potential risk associated with international supply chains.

4.	 Transportation and workforce requirements should be taken into 
consideration to reflect the size and scope of SMR integration 
with data centers and may influence ultimate project design.

Further Exploration

Further details on the national siting results are provided by Stauff et al.37 
Figures 7-1 and 7-2 of that study present a national outlook for data center 
siting across the 48 contiguous U.S. states based on the siting criteria 
developed and shown in Table 7-1. Figures 7-3 to 7-7 present a national 
outlook for advanced-reactor siting based on siting criteria shown in Table 
7-2. The breakdown of the precent suitable land area is shown in Table 7-3. 
The co-location configuration analysis by percent land area per state is 
shown in Table 7-4. The summary of the brownfield analysis for co-location 
configuration is presented in Table 7-5.

More details about the OR-SAGE tool used for this national siting analysis 
are available.101,102 Ongoing effort by the SA&I campaign involves case study 
analysis of different nuclear/data center deployment scenarios on specific 
sites.

4.8  �Workforce and Socioeconomic Impact  
of Nuclear-Powered Data Centers

Based on [37].

Introduction

Co-locating a data center with a NPP does more than stabilize energy costs 
or strengthen grid resilience; it creates a shared industrial ecosystem with 
far-reaching community impacts. The economic benefits ripple outward—
supporting thousands of jobs, expanding local supply chains, and generating 
meaningful tax revenue for regions aiming to diversify their energy portfolio. 
In both urban and rural settings, the combination of a continuously 
operating data center and a multi-decade nuclear facility anchors economic 
activity in a way few other industries can.

Drawing on recent analysis of recently published research on the colocation 
of data centers with NPPs, this section illustrates how these co-located 
campuses can reshape local economies, offering stability, opportunity, and 
long-term value for the communities that host them.

Why Does This Matter for Data Centers?

For data-center operators, the business case for nuclear co-location begins 
with cost structure. Power expenses account for between 58 and 64% of total 
data-center operating costs: the single largest expenditure by a wide margin. 
Labor, by contrast, represents only around 28%. Any strategy that secures 
long-term price-stable electricity directly addresses the industry’s most 
significant financial exposure.

Nuclear PPAs are typically structured over 20–30-year terms at fixed 
prices, insulating operators from the volatility of natural-gas markets 
and fluctuating grid rates. High-profile agreements like the one between 
Microsoft and Constellation for the restart of Three Mile Island Unit 1 or 
Meta’s agreement for the Clinton Clean Energy Center signal that this model 
is already being validated at scale by the industry’s largest players.

Beyond cost stability, co-location offers operational advantages. Shared 
infrastructure for security, water systems, and administrative functions 
can reduce per-unit operating costs for both the nuclear facility and the 
data center. For hyperscale operators managing facilities that span millions 
of square feet and consume hundreds of MWs continuously, the ability 
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to anchor power supply at the source, rather than depending on grid 
transmission, offers meaningful resilience benefits.

The socioeconomic dimension is equally important for site selection and 
regulatory strategy. Data-center developers increasingly face community and 
regulatory scrutiny around their local economic contributions. An NPP/data 
center campus generates substantial local employment and tax revenue, 
providing a tangible community benefit and associated narrative that can 
accelerate permitting, ease local opposition, and strengthen relationships 
with state and local governments. For companies with environmental, 
social, and governance commitments, the combination of advanced power 
generation and broad economic impact is a compelling story.

Research and Findings

Employment

Direct employment at a GW scale data center is estimated at approximately 
1,000 workers while a co-located large reactor would employ around 650, 
and an SMR cluster, approximately 412. These figures, while meaningful, 
understate the true employment footprint. Input-output modeling 
reveals that every direct data center job supports an additional 5.3 jobs 
in the broader economy through supply-chain activity and employee 
spending—a total employment multiplier of 6.3. Large NPPs carry a 
multiplier of 4.0; SMR clusters, 5.6.

In urban settings, a combined NPP and data-center campus can support nearly 
9,000 total jobs. In rural areas, this figure drops by approximately 45–47% 
due to thinner local supply chains, yielding roughly 4,900 total jobs—still a 
transformational presence in a rural county of 30,000 residents. Data-center 
supply-chain effects account for 60% of total employment impact, compared 
to 30% for nuclear facilities, reflecting the data center’s higher demand for 
external goods and services during ongoing operations (Table 24).

Table 24. Nuclear power plant and data center employment comparison.

Facility Type Direct 
Jobs

Total Jobs 
Supported 

(rural)

Total Jobs 
Supported 

(urban)

Gigawatt-scale data 
center ~1,000 ~3,500 ~6,400

Large NPP ~650 ~1,360 ~2,600

SMR cluster 
(~1,280 MWe) ~412 ~1,050 ~2,300

Combined data center 
+ large NPP ~1,650 ~4,900 ~9,000

Workforce Comparison

For normal annual operations, data centers and NPPs both require a highly 
trained and dependable workforce. Based on U.S. Bureau of Labor Statistics 
(BLS) industry staffing pattern data, business and financial operations 
related jobs were the most similar across data centers and NPPs, making 
up 14% and 11% of the workforce, respectively.103 Management related 
occupations make up 9% of the workforce at an NPP and 17% at a data 
center. The distribution of other occupation types is very different for the 
most part. Differences between the two workforces are especially evident 
in comparing the share of workers needed for engineering, computer, 
installation, production, protective service, and physical-science jobs.

Given the difference in occupational needs, it does not appear that there 
would be much competition for the same types of occupations between the 
two plants, with the exception of business and financial operations related 
work. There may be competition for jobs between NPPs and data centers that 
require lower amounts of experience and education or perhaps only require 
on-the-job training. This is one category of workforce competition that could 
benefit from further exploration. A detailed comparison of occupations 
needed at NPPs and data centers is available in Table 25.DRAFT
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Table 25. Nuclear power and data center workforce comparison.

Occupation Category
Percentage of 

Workforce
Jobs Per 1,000 

Workers

NPP DC NPP DC

Architecture and engineering 16% 1% 161 9

Arts, design, entertainment, 
sports, and media 1% 2% 7 18

Building and grounds cleaning 
and maintenance 0% 0% 0 1

Business and financial operations 11% 14% 110 142

Community and social service 0% 0% 0 1

Computer and mathematical 2% 41% 21 405

Construction and extraction 3% 0% 27 0

Educational instruction  
and library 0% 0% 0 2

Healthcare practitioners  
and technical 0% 1% 0 8

Installation, maintenance,  
and repair 13% 1% 130 5

Legal 0% 1% 0 8

Life, physical, and social science 12% 0% 121 1

Management 9% 17% 86 172

Office and administrative support 3% 13% 34 128

Production 17% 1% 168 5

Protective service 12% 0% 121 2

Sales and related 0% 9% 0 90

Transportation  
and material moving 1% 0% 9 4

Labor Income

Nuclear facilities pay notably higher wages than most other electricity-
generating technologies. A large NPP in an urban setting produces an 
estimated $208 million in direct annual labor income, and an SMR cluster 
generates approximately $174 million, despite each employing fewer 
workers than the co-located data center. The data center’s direct labor 
income stands at $144 million, reflecting a broader, but generally lower-
wage workforce.

When multiplier effects are applied, the picture shifts. The data center’s 
higher economic multiplier drives total urban-labor income impact to 
$519 million annually—more than double the large reactor’s $221 million 
contribution. In rural deployments, these figures decline substantially: the 
data center generates $221 million in total labor income, and the large NPP 
produces $146 million, underscoring the role of local economic density in 
determining ultimate impact.

Value Added and Total Output: Billion-Dollar  
Regional Anchors

Value-added impacts—representing net-new economic production 
stimulated within a regional economy—are substantial. In urban settings, 
the data center generates over $1 billion in total annual value added while 
the large reactor and SMR cluster each contribute approximately $664 million 
and $634 million, respectively. A combined campus exceeds $1.6 billion in 
annual urban value added. Total output impacts, including all supply chain 
and community spending effects, reach approximately $3.6 billion per year 
for a co-located urban campus: $2.4 billion from the data center and $1.2 
billion from the nuclear facility.

Rural deployments see output reduced by roughly 30%, bringing combined 
totals to approximately $2.5 billion annually. While smaller in absolute 
terms, these figures can be economically transformative relative to the scale 
of rural-county economies.

Long-Term Stability as a Structural Advantage

Unlike boom-bust cycles associated with short-term industrial projects, co-
located NPP/data center campuses are designed for multidecade operation. 
The 20–30-year nuclear power agreements that underpin these projects 
translate directly into predictable local tax revenues, stable employment, 
and durable economic anchoring for host communities. This stability is a 
structural advantage over other large-scale industrial investments and makes 
these facilities uniquely valuable as long-term community economic anchors.
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Key Insights

 
Beyond cost stability, co-locating with a nuclear plant enables shared 
infrastructure and grid independence. Crucially, the workforce profiles 
of the two facilities are largely complementary rather than competitive; 
nuclear plants skew toward engineering, physical sciences, and protective 
services while data centers lean heavily on computer, mathematical, and 
management roles.

The combined economic footprint of a co-located campus is striking: nearly 
9,000 total jobs supported in urban settings, over $1.6 billion in annual value 
added and roughly $3.6 billion in total annual output. Rural deployments 
see figures about 30% lower, but remain transformational relative to local 
economies. Underpinning all of this is longevity; with nuclear agreements 
spanning 20–30 years, these campuses offer a rare combination of scale and 
stability that few other industrial investments can match.
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CONCLUSION

The energy challenge facing the data center industry is real, urgent, and 
solvable, but solving it will require a fundamentally different approach to 
how the digital infrastructure industry thinks about power. This playbook 
is designed to serve as a starting point for that shift. Across its chapters, a 
consistent picture emerges: the scale and pace of data center growth have 
outrun the grid infrastructure designed to serve it, and the path forward 
demands new partnerships, technologies, and planning frameworks. Nuclear 
energy, both from the existing U.S. fleet and from the next generation of 
advanced reactor designs, is uniquely positioned to meet the reliability and 
scale requirements that define the most demanding data center applications. 
The conclusions below distill the key insights from this playbook and offer a 
framework for the decisions ahead.

The grid alone cannot keep pace. The U.S. electrical grid was not designed 
for the load growth now underway. Hyperscale data centers representing 
hundreds of megawatts, and increasingly gigawatt-scale campuses, are 
appearing faster than transmission lines, substations, and generation capacity 
can be built to serve them. Interconnection queues that once took months now 
stretch beyond four years in many regions. This is not a temporary backlog; 
it reflects a structural mismatch between the speed of digital infrastructure 
deployment and the multi-decade timelines of grid expansion. Data center 
developers who plan their power strategy around grid availability alone will 
find themselves competing for a constrained and increasingly expensive 
resource. The developers who move most successfully will be those who take 
a broader view of power—one that includes behind-the-meter generation, 
direct partnerships with power producers, and long-term contractual structures 
that provide the certainty both financiers and utilities require.

Nuclear power offers something the grid cannot guarantee: firm, 
always-on power at scale. Wind and solar are valuable contributors to 
the generation mix, but they are variable by nature. A data center requiring 
99.982% uptime (the Tier III standard) cannot be reliably anchored to resources 
that depend on weather conditions. Nuclear plants in the United States run at 
capacity factors exceeding 90%, producing near-maximum output around the 
clock, year after year, with planned outages that are scheduled, predictable, 

and manageable. For AI training workloads, hyperscale cloud operations, and 
mission-critical enterprise applications, that consistency is not a preference, 
it is a requirement. The existing U.S. fleet of 94 reactors offers a near-term 
pathway through power uprates that can add meaningful capacity in 3–7 years 
without the licensing and construction timelines associated with new plants. 
For data center developers with near-term power needs, this is among the most 
actionable options currently available.

The economics of nuclear are complex but navigable, and the 
landscape is changing rapidly. Nuclear power is capital intensive, and 
cost projections for advanced reactor designs carry real uncertainty. First-
of-a-kind projects cost more than nth-of-a-kind projects, and construction 
risk is a genuine consideration. However, the financing environment for 
nuclear-powered data center projects is shifting in meaningful ways. Federal 
loan guarantee programs, production and investment tax credits, and the 
demonstrated willingness of major hyperscalers to sign long-term power 
purchase agreements at investment-grade credit are combining to make 
nuclear project finance more tractable than it has been in decades. A data 
center operator with a strong balance sheet is, in many respects, an ideal 
anchor customer for a nuclear developer: creditworthy, long-tenured, and 
hungry for the kind of firm, abundant power that nuclear uniquely provides. 
When developers approach nuclear procurement as a partnership, rather than a 
commodity transaction, the economics tend to improve for both parties.

For more on grid constraints, interconnection timelines, and 
emerging policy mechanisms for large-load integration, see 
Chapter 1: The Role of the Grid, particularly the sections on Interconnection 
Planning and Communications, Utility Planning Considerations, and 
Capacity Expansion and Market Studies.

For more on nuclear plant reliability, capacity factors, and uprate 
pathways, see Chapter 4: Road to Nuclear, particularly the sections on 
Capacity Expansion of Existing Power Plants and Nuclear Plant Reliability and 
Availability. Data center uptime tiers and power architecture are discussed in 
Chapter 1 under Data Center Performance Requirements.

For more on nuclear construction costs, learning rates, financing 
structures, and tax incentives, see Chapter 4: Road to Nuclear, particularly 
New-Build Plant Costs. Financing mechanisms including DOE loan guarantees, 
the IRA’s production and investment tax credits, and PPA structures are 
discussed in Chapter 3: Identifying Stakeholders, under the Financing section.
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Siting, water, stakeholders, and supply chains deserve as much 
attention as the reactor technology itself. The technical choice of reactor 
design, while important, is often not the binding constraint on a nuclear-
powered data center project. Water availability shapes where facilities can be 
built. Local zoning and community perception determine whether they can be 
permitted. Supply chain depth for specialized equipment—large transformers, 
reactor components, HALEU fuel—determines when they can be completed. 
The stakeholder landscape spans utilities, the Nuclear Regulatory Commission, 
state public-utility commissions, federal agencies, EPC contractors, and local 
governments. These require sustained, coordinated engagement that is 
categorically more complex than conventional power procurement. Projects 
that begin this engagement early, treat stakeholder relationships as long-term 
investments rather than compliance obligations, and build interdisciplinary 
teams capable of navigating nuclear, data center, and regulatory domains 
simultaneously are the ones most likely to close on time and on budget.

The workforce and community benefits of co-location are a strategic 
asset, not a side effect. A gigawatt-scale data center co-located with 
a nuclear facility can support nearly 9,000 total jobs in an urban setting 
and generate more than $1.6 billion in annual economic value, providing a 
community anchor that endures for decades. The workforce profiles of the 
two facilities are largely complementary rather than competitive: nuclear 
operations draw heavily on engineering, physical sciences, and protective 
services while data centers rely on computer science, mathematics, 
and management roles. For projects navigating permitting, community 

engagement, and state-level incentive negotiations, this economic footprint 
is a powerful asset. Communities that host these campuses gain not just 
construction activity but a durable, high-wage employment base—the kind 
of long-term economic contribution that sustains local and political support 
across multi-decade project lifetimes.

This playbook is a starting point, not a finish line. The questions it 
raises do not have uniform answers. The right reactor technology, coupling 
configuration, financing structure, and stakeholder strategy will look different 
for a 50-MW edge deployment in the Mountain West than for a 2-GW AI campus 
in the Mid-Atlantic. What is consistent across every scenario is the need for 
rigorous, cross-disciplinary analysis grounded in the best available research, and 
for institutions capable of translating that research into project-ready guidance.

Idaho National Laboratory exists to accelerate exactly that kind of work. INL 
brings together expertise in nuclear engineering, grid integration, techno-
economic modeling, site assessment, microgrid controls, and workforce 
development, and does so in direct partnership with industry. Through 
Department of Energy programs and direct research partnerships, INL offers 
data center developers access to technical depth, analytical tools, and a 
national laboratory network built to move projects from questions to decisions. 
INL invites data center developers, energy planners, and industry partners to 
engage: to test the findings in this playbook against specific project contexts, 
to identify the gaps that future research should address, to demonstrate novel 
energy campuses, and to build the partnerships that will shape how the next 
generation of digital infrastructure is powered.

For more on siting analysis, water constraints, and co-location 
configurations, see Chapter 4: Road to Nuclear, under Site Planning and 
Selection, and Chapter 2 under the Energy-Water Nexus. Supply chain 
considerations are addressed in Chapter 4 under Nuclear Supply Chain 
Considerations. Stakeholder identification and engagement strategies are 
covered in full in Chapter 3: Identifying Stakeholders.

For more on employment multipliers, labor income, workforce 
profiles, and regional economic impact, see Chapter 4: Road to 
Nuclear, under Workforce and Socioeconomic Impact of Nuclear-Powered 
Data Centers.
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