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W H I T E  PA P E R

The rapid development and integration of new types of large 
loads are having widespread impacts on the planning, operations, 
and reliability of the U.S. electricity system. While the country 	
has experienced swift and sustained growth in electricity 	
demand before, many characteristics of modern large loads 	
driving the current growth—particularly data centers—are 	
unlike traditional large loads of the past. 

Today’s large loads are bigger and faster than their predecessors. 
Plans for gigawatt-scale facilities are not uncommon, nor are 
geographically concentrated developments, and many new loads 
desire fast timelines. They are also much harder to plan for in 	
load forecasting, as utilities receive many more applications for 

interconnection from large loads such as data centers than are likely to ultimately 	materialize. In addition, 
data centers interface with the grid through power electronics and can change their power consumption 
(or disconnect from the grid) at unprecedented speeds and with a great deal of unpredictability for the 	
grid operator. Some modern large loads also possess novel capabilities such as load flexibility and more 	
sophisticated use of on-site generation and storage that may require revisions—potentially substantial—	
to existing grid planning and operating practices. 

This white paper discusses these unique characteristics of modern large loads, and emerging practices 
and opportunities for their integration into the grid in six key areas: (1) large load forecasting and tariffs, 
(2) large load interconnection processes, (3) resource adequacy and large load flexibility, (4) transmission 
service, (5) large load behavior and operational reliability, and (6) load and resource configurations. Many 
of these practices and other yet-to-be developed innovations are likely necessary to serve the needs of 
these new customers and to ensure a reliable and affordable electricity system for all customers. 
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Energy Systems Integration Group
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(Left) Slowing average annual electricity demand growth from 1950 to 2020, and very high forecasted demand from 2025 to 2030. 
(Right) Data centers are the largest driver of forecasted load growth.

Source: Wilson et al. (2025), Power Demand Forecasts Revised Up for Third Year Running, Led by Data Centers (November 2025), Grid Strategies,  
https://gridstrategiesllc.com/project/load-growth-forecast/.

F I G U R E  1
The Evolution of Electric Load Growth over the Last 75 Years and Current Drivers of Load Growth
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Drivers of Load Growth 
(2025–2030)

Background and Purpose

Growth in U.S. electricity consumption has slowed 
over the decades (see Figure 1) as the country 
transitioned from a primarily manufacturing- 

based economy to one that is service-dominated (U.S. 
EIA, 2025a). Load growth has slowed even further since 
2000, averaging less than about 1% per year. But since 
2022, actual and projected electricity demand has begun 
growing quickly, especially in regions that are attractive 
hubs for data centers, oil and gas, emerging manufacturing 
industries, and other modern “large loads.” The long 
stretch of low electricity demand growth left many 	
electricity industry planners with little experience and 
potentially ill-suited industry processes for managing 	
fast load growth. 

The objective of this white paper is to inform industry 
stakeholders about the key issues around large load 	
integration. Specifically, the paper summarizes the 	
characteristics of modern large loads that are driving 	
load growth today compared with historical large loads. 	
It provides a snapshot of the emerging practices and 	

opportunities for integrating large loads based on current 
understanding of these new impactful loads. 

This paper focuses primarily on new large data centers, 
which make up 55% of currently forecasted large load 
growth from 2025 to 2030 (Figure 1, right). Many data 	
centers are very large, with single facilities requiring 	
approximately as much electricity as a medium-sized city.

While modern data centers and other large loads have 
only begun to drive incremental increases to national 
electricity consumption, forecasted load growth from 
2025 to 2030 exceeds 5.7% per year. An aggregation of 
the most recent utility and regional forecasts, as reported 
to FERC, projects U.S. peak demand growth of 166 GW 	
between 2025 and 2030—which would be a ~20% increase 
over 2025 coincident peak demand (Wilson et al., 2025). 
The forecasts have a great deal of uncertainty, but it is 
clear that the era of flat demand is over and the U.S. elec-
tricity industry must change to meet new and existing 
customers’ needs for service, affordability, and reliability. 
Moreover, these forecasts inform potential load growth 
for the entire U.S. power system as a whole and do not 
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capture instances of significantly larger local load growth 
in regions where data centers are concentrated.

Today’s electricity system differs significantly from the 
past. Historically, large manufacturing and other industrial 
loads were added to the grid slowly in pace with economic 
and population growth and residential and small commer-
cial demands. In contrast, residential and commercial load 
growth in many regions today remains relatively flat, so 
the bulk of new electricity demand comes from new large 
loads. These new large loads desire and are capable of 
fast development timelines, while other infrastructure 	
to support the new loads currently requires more time 	
to develop; there is a timing mismatch between how long 
it takes to build a new data center (~2-3 years) and how 
long it takes to plan, permit, acquire equipment and 	
build new generation (~3-10 years) and transmission 
(~10+ years) (Quint, Thomas, and Baker, 2025). Although 
there have never been more supply options—including 	
generation and storage, both centralized and distributed—
building sufficient resources and associated infrastructure 
to meet load growth is challenged by supply chain bottle-
necks, siting and permitting barriers, and other factors. 
Decades of modest investment in high-voltage transmis-
sion (EEI, n.d.) have also created difficulties for integrat-
ing proposed new large loads and the generation needed 	
to serve them and other customers reliably. 

Electricity system planning, expansion, and operation 	
today is not under the sole control of individual utilities. 
Instead, the U.S. electricity system now includes a com-
plex mix of vertically integrated utilities, independent 	
system operators (ISOs) and regional transmission 	
organizations (RTOs) that operate under different 	
planning and operational practices and rules.1 Mandatory 
standards for the reliable operation and planning of 	
the North American bulk power system is set forth and 	
enforced by the North American Electric Reliability 	
Corporation (NERC). State policies can also influence 	
system planning and operations for both generation and 
loads. Importantly, because state regulators have explicit 
jurisdiction over retail loads and customers, state policies 
about how to serve very large customers such as data 
centers could affect interconnection speed and electricity 
costs for new large load customers. Integrating modern 

large loads and the resources to supply them with 	
electricity requires meeting complex requirements from 
and/or interests of numerous and diverse stakeholders. 

The rapidly evolving U.S. electricity system introduces 
new challenges of integrating large loads, and the 		
changing nature of the loads themselves also impacts 
their integration. 

Comparing Historical and Modern 
Large Loads
Large Load Types

Historically, large and energy-intensive loads were from 
the manufacturing sector, such as chemical processing, 
petroleum refining, pulp and paper, and metals manu-	
facturing (U.S. EIA, 2025b). Manufacturing plants used 
electricity for machine drives, electrical arc furnaces, 	
and heating, ventilation, and cooling—all highly mature 
technologies with relatively predictable power usage. 	
In contrast, most new large load interconnections serve 
emerging technologies and industries like data centers 
for computing or artificial intelligence (AI) training and 
inference, and cryptocurrency mining. Roughly half of 	
the forecasted five-year growth in peak demand is from 	
data centers (Figure 1, right), which are the primary focus 
of this paper. Electricity use from the fast-moving data 
center industry is driven by macroeconomic factors and 
evolving computing technologies and industries. Electricity 
demand from the oil and gas industries is also growing, 
especially in ERCOT and SPP (Wilson et al., 2025), through 
the continued electrification of fossil fuel production 	
and processes. New manufacturing industries, including 
hydrogen production and vehicle, battery, and semicon-
ductor manufacturing, may also become future drivers 	
of load growth (Wilson et al., 2025). 

Size and Geographical Concentration

Traditional industrial large loads have been deployed 	
incrementally and distributed across a wide range of 
sites, with the largest individual facilities often sized less 
than about 200 MW and added over long time horizons. A 
public dataset with all large load facilities does not exist,2 
but the largest operating facilities in traditional industries 

1	 Additional complexity exists, as some ISOs/RTOs have capacity jurisdiction whereas others do not.  

2	  Capacity estimates reported here are approximate.
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include aluminum smelters, steel mills and electric arc 
furnaces, air separation units, and pulp and paper mills 
(Alcoa, n.d.). Among these, aluminum smelters (of 	
which there are only a handful still operating in the U.S. 
(Tabereaux, 2025)) have estimated peak demand of about 
200 to 800 MW.3 Facilities for other energy-intensive uses 
such as steel, chemicals, or refining, are smaller,4 and load 
growth tended to be geographically dispersed and paced 
by multi-year industrial development cycles, allowing 
transmission expansion and resource planning to adjust 
gradually (Sanrui Furnace, 2025). In contrast, data centers 
are being developed at an unprecedented scale and 
speed, with several individual sites planned with peak 	
demands exceeding 1,000 MW.5 

Data centers are clustering in specific regions or at 	
a single substation to take advantage of transmission 	
capacity and land availability, fiber or water access, tax 		
or other incentives, or proximity to existing generation. 	
An interactive map from the National Laboratory of the 
Rockies (NLR) shows the geographical concentration 	
of operating, under construction, and planned data cen-
ters.6 This combination of much larger facility size and 
tight geographical concentration fundamentally changes 
grid impacts—local transmission and substation con-
straints are stressed more acutely and can lead to cas-
cading reliability issues not observed with traditional 
large load geographical distributions. For example, a 	
disturbance like a transmission fault historically would 
have affected a small number of large loads, and a limited 
amount of capacity, in a local area. Today, if that distur-
bance occurred in northern Virginia where there is a high 
concentration of large data centers, it could affect a 
much greater amount of capacity. If those large loads 
were to trip offline, it would exacerbate the disturbance 
and could cause cascading reliability impacts. As a 	
result, data centers raise new challenges for transmission 
planning, resource adequacy, and operational risk manage-
ment that are materially different from those associated 
with traditional industrial loads. 

Physical Interface with the Grid

Traditional industrial large loads such as induction motors, 
electric arc furnaces, refineries, pumps, compressors, 
and conventional manufacturing have historically been 
dominated by electromechanical behavior. Their interaction 
with the grid is largely passive and predictable, with slow 
electrical response times (tens to hundreds of milliseconds 
or more).7 In contrast, most new data center facilities 	
are managed by, and interface to the grid through, power 
electronics which move rapidly in milliseconds or micro-
seconds. These facilities are driven by software logic 
rather than electromechanical physics, and their behavior 
during grid disturbances is not yet fully understood, 	
predictable, or considered in operating requirements and 
procedures. Many current generators and transmission 
systems can’t easily match the rapid speeds at which 
many new data center facilities are capable of moving. 
Rapid and regular demand swings can interact harmfully 
with the grid and other customers and generators, causing 
operational risk through voltage and frequency oscillations 
and reduced damping (NERC, 2025). Unlike historical large 
loads, the varied and dynamic behavior of power electronic- 
connected data centers are unfamiliar; therefore, the 	
appropriate technical requirements for integrating data 
centers has yet to be fully developed. 

Demand Profiles and Potential for 		
Load Flexibility

Traditional industrial loads like steel mills, aluminum 
smelters, pulp and paper mills, ammonia facilities, water 
pumping, water treatment, and food processing use 	
electricity in generally predictable ways with relatively 
stable load profiles that follow hourly, weekly, or seasonal 
patterns. The energy use patterns of data centers and 
other emerging large loads are currently uncertain, but 
new large loads have demonstrated variability across 	
facility types and uses (e.g., AI training and inference, 
cryptocurrency mining). Whether such profiles will  

3	 The Alcoa (Warrick) facility includes the Warrick Power Plant (800 MW) that supplies most of the smelter’s electricity. Other major smelters have 	
power contracts ranging from about 200 MW to 500 MW.

4	 A typical electric arc furnace used in steel mills has a power demand of about 40 to 100 MW, and steel mills can have one or a very few arc furnaces, 	
so total facility demand is less than about 200 MW. Air separation units and pulp and paper mills are also traditional large load facilities with estimated 
power demand of less than 100 MW. They also often include co-generation units that reduce the net demand from the grid. 

5	 Grid Strategies (2025) identified sixteen GW-scale data centers scheduled to come online by 2027 with an aggregate capacity of 27 GW.

6	 https://maps.nrel.gov/speed-to-power/ 

7	 Grid impacts of traditional large loads are well captured by steady-state or phasor-domain models.
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8	 In this paper, “flexibility” is discussed in the context of longer time scales relevant for resource adequacy (minutes to hours to seasonal), but 
flexibility can also refer to shorter time scales as well (EPRI, 2025).

9	 Multi-tenant data centers are facilities that are leased to multiple users for the computing capabilities. The data center owner or operator is often  
the utility customer.

meaningfully differ from traditional large loads—and 
whether modern large loads will offer flexibility, discussed 
next—can have impacts on resource and transmission 
needs as well as costs. 

Traditional large loads have participated in demand-side 
management programs to modify their real-time elec- 
tricity usage in response to power scarcity or very high 
electricity prices (Kiliccote et al., 2019). In these programs, 
the loads were often notified the previous day or earlier 
during the day of the event and the size, frequency and 
duration of response depended on the user. Over time, 
demand response has become automated (McKane, 
2009). Today, data centers may have the capability to 	
reduce their load by shifting non-urgent computing 	
tasks to other times or locations (Radovanovic, 2020), 
using gas generators, battery energy storage, or other 
back-up resources to reduce grid loading (Roach, 2022), 
or reducing cooling loads with thermal storage (EPRI, 
2025; Bersine, 2025).8 Cryptocurrency miners are particu-
larly nimble, dispatching at 5-minute set points in ERCOT 
and provide a fast response to grid disturbances (O’Neill, 
Lew, and Ela, 2023). The capability and willingness of 
emerging large loads to provide grid services—as well as 
the incentive or price mechanisms for load flexibility—are 
rapidly evolving and diverse across industries and locations. 

Emerging Electricity Industry Actions 
in Response to Large Loads
Given the novel characteristics of new data centers and 
other large loads, here we outline important challenges 
the U.S. electricity industry faces in working to rapidly 
connect and serve new large load customers without 
compromising the reliability and affordability of the 	
grid for all customers. Each section below summarizes 	
a specific challenge, then indicates emerging practices 
and opportunities to deal with that challenge.

Large Load Forecasting and Tariffs

The Challenge

Because of the size and characteristics of new large loads, 
established electricity load forecasting techniques— 

based typically on econometric approaches—are not 	
sufficient. Electric utilities are receiving an unprecedented 
number of requests for new electricity service from very 
large data centers and other large loads. For example, 	
in ERCOT, the number of new large load interconnection 
requests jumped from 63 GW to 226 GW between November 
2024 and November 2025, with 73% of those requests 
from data centers larger than 1 GW (Friedman, 2026). 

However, large loads’ new applications for service create 
substantial uncertainty for load forecasters, for a number 
of reasons. First, many interconnection requests may be 
exploratory or speculative—a data center developer who 
intends to build only one facility may file multiple requests 
for different sites and regions to preserve their options 
and subsequently cancel all but one. Second, other 	
entities—such as land owners, multi-tenant facility 	
developers, and others—may also be requesting inter- 
connection to attract data center customers but lack 
knowledge of the eventual load at the time of their appli-
cation.9 Third, improvements in computational efficiency 
and evolving technologies (e.g., AI, quantum computing) 
contribute to uncertainties in future consumption. 

Overbuilding infrastructure or building in the wrong 	
locations can lead to stranded assets which may increase 
customer bills. In addition, waiting for greater certainty 
delays the already-challenging infrastructure development 
process, hampering the ability to serve new customers 
quickly. The consequences of making grid investments 
with imperfect information are not new, but the increased 
presence of speculative or exploratory load service 	
requests and the size of the new large loads exacerbates 
the uncertainties and the impacts of forecast errors.

Emerging Practices and Opportunities

Many utilities that receive large load interconnection 	
requests are applying new large load forecasting methods 
(ESIG, 2025a). This includes requesting more information, 
potentially including disclosure of multiple requests for 	
a single facility (e.g., Texas Senate Bill 6). Weighting 	
(or derating) factors and thresholds can be applied at 	
different stages of a large load project in a forecast to 	
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reflect the relative certainty for a load, and these are 	
being refined as forecasters gain experience with these 
new large loads. Because large load interconnection 	
requests are made to utilities that then provide their 	
forecasts to their ISOs and RTOs), there is a need 	
for transparency and consistency in how forecasting 	
is executed across utilities within an ISO/RTO (PJM, 	
2025, 2026). This could be achieved through a project 
maturity assessment framework that applies consistent 
load-weighting and modeling (ESIG, 2025a). When 
weighting factors are linked to financial and contractual 
stages of large load development, this can help to both 
reduce risk and increase forecast accuracy. 

A national database with differentiated information for 
varied load types could enable better forecasting across 
the U.S. electricity industry. Validation of large load fore-
casts can also help improve future forecasts and can 	
begin after a utility has a few years of data and experience. 
And future forecasts need to consider back-end risks, 
which are often not accounted for today. A large load 
might have a 10- to 15-year contract with the load-serving 
entity for service and yet the load-serving entity may be 
building generation and transmission infrastructure that 
has a lifetime of 30 years or more. If the large load goes 
out of business or the facility is no longer receiving 	
service after 10 to 15 years, the load-serving entity’s rate-
payers may end up bearing the stranded asset costs. 

Well-structured, large load tariffs can protect consumers 
and the utility from rapid changes in grid infrastructure 
and cost as well as help large load customers accelerate 
interconnection. Over 60 large load tariffs have been 	
proposed or approved in the U.S., and at least 36 utilities 
have adopted such tariffs (SEPA and NCCETC, n.d.). Many 
large load tariffs have components to provide consumer 
protections including: minimum load requirements, 	
upfront fees, long-term contracts, exit fees, minimum 	
billing demand, load ramp periods, and customer credit 
ratings and/or collateral requirements (EUCI, 2025; 	
Satchwell et al., 2025; EPRI, 2026). All of these compo-
nents serve to reduce long-term risk to consumers and 
utilities. Minimum contract lengths ensure payment for 	
a designated period of time; exit fees require payment 	
for leaving the contract; minimum billing demand (take-
or-pay) requires customers to pay a specified amount, 
typically based on contracted capacity, regardless of 	

how much energy is consumed (Yussman, 2025); load 
ramp periods provide a way for both the utility and the 
customer to plan for when the load will come online; 	
and collateral and credit requirements mitigate risks 	
of customers defaulting on their debts. For example,	  
AEP-Ohio implemented a tariff with many of these 	
elements to protect ratepayers (AEP, 2025; Skidmore, 
2025). It also requires prospective large load customers 
to have site control (access to the land for development) 
and pay up to $100,000 in study fees. After this tariff 	
was launched, its data center interconnection queue 	
decreased from over 30 GW to 13 GW (Skidmore, 2025). 

Tariffs are also being used to address flexibility. Some 	
tariffs offer accelerated interconnection for flexibility 
(discussed below), while others require it as a term of 
service. Black Hills Energy’s tariff serves customers with 
lower-cost energy and allows the utility to tap into the 
customer’s back-up generation during peak periods and 
therefore defer the need for new generation (Black Hills 
Energy, 2020). Flexible load tariffs for interruptible service 
or load curtailment can also act as peak-shaving demand- 
response programs, reducing the amount of new generation 
needed. For example, Idaho Power’s flexible load tariff 	
allows for up to 225 hours of interruptions annually during 
the summer (for up to 10-hour-long durations for each 
event) (Frick, 2025). 

Large Load Interconnection Processes

The Challenge

Large customers such as data centers may require infra-
structure expansion, such as high voltage transmission 
and transformers, because the grid does not have excess 
capacity or the customer’s location does not have service. 
Additionally, these customers have complex electrical 
equipment and energy use patterns that must be planned 
for to ensure reliable service for all customers and to 
avoid damage to complex and sensitive electrical 		
equipment at the data centers themselves. 

Orderly and transparent interconnection processes are 
critical for the reliable integration of any grid-connected 
resource, whether generation or load. These processes 
ensure that each new generation resource or load under-
goes sufficient analysis to mitigate adverse impacts to 
the power system, reveal how the transmission system 

Exh. SCM-2 
UE-260005-06, UE-260113 

Page 7 of 17



HISTORICAL AND MODERN LARGE LOADS                                                                                                                 ENERGY SYSTEMS INTEGRATION GROUP  8    

and grid operation may need to change to serve that 	
new facility, and estimate the costs associated with 	
the upgrades. Over the past decade, generator intercon-
nection queues have increased in all regions and, more 
recently, load interconnection queues have also swelled, 
reflecting the desire for more rapid growth in demand 	
and resources than many current process timelines 	
(Rand et al., 2025). 

New large loads exhibit a wide range of electrical 		
performance characteristics, which can vary significantly 
by technology, vendor, control settings, and site design 
(NERC, 2025). Consequently, more granular technical 
data and design information must be captured during 	
the interconnection process to accurately understand, 
model, and study how these loads will behave and inter-
act with the grid, particularly under disturbance and 
stressed system conditions. In addition, the magnitude 
and volume of large load interconnection requests—which 
evaluate these loads for risk to other customers, the 	
utility, and the grid before they can interconnect to the 
electricity system—has, for some utilities, created a 	
backlog and slowed the interconnection process.

Emerging Practices and Opportunities

Grid planners and regulators (e.g., FERC Order 2023 
(FERC, 2023)) continue to develop new methods, 		
analytical tools, and rules to improve and streamline 	
generation and battery interconnection queue manage-
ment, and many of those same approaches are being 	
considered to winnow out and manage the large load 	
interconnection queues. These practices include 		
increased use of scenario planning and cluster analysis: 
studying collections of new loads and generators in 	
common regions to assess their collective needs and 	
grid impacts rather than trying to study each new 	
load individually (Rand et al., 2025).

Regulators are also working with utilities to request more 
granular information from customers—such as facilities’ 
equipment, timing, operational behavior, and performance 
characteristics—through new large load interconnection 
requests, and are placing more rigorous requirements for 
new applications to proceed. This information helps grid 
planners better model how the facility might interact with 
the grid, what infrastructure might be needed to serve it, 
and its effect on the overall electricity system. 

Tariffs can also be used to accelerate interconnection. 	
For example, in California, the public utilities commission 
approved PG&E’s Rule 30 (PG&E, 2025), which gives cus-
tomers who voluntarily pay for transmission infrastructure 
upfront an accelerated pathway to connect to the trans-
mission system. This both protects other consumers by 
using large load customer funding for infrastructure and 
allows these customers to more quickly connect.

Resource Adequacy and Large  
Load Flexibility

The Challenge

Resource adequacy is the ability of the power system 	
to meet demand under a wide range of conditions, at 
some acceptable criteria (such as limiting involuntary 
load-shedding occurrences to fewer than once every 	
10 years) (Denholm, 2025). Resource adequacy assess-
ments start with a load forecast representing probabilistic 
demand under a wide range of historical conditions, and 
look at a range of expected supply expansion and demand 
management scenarios probabilistically to see whether 
there will be enough supply to serve demand in all of 
those combinations of scenarios and conditions. Factors 
that affect resource adequacy include: (1) how many, 
what types, and what combinations of resources may be 
available to serve expected demands; (2) the resource 
accreditation values for those resources; (3) whether 
loads can be managed or made flexible to reduce total 
future demand; and (4) the range and causes of uncer-
tainty associated with load forecasts (e.g., weather 	
dependence, customer behavior, use of back-up 		
generation). If large loads interconnect to the grid faster 
than new generation capacity can be added, reserve 	
margins tighten and adequacy becomes a challenge that 
could slow the integration of new large loads. In addition, 
the representation of new large loads in resource adequacy 
assessments, their accreditation, and inclusion in capacity 
markets can have major impacts for system planning, 
costs, and reliability.

A system is resource adequate when it has sufficient 	
supply during all hours, including peak conditions. A large 
share of generation and transmission capacity is used 
only during peak hours or to cover other stressful periods, 
resulting in surplus capacity that goes unused for much 
of the rest of the year. Demand from new large loads and 
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the flexibility of such loads could reduce the amount, and 
associated costs, of new generation and transmission 
capacity required—if such flexibility is coordinated and/or 
controllable. Flexibility can also be used in operations or 
under emergency conditions to reduce the severity of 
system stresses. Recent studies estimate substantial 
benefits to the grid from large load flexibility: one study 
found that 76 GW of new large loads could be intercon-
nected with an average of 0.25% annual load curtailment 
(Norris et al., 2025), while another study found that large 
load flexibility in PJM would enable interconnection times 
that are three to five years faster and reduce costs by 
over 96% (Brancucci et al., 2025). Flexibility can also 
come with costs, such as infrastructure or operational 
costs to implement the flexibility, opportunity costs from 
load curtailment and shifting, and competitiveness of 	
the domestic industry (e.g., speed of advancements 	
in developing new AI technologies).

Emerging Practices and Opportunities

The electricity industry has already developed a range of 
modeling and forecasting tools to assess the supply side 
of resource adequacy, including resource accreditation 
tools for assessing the performance of individual resources 
and different portfolios or mixes of generation and storage 
types (ESIG, 2021, 2023, 2024, 2025c).10 These tools need 
to be expanded and improved to incorporate large loads, 
including: how they will affect load forecasts especially 
during periods of grid stress; how large loads are expected 
to change the hourly demand profile in the region; the 
weather-responsiveness of large loads in their hourly, 	
daily, and seasonal operations; the amount of flexibility 
available from large loads; and characterizations of 	
flexible loads as capacity-suppliers or as demand 		
adjustments.

As discussed above, some system operators are incen- 
tivizing large load flexibility by offering expedited inter-
connection for flexible loads or mandating flexibility as 	
a condition of interconnection and service. Large loads 
can provide flexibility by: (1) reducing consumption by 
curtailing some activities, (2) shifting electricity use 	
to other time periods, (3) moving some computation 	
activities to other data centers that have more available 

operational capability, and (4) using back-up or co-	
located onsite or adjacent supply that would otherwise	
be unused, in lieu of using grid-delivered energy. 

Flexibility can also result from price sensitivity. Some large 
loads, such as cryptocurrency miners, can moderate their 
electricity use in response to high prices and participate 
in grid management programs that offer incentives for 
load reductions as warranted by grid operational needs. 
Some data centers also have various flexibility mechanisms 
that enable a high potential capability for flexibility; 	
however, the actual utilization of that flexibility has yet to 
emerge at scale. Many data centers may not be motivated 
to modify their operations in response to high electricity 
prices because of the high opportunity cost of curtailment 
and their greater willingness to pay for electricity than 
other customers. It remains to be seen whether the 	
incentives—either through direct financial mechanisms, 
indirectly through faster interconnections, or as a require-
ment for service—will be sufficient to motivate widespread 
adoption of large load flexibility.

Transmission Service

The Challenge

Historically, transmission planning has assumed that all 
load requires firm service for 100% of its peak demand—
even if customers participate in demand response 	
programs or adopt voluntary curtailment measures. 	
But existing transmission planning practices and rules 
may not be able to accommodate the pace, scale, and 	
uncertainty of today’s load growth, and a narrow focus 	
on full reliability service under all circumstances may 	
obscure opportunities to leverage load flexibility and  
novel load and resource configurations to achieve greater 
interconnection speed, reliability, and affordability. The 
most significant need for improved transmission planning 
for large loads is not necessarily improvements to model-
ing tools. Rather, it is a need to evolve how existing tools 
are combined and applied to support regional transmission 
solutions that remain effective across multiple plausible 
futures and reduce the risk of rework in successive 	
planning cycles.

10	 https://www.esig.energy/redefining-resource-adequacy/ 
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11	 The Conditional High Impact Large Load (CHILL) proposal includes a new type of transmission service for a HILL that is not firm service, but allows load 
interconnection immediately while transmission upgrades are still being built. The High Impact Large Load Generator Assessment (HILLGA) process 
expedites interconnection of dedicated generation (on-site or nearby) to serve the large load. Price Adoptive Policy (PAL) is a permanently curtailable 
large load service that enables transmission costs to be based on use, not reservation.

12	 Australia’s National Electricity Market currently deploys a downward reserve for the largest load loss contingency.

Emerging Practices and Opportunities

There have been advances in transmission development 
and planning to address challenges of new large loads. 
Several regions have approved major transmission facili-
ties, including new 500 kV and 765 kV projects and at 
least one high-voltage DC project, explicitly to address 
emerging system needs driven by load growth. Some 	
of the most innovative solutions to expedite the inter- 
connection of large loads or the generation associated 
with large loads include the Southwest Power Pool’s 
(SPP’s) High Impact Large Load (HILL) and related inter-
connection processes,11 which allows SPP to expedite 	
interconnection processing and consider a customer’s 
planned generation in the study before that generation 
has been confirmed, allows load interconnection with	
curtailment before the associated transmission has been 
built, and allows allocation of the transmission costs 	
directly to the large load customer. 

FERC has directed PJM to develop new transmission 	
service options for co-located load configurations that 
better reflect conditional operation and associated 	
generation (FERC, 2025b). The Commission has called 	
for an interim, non-firm transmission service that allows 
load to interconnect while required network upgrades are 
under construction, as well as firm and non-firm “contract 
demand” service options sized to a specified MW level 
rather than full peak demand. Together, these service 
constructs are intended to provide clearer tariff-based 
options for co-located load, clarify planning and cost-	
allocation responsibilities, and align transmission 	
service with emerging large-load configurations.

Large Load Behavior and Operational 		
Reliability

The Challenge

Grid operational reliability requires that transmission, 
generation, and market systems behave in predictable 
ways, following strict performance requirements and 	
operational limits. Operational reliability has traditionally 
been maintained through grid codes, rules, and standards 
for generators and transmission operators, defining 	

expected operational performance, how much supply 
needs to be held in reserve relative to demand, and other 
operational strategies (ESIG, 2025b). These requirements 
and strategies must address and resolve a breadth of 	
operational events and threats, including the real-time 
balance of load versus supply and how the grid and 	
individual loads and generators respond to dynamic 	
disruptions such as a sudden loss of generation or 	
transmission facilities, a fault on the grid, or forced 	
oscillations that could damage or kick a generator off the 
grid (NERC, 2025). Grid reliability standards and practices 
are constantly evolving as the generation mix changes 
and innovations occur in grid operator practices and 	
market products (Denholm, Sun, and Mai, 2019). However, 
because data centers and other new loads are so large, 
concentrated, and fast-moving, and have power electronic 
interfaces to the grid, they are creating new challenges 
for grid operations. 

Detecting the reliability impacts of large loads and 	
designing mitigation solutions requires new detailed 
high-fidelity dynamic models of large loads. The high 	
diversity, complexity, and uncertainty of large loads 	
create major challenges to the development and 		
application of such models. A chicken-and-egg problem 
exists: system operators and transmission owners have 
no accurate models of emerging large loads and cannot 
fully evaluate their impacts on the grid, while load project 
developers have no clear performance targets to design 
their facilities to, facing uncertainty and risks of late-
stage requirements and costly retrofits.

Emerging Practices and Opportunities

The emergence of new large loads drives the need for new 
performance requirements and operational strategies in 
three areas to maintain operational reliability: balancing, 
ride-through capability, and forced oscillations. Ramping 
limits can help with balancing by mitigating the impact 	
of unplanned demand changes. Other options include 
downward reserve services and over-frequency response 
practices, which are analogous to (but with the opposite 
sign as) current practices that focus on contingencies 
from the loss of large generators (AEMO, 2025).12
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13	  The grid impact of these oscillations is the potential excitation of normally damped system modes, including sub-synchronous torsional modes  
in synchronous generators or inter-area electromechanical modes, depending on frequency and location.

While such reserves and frequency response practices 
can help the grid manage the loss of a large load facility 
without widespread deleterious impacts to the rest of the 
system, if ride-through requirements for large loads can be 
instituted as part of the interconnection and planning pro- 
cesses, this can help reduce the unexpected disconnection 
of large load facilities in the first place. Designing such 
requirements requires a detailed understanding of these 
new large loads’ power delivery requirements to determine 
when the facilities could remain connected and when  
doing so would cause damage to the facility. 

Another major reliability impact, highlighted in multiple 
industry reports (see, for example, NERC (2025)), is the 
emergence of forced oscillations driven by the rapid cy-
cling of power consumption originating from large loads. 
These oscillatory behaviors occur because large loads 
increasingly contain complex control systems (such as 
uninterruptible power supplies and rectifiers) and from AI 
training process loads that introduce large and regularly 
cycling fluctuations in power consumption. Power system 
oscillations are not unique to large loads or a specific 
large load category, but some performance characteris-
tics of large loads may exacerbate this phenomenon.13 

To ensure consistency, as well as to reduce complexity 
and costs for large load integration, there is an emerging 
need for new standards that would help to inform and 
shape new operating practices and performance require-
ments for large loads, specifically, the development of 
harmonized, industry-agreed performance requirements 
and regulatory enforcement of the definition of “large 
load.” This specific regulatory category or categories 	
can help the creation of technology-specific reliability-	
focused performance requirements, while reducing large 
load facility burden throughout the regulatory process 
and not overly constraining all large loads with perfor-
mance requirements that are only applicable to a few 
technology types.

Load and Resource Configurations

The Challenge

Traditionally, large loads and critical facilities have 	
used onsite generation (typically diesel generators) and 

batteries as back-up power when the grid goes down. 	
This generation was not meant to be synchronized to the 
grid and could not inject power back to the grid beyond 
serving the load directly. Today, however, large loads 
might co-locate with generation facilities, which are 	
synchronized and connected to the grid, by either build-
ing new facilities or siting next to existing ones (FERC, 
2025b). In some cases, the planned on-site or co-located 
generation can be very large—over 1,000 MW in capacity—
which equals or exceeds the capacity of existing large 
generator units and/or transmission lines, and this can 
have important ramifications for contingencies that drive 
system planning and operations (Wilson et al., 2025; 	
Denholm et al., 2020).

Load and resource configurations have significant benefits 
by providing back-up power when the grid is down; reducing 
or eliminating the need for transmission upgrades; reduc-
ing or eliminating the need for additional grid-level supply 
capacity; and reducing allocated transmission costs and 
fees. Associated supply resources could be behind the 
same point of interconnection as the load facility, be 	
developed nearby but be dedicated to the load, or be 	
from an existing power plant. Load-associated resources 
can be connected to the grid but have disconnection 
mechanisms and protection settings to prevent the 	
load from drawing from the grid if the generator trips. 	
The resources do not need to be large, centralized 	
power plants but may be energy storage, nearbly demand 
reductions, or distributed resources. Configurations can 
also include energy parks—multiple facilities including 
electric loads, storage, generation, and other energy 
sources—where only the net injection or withdrawal is 	
noticeable by the system operator (Gimon, Ahlstrom, 	
and O’Boyle, 2024). It is also possible for a large load and 
generation facility to be completely isolated from the grid. 

The various configurations of generation, storage, and 
load—and the operations of the various assets within 	  
configuration—can have different impacts on system 	
reliability and costs. For example, if a new large load 	
contractually acquires output from an existing generator, 
that would reduce the amount of generation available 	
to other customers served by the full grid and could raise 
reliability risk and/or raise costs to existing customers. 
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Conversely, if the new load brings a large amount of new 
capacity with it, there may not be significant negative 	
reliability or cost impacts.

Emerging Practices and Opportunities

The issues relating to load and generation resource 	
configurations pertain to cost allocation, how the resource 
is treated for transmission and resource adequacy pur-
poses, and whether and how to use co-located resources 
for grid operation and support. A key regulatory issue 	
for cost allocation is whether a large load with associated 
supply behind the meter should have to pay the costs 	
of grid infrastructure and services based on its full gross 
load or its net load. FERC recently ruled that PJM must 
overhaul its tariff rules to create a clear and transparent 
pathway for co-located loads and generation, including 
new transmission service categories that allow customers 
to pay only for their net transmission capacity use (FERC, 
2025a). However, customers must be charged for specific 
ancillary services like blackstart and regulation, based on 
the gross, not net, demand. The rulings were aligned with 
the recent U.S. Department of Energy proposed Advance 
Notice of Proposed Rulemaking (ANOPR) (U.S. DOE, 2025). 
FERC also directed PJM to allow provisional interconnection 
in which interconnection service is less than nameplate 
capacity to accelerate interconnection.

There are no settled industry or regulatory practices 	
to date on how to plan, interconnect, and design new 
transmission as increasing numbers of new large loads 
secure their own supply resources, nor are there standards 
for capacity accreditation methods and resource adequacy 
practices for these circumstances. If large load facility 
owners are willing to use their associated supply resources 

to make those facilities more flexible or to permanently 
reduce their total grid-facing demand, then this will 	
reduce the amount of transmission and grid-supporting 
supply needed to support that facility. Those associated 
resources could also be used to feed into the grid to 	
help support grid operations under emergency or stress 
conditions. These possibilities will require formal study, 
technical analysis of cost allocation and operational 	
capabilities that leverage co-located resources, policy 
guidance and commitments, and changes to grid planning 
and operations management. As stated above, additional 
and specific regulatory categories for emerging large 
loads can ensure that regulatory practices fully leverage 
large load flexibility.

Summary
Differences between historical and modern large loads 
such as data centers—along with the evolving changes in 
the electricity sector—create new challenges to large load 
grid integration. This white paper discusses the differences 
that can have meaningful impacts to power systems 	
lanning and operations, summarized in Table 1 (p. 13).14 
The paper also discusses emerging practices and oppor-
tunities associated with large load integration in six key 
areas: (1) large load forecasting and tariffs, (2) large load 
interconnection processes, (3) resource adequacy and 
large load flexibility, (4) transmission service, (5) large 
load behavior and operational reliability, and (6) load 	
and resource configurations. Many of these practices 	
and other yet-to-be developed innovations are likely 	
necessary to serve the needs of these new customers 
and to ensure a reliable and affordable electricity 		
system 	for all customers.

14	  Another version has been developed by Enriquez-Contreras et al. (2025). 
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TA B L E  1
Differences Between Historical and Modern Large Loads

Characteristic Modern Large Loads Historical Large Loads

Industry type Data centers, crypto mining, oil and gas electrification, 
emerging industries, and fleet electrification

Traditional industries, such as aluminum 
smelters, steel mills with electric arc furnaces, 
air separation units, and pulp and paper mills

Facility size Very large. Typical facilities are 10 to hundreds of megawatts, 
but many individual data center projects can be ~1,000 MW 
“hyperscalers.” 

Large. Many are in the 10 to 200 MW range, 
with very few operating facilities with peak 
demands over 200 MW.

Geographical 
distribution

Regionally dense. Geographical distribution includes multiple 
highly concentrated hubs located in regions throughout the 
U.S., constrained by land, power, water, and fiber-optic 
availability.

Regionally dense. Many industries are 
restricted to known locations, constrained by 
supply chains, raw materials, labor, and energy 
and water considerations.

Load growth Accelerating rapidly but uncertain. New load applications  
are accelerating rapidly but the quantity that will materialize is 
highly uncertain.

Declining. Many traditional industries have 
been declining in recent decades after rapid 
growth in earlier ones. 

Development 
timeline

Very fast. Desired development period is two to three  
years, much faster than the pace of typical generation and 
transmission development.

Moderate. Speed of development is consistent 
with historical economic growth and coordinat-
ed with generation and transmission develop-
ment capability. 

Physical grid 
interface

Power electronics. The absence of physical and electro- 
mechanical limits to response speeds adds complexity and can 
cause grid reliability issues but also expands possibilities from 
loads to provide reliability services. 

Direct. Historical large loads do not connect  
to the power system via a power electronic 
interface.

Dynamics and 
demand profiles

Very fast. Loads can change consumption by hundreds of 
megawatts in seconds or faster. Demand profiles and price 
sensitivity vary between customer types (e.g., AI training, 
inference, crypto) and can be highly uncertain. 

Steady and predictable. Loads have  
slower responses, well-characterized power 
consumption profiles, and established 
mechanisms for coordination between facility 
owners and grid operators.  

Load flexibility High potential capability and uncertain utilization. Some 
data centers are expected to have multiple flexibility options, 
including load curtailment, temporal and/or spatial flexibility, 
and use of storage and generation resources. Use of, and 
incentive for, new flexible large loads has yet to emerge. 

Limited. Many historical large loads have 
displayed limited flexibility through demand 
response and interruptible load programs, 
mostly restricted to contingency reserves  
and frequency regulation or to avoid very  
high energy prices. 

Back-up  
generation

Common and diverse. Options include batteries, gas genera-
tors, and other fossil back-up, with a range of configurations for 
metering, disconnectability, and visibility. Some resources will 
be as large as the largest grid-connected generators and used 
to protect sensitive data center components from grid 
disturbances. 

Limited. Many traditional facilities have small 
on-site co-generation and/or fossil back-up 
generators, but they are not intended to carry 
full site load for long periods.

Source: Energy Systems Integration Group.
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