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Executive Summary 
Industrial demand flexibility can help the grid serve more load before new infrastructure arrives, 
but only when plant-level flexibility is converted into capacity that planners can count. The U.S. 
power system still needs new generation, transmission, distribution, and storage. It also needs a 
faster way to use existing infrastructure during the specific hours and at the specific locations 
where the grid is constrained. This Part 1 report establishes the case for industrial flexibility as 
one of the most promising underused tools for that near-term capacity problem and argues that 
it will be critical over the long term. Part 2 turns from context to execution, examining 
monetization pathways and adoption barriers, while Part 3 sets out the institutional changes 
required to make industrial flexibility planning-grade. 

The central argument is that the grid constraint is increasingly a problem of deliverable peak 
capacity, not annual electricity. A region can have enough energy for most hours of the year and 
still be unable to serve a new large load at a particular substation, feeder, or transmission 
interface during peak conditions. This creates a paradox: the grid is underused on average, yet 
locally constrained when demand is highest. Flexibility is valuable because it converts time and 
location into capacity. If a load can reduce, shift, or self-supply during the few constrained hours 
that drive grid planning, the same physical network can serve more total demand. 

Five findings frame the case. 

1.​ Electricity demand growth has broken from two decades of near-flat load. U.S. electricity 
demand grew by roughly 1.7 percent annually from 2020 through 2025, compared with 
about 0.1 percent annually from 2005 through 2019 [1]. Five-year peak-demand growth 
forecasts have risen from 24 GW in the 2022 forecast to 166 GW in the 2025 forecast 
[2]. NERC projects that summer and winter peak demand across North America will rise 
by more than 200 GW over the next decade, with 13 of 23 assessment areas facing 
resource-adequacy challenges [3]. Data centers are the most visible source of this 
growth, but industrial electrification, advanced manufacturing, electric vehicles, and 
building electrification are adding pressure in many of the same constrained regions. 

2.​ The binding constraint is usually grid capacity, not aggregate energy. Utilities and system 
operators plan around the hours in which failure would be unacceptable, namely the 
hottest summer afternoons, coldest winter mornings, and contingency conditions that 
follow the loss of a line or transformer. A new large load may trigger an infrastructure 
upgrade not because the system lacks energy in every hour, but because it cannot 
deliver firm megawatts at that location during those stressed conditions. A 2025 Duke 
Nicholas Institute analysis found that the 22 largest U.S. balancing authorities had an 
average load factor of 53 percent [9]. The same study found that allowing new large 
loads to curtail for only 0.25 percent of annual hours, roughly 20 hours per year, could 
unlock 76 GW of headroom [9]. Small, bounded flexibility commitments can therefore 
create large capacity value when they occur in the right hours and locations. 

3.​ Physical buildout remains essential, but it is too slow to solve the near-term problem on 
its own. Berkeley Lab reported roughly 10,300 active interconnection requests at the end 
of 2024, representing about 1,400 GW of generation and 890 GW of storage, while only 
13 percent of capacity requesting interconnection from 2000 through 2019 had reached 
commercial operation by the end of 2024 [11]. DOE reported that newly built 
high-voltage transmission fell from an average of 2,500 miles per year in 2013 to 2015 to 
56 miles in 2023, while major transmission projects often take about a decade to develop 
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[12]. Flexibility creates an adjustable layer between load growth that is arriving now and 
infrastructure that may arrive years later. 

4.​ Industrial load is highly relevant because it combines scale, concentration, metering, and 
contractability. A single industrial facility can place several to tens of megawatts behind 
one interconnection point. Many facilities also contain sub-loads that can move without 
shutting down the plant, including pumps, compressors, refrigeration, thermal buffers, 
storage tanks, batch processes, and on-site generation. FERC reported that industrial 
customers accounted for 13,840 MW of potential retail peak demand savings in 2023, 45 
percent of the national total, and had 75 percent advanced-metering penetration [18]. 
Industrial electricity sales were about 1,035 TWh in 2024, roughly 26 percent of U.S. 
retail sales [19]. The industrial base is therefore large enough for small percentage shifts 
to matter. 

5.​ The core barrier is institutional conversion rather than technical potential. Industrial 
flexibility is useful to the grid when it is visible, measurable, dispatchable, contractually 
bounded, and credible enough to affect planning. Many industrial facilities already 
contain movable load, but the grid can use only the portion that planners can count, 
operators can dispatch, customers can manage safely, and capital providers can 
finance. The task is therefore not simply to find theoretical megawatts of flexibility. It is to 
convert plant-level operating capability into a planning-grade capacity resource. 

Industrial flexibility has advantages over other demand-side resources for local capacity relief. 
Residential virtual power plants can provide broad system value, but their resources are diffuse 
and harder to target at a specific grid bottleneck. Commercial flexibility is useful, but the 
megawatt yield per site is usually smaller. Data center flexibility is important, but data centers 
typically have high opportunity costs of curtailment, and many software-based approaches to 
flexibility are still early and difficult for planners to credit broadly. Industrial facilities are often 
easier to contract with, easier to meter, and large enough to affect a local constraint directly. 
Their flexibility is not universal, but where it exists, it is closer to a planning-grade resource than 
the public debate often recognizes. 

The economic logic is to flex the lowest-opportunity-cost load that can solve the constraint 
reliably. A data center may have the highest willingness to pay for firm power, especially during 
high-value compute, but the cheapest capacity relief may come from a nearby industrial process 
that can shift a few megawatts with limited disruption. In that case, industrial flexibility 
complements new large-load growth. The data center remains served, the industrial facility is 
compensated, and the grid avoids treating every megawatt as fully firm in every hour. 

This report identifies four emerging roles for industrial flexibility beyond traditional emergency 
grid relief. 

1.​ Industrial flexibility can accelerate speed to power. New or expanding loads may be able 
to energize before full grid upgrades are complete if a defined portion of demand can 
operate conditionally during constrained hours. 

2.​ It can relieve near-term local constraints. When a flexible facility sits inside a constrained 
electrical pocket, a few megawatts of dependable reduction can create meaningful 
headroom at the feeder, substation, or transmission interface that is actually binding. 

3.​ It can hedge uncertain load growth. Demand forecasts are moving by gigawatts between 
planning cycles, while grid infrastructure moves on multi-year timelines. Flexibility gives 
planners an option while forecasts evolve and physical upgrades lag, but its value 
should not be treated as temporary. As electrification continues and new constraints 
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keep emerging, flexible load remains an operating layer for a grid that can absorb more 
demand while preserving reliability margins. 

4.​ It can improve peak-driven grid utilization. A grid built for rare peaks runs far below its 
maximum capability in most hours. Controllable demand can help the system serve more 
useful load through existing infrastructure while preserving reliability margins. 

The thesis has limits. Industrial flexibility will not replace generation, transmission, distribution, 
storage, or other demand-side resources. Some processes are too continuous, safety-critical, or 
production-sensitive to participate. Some facilities can offer only a narrow flexible band that is 
economically viable and becomes prohibitively expensive to regularly cut deeper into their load. 
Some local constraints will require physical upgrades regardless of demand-side capability. 
Industrial flexibility is most valuable under specific conditions, when the flexible load is 
electrically relevant to the constraint, when the operating terms are bounded, when performance 
can be measured, and when compensation exceeds the facility’s opportunity cost. 

Part 1 therefore makes the case for industrial flexibility as a near-term grid-capacity resource, 
and a necessary asset in the long-term future of the grid. The United States is short of 
planning-grade, deliverable capacity in specific places and hours more than it is short of 
electricity in aggregate. Industrial facilities are one of the largest existing pools of potentially 
flexible demand on the system, and their scale, concentration, metering, and contractual 
maturity make them especially relevant to local capacity relief. The next challenge is turning that 
potential into a usable product. Part 2 addresses that conversion problem, examining how 
industrial flexibility is monetized today and what barriers prevent adoption. Part 3 sets out what 
utilities, regulators, industrial operators, investors, and innovators can do to make industrial 
flexibility a resource the grid can trust. 
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1. The Grid Capacity Problem 
The contemporary U.S. power debate is often compressed into a single phrase: a power 
shortage. This description is too blunt to guide planning. In many of the places where new data 
centers, factories, and electrified processes are seeking service, the relevant problem is a 
shortage of firm, deliverable capacity at particular grid nodes and during the small number of 
hours that determine system peak, rather than an absence of annual electricity supply in the 
abstract. A region can have adequate energy over the year and still be unable to connect a new 
large customer on acceptable timelines if the substation, feeder, transmission path, or local 
reliability margin is already constrained. 

This distinction shapes both diagnosis and remedy. If the country were simply short of electricity 
in aggregate, the answer would be to add generation and wait for supply to catch up. The actual 
problem is narrower, as utilities and system operators must absorb rapid load growth while 
preserving reliability, even though transmission, substation upgrades, and interconnection move 
far more slowly than commercial demand. The result is a grid-capacity problem rather than a 
generic energy shortfall. 

1.1 U.S. Demand Growth 
For most of the 2000s and 2010s, U.S. electricity demand appeared mature. Efficiency gains, 
slower industrial growth, and the aftereffects of the financial crisis produced a long period of 
broadly flat national load. The U.S. Energy Information Administration now shows a clear break: 
demand grew by roughly 1.7 percent annually from 2020 through 2025, against about 0.1 
percent annually from 2005 through 2019 [1]. This is a regime change, with new end uses 
arriving faster than efficiency improvements can offset them. 

 

 

Exhibit 1: The five-year U.S. peak demand growth forecast has risen more than seven-fold in 
two years, from 24 GW in 2022 to 166 GW in 2025, marking a clear break from two decades of 
near-flat load [2]. 
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The reliability implications are already visible in planning forecasts. The North American Electric 
Reliability Corporation (NERC) projects in its 2025 Long-Term Reliability Assessment that 
summer and winter peak demand across North America will rise by more than 200 GW over the 
next decade, with 13 of 23 assessment areas facing resource-adequacy challenges [3]. This 
demand grows in concentrated blocks, tied to specific geographies and short development 
timelines. Rather than arriving as a smooth national trend line, data centers, advanced 
manufacturing, electrified industrial processes, electric vehicles, and electrified buildings show 
up as concentrated additions, which is what makes them difficult for the grid to absorb. 

 

 

Exhibit 2: Six regions account for almost all near-term U.S. load growth, with the Electric 
Reliability Council of Texas (ERCOT) at 53 GW and PJM Interconnection (PJM) at 30 GW 
dominating, illustrating how concentrated the load surge is geographically [2]. The coloring is 
purely to distinguish regions. 

1.1.1 Data Centers 
Data centers are the most visible and, in current planning discussions, the most consequential 
source of incremental load, combining unusually large sites with rapid deployment. The joint 
Department of Energy (DOE) and Berkeley Lab report on U.S. data center energy use estimates 
that data centers consumed 176 TWh in 2023, or 4.4 percent of total U.S. electricity. It projects a 
range of 325 to 580 TWh by 2028, roughly 6.7 to 12 percent of national use [4]. NERC’s 2025 
assessment states that new data centers account for most of the projected increase in North 
American demand over the next decade [3]. The effect is even more concentrated in exposed 
regions: some Western Electricity Coordinating Council (WECC) balancing authorities reported 
planned data center load equal to as much as 40 percent of forecast demand [3]. 
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Utility and energy-system interviewees emphasized that data center growth is both large and 
uncertain. California’s data center forecast had moved by roughly 1.2 gigawatts in a single year, 
which is roughly the equivalent of a city.  

 

Exhibit 3: U.S. data center project pipeline by expected operational year rises from 4.6 GW in 
2024 to a peak of 31.2 GW in 2027, but a growing share of the outer-year pipeline is only 
Announced rather than under Construction or already Operational, reinforcing the need to 
haircut headline forecasts for realization risk [5]. 

Data center forecasts require careful interpretation. Announced projects, utility service requests, 
contracted capacity, energized capacity, and realized metered load are not the same thing. 
ERCOT in Texas faces an interconnection queue containing nearly 400 GW of requests. Many 
of these projects will not materialize, but they still have an impact. Grid planning teams cannot 
rely on a single long-run forecast. NERC notes that Texas planners are reducing some new data 
center projections by nearly 50 percent relative to requested load to reflect observed behavior, 
while the California Independent System Operator (CAISO) uses utilization factors, confidence 
levels, and ramping assumptions to separate speculative requests from credible ones [3]. Even 
after planners haircut the most optimistic requests, the projects that do materialize are large 
enough to stress local infrastructure, especially large training data centers that require 
GW-scale deployments. It is extremely difficult to make infrastructure commitments worth 
billions, for decades ahead, amidst this kind of uncertainty. 
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Over the longer term, data center growth may become more distributed as the sector shifts from 
a small number of very large training campuses toward a broader mix that includes more 
inference capacity. A sector expert explained that most future data center demand could fit into 
smaller, even already existing interconnections, including deployments in existing commercial 
buildings rather than always requiring new gigawatt-scale campuses. They argued that the 
projects already completed or under construction would be sufficient to meet the demand for 
training centers, and this GW-scale frenzy would not last.  

This would reduce but not remove the grid challenge. It would spread it across more 
substations, feeders, and utility territories. The planning problem would shift from whether a 
single massive site can be served at the transmission level to whether many smaller sites can 
be connected without creating hidden distribution constraints, cost shifts, or operational risks. 
That shift reinforces the need for better distribution-level visibility, flexible-service rules, and 
locationally relevant flexibility resources that can help absorb demand where it actually appears. 

1.1.2 Industrial Electrification 
Data centers are only part of the story. Industrial electrification is becoming a second major 
source of demand growth, driven by decarbonization and industrial policy. The U.S. Energy 
Information Administration (EIA) projected that industrial electricity demand would grow faster 
than any other major sector, rising 2 percent in 2025 and 3 percent in 2026 as semiconductor 
and battery manufacturing came online [1]. The longer-run decarbonization agenda for steel, 
chemicals, cement, and other hard-to-abate sectors points toward greater use of electric motors, 
furnaces, electrolysis, and other electrically driven equipment.  

Industrial load is often large and commercially time-sensitive. New factories are built to business 
schedules measured in quarters, while the network reinforcements to serve them can take 
years, and reshoring compounds the pressure. Incentives under the CHIPS and Science Act, 
the Inflation Reduction Act, and related state programs are drawing semiconductor, battery, and 
advanced-manufacturing investment into the same regions already contending with data center 
growth and transport electrification. Industrial electrification is therefore a core reason the grid is 
being asked, and will continue to be asked, to deliver more firm capacity, more quickly, in places 
not built for this pace of expansion. 

1.1.3 Other Demand Drivers 
Other demand drivers add a more diffuse layer of pressure. Residential and commercial 
electrification are gradually reshaping system load, especially through electric vehicles, heat 
pumps, and other end uses previously served by liquid fuels or combustion. NERC now 
explicitly includes household-appliance electrification and projected EV growth in its demand 
and energy estimates [3]. Individually small, these loads can in aggregate raise evening, 
overnight, or winter peaks depending on charging behavior, weather, and tariff design. 

Several overlapping trends pressure the grid at once. Warehousing electrification, commercial 
fleet charging, and a wide range of new manufacturing loads may each look manageable in 
isolation, yet they compete for the same substations, feeders, and transmission corridors. This 
raises the stakes of forecast error and forces a slow-moving, risk-averse sector to adapt. A utility 
may absorb one category arriving below expectations; absorbing several in the same local area 
at once is far harder. For planning, data centers, industrial electrification, and other electrified 
end uses are best viewed as cumulative pressures on peak capacity rather than as separate 
problems solved one by one. 

Page 10 of 28 



Industrial Flexibility: Turning Industrial Load into Grid Assets​ Stanford GSB - Spring 2026 

1.2 Peak Planning and Grid Infrastructure 
These growth trends translate quickly into grid pain because the power system is planned 
around the hours in which failure would be unacceptable, rather than the average hour: the 
hottest summer afternoons, the coldest winter mornings, and the contingencies that follow the 
loss of a line or transformer. NERC’s Facilities Design (FAC) and Transmission Planning (TPL) 
standards reflect this logic [7], [8]. When a utility studies a new large load, it asks whether the 
network can deliver firm megawatts at that location while staying within thermal limits, 
maintaining voltage, preserving protection coordination, and remaining stable under normal 
conditions and contingencies. A customer with modest annual energy use but a high coincident 
peak can therefore trigger infrastructure upgrades. This approach is by design, to ensure that 
power is always available and consumers can always rely on their service. 

The logical impact of this is that the grid is “underutilized” in most hours. A 2025 Duke Nicholas 
Institute analysis of the 22 largest U.S. balancing authorities found load factors ranging from 43 
to 61 percent, with an average and median of 53 percent [9]. Much of the system is therefore 
built to serve peaks that occur infrequently, under contingency conditions that are rare. That 
off-peak headroom disappears exactly when the system is most stressed, and it may be absent 
at the specific feeder, substation, or deliverability area where a new customer wants service. 
Low average utilization therefore does not disprove the capacity problem. Appearing on the 
Volts podcast, Ian Magruder of the Utilize Coalition likened it to a freeway engineered for 
rush-hour capacity rather than average traffic, built so that nobody slows down even at peak, 
which leaves it largely underused the rest of the year [10]. The reality is slightly more nuanced 
because real-time grid operations are rarely “perfect,” but the message still holds, and the 
existing infrastructure may have more to offer if it is managed optimally.  

Peak planning is critical because those are the hours when the risks are highest. A 
grid-modernization lead at a large California utility described a constrained heat event by saying 
the utility had only a narrow window before it would have to start dropping load, which is the last 
thing the utility wants. The risk of dropping critical loads that have major safety or financial 
implications ensures that the grid is planned with safety factors above what would be needed at 
a theoretical peak efficiency. That is the operational meaning of underutilized infrastructure, 
since most hours have spare capacity, but the few binding hours force utilities to build more 
capacity, curtail customers, or find controllable demand that can ride through the constraint. 

 

 

Exhibit 4: Load duration curves across U.S. RTOs and independent system operators (ISOs) 
show that even the peakiest systems run at well below maximum demand for most hours of the 
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year, illustrating why infrastructure built for the top few percent of hours is structurally underused 
the rest of the time [9]. 

 
The infrastructure build cycle tightens the constraint further. Berkeley Lab’s Queued Up 2025 
reports roughly 10,300 active projects seeking interconnection, about 1,400 GW of generation 
and 890 GW of storage, yet only 13 percent of capacity requesting interconnection from 2000 
through 2019 had reached commercial operation by the end of 2024 [11]. The Department of 
Energy’s Transmission Impact Assessment adds a second warning. Newly built high-voltage 
transmission fell from an average of 2,500 miles per year in 2013-2015 to just 56 miles in 2023, 
with major projects averaging development timelines of about a decade [12]. Even where supply 
is proposed, the path from proposal to deliverable capacity is slow, uncertain, and constrained 
by grid infrastructure. An interconnection planner at a large utility noted that at this point if you 
are applying to interconnect a large load facility in today’s reality, you are likely looking beyond 
2032 to be energized. 

This is the central framing for the study. The United States is short of planning-grade, 
deliverable capacity in specific places and hours, more than it is short of electricity in aggregate. 
That explains why queue volumes can be enormous and new loads wait, why flexible and 
conditional service structures are gaining appeal, and why the value of demand-side flexibility is 
increasing. If a small number of high-stress hours creates the binding constraint, a resource that 
can reliably move load out of those hours can unlock materially more headroom for the rest of 
the grid.  
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2. Flexibility as a Solution to Grid Constraints 
If Chapter 1 establishes that the grid bottleneck is primarily a peak-capacity problem, the next 
question is how much additional demand can be accommodated without waiting years for new 
transmission, substation, or distribution upgrades. The answer explored in this paper is 
flexibility, the ability of loads to change when and how they consume electricity, so the system 
need not treat every megawatt as a fully firm, all-hours obligation. Utilities build for stressed 
hours but recover those costs over the entire year. Any resource that reliably reduces demand 
in the binding hours raises utilization of existing infrastructure and can postpone capital that 
short-duration peaks would otherwise trigger. 

Not all flexibility is equally valuable for grid planning. A planner does not reward an abstract 
willingness to use less power; the relevant questions are: 

●​ how many megawatts can be adjusted 
●​ at what location 
●​ with what notice 
●​ for how long 
●​ how frequently 
●​ with what consequences if performance fails. 

 
This chapter compares the main demand-side resource classes through the lens most relevant 
to grid-capacity relief, namely whether they can provide bounded, auditable, and locationally 
relevant reductions that utilities and system operators can count in planning and operations. 

2.1 How Flexibility Works 
Flexibility works by converting time into capacity. If a customer can move some consumption 
away from the constrained hours, by shifting production, pre-cooling, drawing on storage, using 
on-site generation, or accepting a temporary operating limit, the same physical network can 
serve more load overall. The Duke Nicholas Institute’s 2025 headroom analysis shows the 
payoff: 76 GW of new large load could be integrated with average annual curtailment of just 
0.25 percent, rising to 98 GW at 0.5 percent and 126 GW at 1.0 percent [9]. The 0.25 percent 
means that the load would have to deploy some form of flexible solution in roughly 20 hours 
every year. 
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Exhibit 5: Across the 22 largest U.S. balancing authorities, accepting just 0.25 percent annual 
curtailment of new load unlocks 76 GW of headroom, rising to 126 GW at 1.0 percent and 215 
GW at 5.0 percent, showing the convex relationship between small flexibility commitments and 
large capacity gains [9]. 

The grid value of flexibility comes from two related sources: deferring investments driven by 
peaks and allowing additional load to connect faster than it otherwise could. When the binding 
constraint is a transformer, feeder, substation, or local transmission interface that overloads only 
during a few hours, shaping demand can be cheaper than building new hardware. That logic is 
now explicit in utility and policy discussions. Recent state-level work on grid utilization and 
affordability argues that better use of existing assets lowers the cost of accommodating new 
demand, especially when the alternative is a peak-driven expansion of infrastructure that sits 
underused most of the year. Pacific Gas and Electric’s (PG&E) Flex Connect pilot illustrates the 
principle: in its published example, a site requesting 2 MW that would otherwise be limited to 0.5 
MW year-round can access the full 2 MW most of the time if it responds to scheduled or 
real-time power limits during constrained hours [13]. 

The second value stream is speed-to-power. In the conventional model, scarce grid capacity is 
rationed through time, since a large customer that cannot be served until a substation, feeder, or 
transmission upgrade is completed simply waits. The economic value lost during that waiting 
period is mostly invisible to the planning process. The study may identify the cost of the physical 
upgrade, but it rarely prices the customer’s opportunity cost of delayed operations, delayed 
revenue, lost market timing, or foregone local economic activity. 

Flexibility changes that by creating an intermediate service model between “serve the full load 
immediately” and “make the customer wait for years.” A customer may be able to connect earlier 
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if some portion of its demand is conditional during the limited hours when the grid is 
constrained. A high-value new load may also be willing to fund flexible capacity elsewhere on 
the system if doing so creates reliable headroom for earlier service. In both cases, the value 
extends beyond avoided infrastructure cost to the conversion of waiting time into a 
compensable capacity product. 

Flexibility for capacity relief is distinct from flexibility for energy arbitrage or ancillary services. 
Energy arbitrage captures value by shifting consumption away from expensive hours, yet a 
customer can save money without solving a local grid constraint. Ancillary services reward very 
fast response for frequency or reserves but are usually smaller in scale and governed by 
different performance rules. This paper concerns planning-grade flexibility, meaning load 
adjustments that are locationally relevant, expressed in bounded megawatts, supported by 
telemetry or interval metering, and governed by a durable contract or tariff. PG&E’s Base 
Interruptible Program shows what that looks like operationally, with a firm service level, a 
minimum load reduction, event caps, advance-notice requirements, and penalties for 
non-performance [14]. That standard is more demanding than generic smart load management, 
and it is what is required if flexibility is to substitute for infrastructure or accelerate 
interconnection.  

Flexibility is valuable to the grid only when it is controlled, observable, contractually bounded, 
and integrated into planning and operations. Otherwise it can pose a risk to the grid, since 
uncontrolled tripping, sudden transfer to backup power, or oscillatory behavior in large loads can 
look to the grid like a disturbance rather than a dispatchable resource [48]. For industrial 
flexibility, the same plant action can be an asset or a problem depending on whether the system 
can anticipate, verify, and rely on it. 

2.2 Sources of Flexibility 
Demand-side flexibility is a family of resource types rather than a single market, differing in 
load-block size, control authority, contractual structure, and measurement difficulty. A hyperscale 
data center managing workload placement, a residential virtual power plant of thousands of 
thermostats and batteries, a portfolio of commercial buildings with pre-cooling, and an industrial 
site with interruptible motors or thermal storage may all be called flexible. To a utility planner, 
they behave very differently. The number of counterparties, dispatch risk, locational relevance, 
and maturity of program rules all vary. 

The useful comparison is which category offers the best combination of load size, 
dispatchability, duration, scalability, commercial maturity, and regulatory readiness. Some 
resources are excellent for broad system balancing yet too diffuse for a local capacity problem; 
others offer large, measurable megawatt blocks but only in narrow sectors or under bespoke 
contracts. The sections below compare the four categories dominating the current conversation, 
data center, aggregated residential, commercial, and industrial flexibility, to identify which are 
most promising for grid-capacity relief rather than to crown a universal winner. 

2.2.1 Data Center Flexibility 
Data centers dominate the new flexibility discussion because they are both large loads and one 
of the fastest-growing demand segments. In principle, some of their demand is highly adaptable. 
Delay-tolerant AI training workloads can be shifted in time, slowed, or moved across 
geographies, and facility controls can optimize cooling, battery dispatch, and backup systems to 
reduce grid draw during stressed hours without interrupting computing tasks. An increasing 
number of companies are serving this space, seeing significant value creation if such solutions 
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can expedite the interconnection of new data centers, or mitigate the financial hit from 
curtailments during peak times. 

Data center flexibility is strongest where the customer has full control, concentration, and 
contractual freedom, conditions most common in hyperscale environments and least common in 
colocation. Public evidence remains thin on how broadly utilities will credit software-based 
workload flexibility in planning studies, especially when the claimed reduction rests on a 
counterfactual baseline rather than a directly metered asset. Training and inference differ in 
ways that reinforce this limit. Training is more delay-tolerant and concentrated at very large 
sites, while inference is latency-sensitive and geographically distributed, which makes temporal 
shifting harder and raises the importance of always-available local service. Data center flexibility 
is therefore strategically important, yet today less standardized and less institutionally mature 
than many legacy demand response programs.  

Companies such as Emerald AI are making this flex capability operational. Emerald AI’s public 
announcements with National Grid Partners, the Electric Power Research Institute (EPRI), 
Nebius, and NVIDIA describe software that mediates between grid signals and AI infrastructure 
so selected workloads respond to grid conditions without disrupting mission-critical work [15]. 
Rather than treating the data center as an unpredictable block load, the software layer 
distinguishes workloads by urgency, moves or delays selected tasks, and exposes a bounded 
reduction to the grid. 

The evidence base is still early. Many utilities, regulators, and planners remain skeptical about 
how much data center load will actually flex once customer contracts, latency requirements, 
service-level agreements, and reputational risk are accounted for. A data center may be 
technically able to move some computation, yet that does not mean a utility can count the 
reduction in a planning study.  

Data center flexibility also has a power-quality dimension distinct from simple load shifting. An 
executive at a power-electronics and storage firm cautioned that AI load is continuously 
changing with no rhythm to it as opposed to being uniform. Some behind-the-meter storage at 
data centers may be needed to smooth fast fluctuations and protect equipment rather than to 
provide grid capacity. Gauraang Biyani in the Stanford MBA program recently published two 
reports on data center flexibility, diving into the details of how these work [16]. He separates 
three concepts that are sometimes conflated, shifting compute in time or geography, using 
batteries to manage intra-site volatility, and using flexible loads elsewhere on the grid to support 
data center interconnection.  

2.2.2 Aggregated Residential Flexibility 
Aggregated residential flexibility, usually discussed as virtual power plants, is the broadest and 
most publicly popular model. It combines thousands or millions of small distributed devices, 
including smart thermostats, electric water heaters, EV chargers, and rooftop solar paired with 
batteries, into a coordinated portfolio that can act like a power plant. The scale potential is real. 
DOE projects that expanding VPP capacity could address a meaningful share of peak load by 
2030 while lowering system costs [17]. DOE also finds that a VPP of residential thermostats, 
water heaters, EV chargers, and batteries can provide peaking capacity at materially lower net 
cost than a utility-scale battery or gas peaker. Residential VPPs are compelling because they 
reduce local peak demand, lower customer bills, and create a visible consumer-facing path to 
grid modernization. 
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Exhibit 6: Net cost to a utility of procuring 400 MW of resource adequacy is roughly $43 per 
kW-year for a basic virtual power plant, $69 for a utility-scale battery, and $99 for a gas peaker, 
illustrating why aggregated demand-side capacity can substitute for supply-side build at 
materially lower cost [17]. 

Residential aggregation also exposes the gap between theoretical scale and planning-grade 
deliverability. A utility facing a local substation or feeder constraint usually needs dependable 
relief from a specific part of the network, rather than a probabilistic portfolio of small devices 
spread across a territory. Residential resources require very large customer counts, sustained 
acquisition and retention effort, and consistent telemetry and control across heterogeneous 
devices and vendors. Even when pilots perform well, utilities stay cautious about accrediting the 
full claimed value, because participation, communications reliability, and local deliverability vary. 
For broad peak shaving and system flexibility, residential VPPs are likely indispensable; for 
large, site-specific capacity problems, they are often too fragmented to substitute cleanly for a 
few large, contractually controlled loads. 

2.2.3 Commercial Flexibility 
Commercial flexibility occupies the middle ground between residential aggregation and 
industrial demand response. The resources are familiar, including heating, ventilation, and air 
conditioning (HVAC) in large buildings, thermal mass for pre-cooling, building automation, and 
behind-the-meter batteries on commercial campuses. Compared with residential demand 
response, commercial sites generally have better controls, fewer counterparties, and more 
predictable operating patterns, which makes them easier to enroll and dispatch. Many can 
deliver useful one-to-four-hour flexibility with limited disruption, especially when the strategy 
shifts load rather than shutting equipment off. 

However, most commercial sites are materially smaller than large industrial facilities, so the 
megawatt yield per contract is lower. Split incentives between building owners and tenants 
complicate investment in controls, storage, or program participation. Although commercial loads 
are often easier to curtail than industrial process loads, they are more likely to be bound by 
occupancy and comfort constraints that narrow dispatch windows on the hottest or coldest days. 
Commercial flexibility is useful, yet it rarely combines the load concentration, production-linked 
value, and multi-year commitments that define the best industrial opportunities. It is an important 

Page 17 of 28 



Industrial Flexibility: Turning Industrial Load into Grid Assets​ Stanford GSB - Spring 2026 

middle layer that is more reliable and scalable than purely residential aggregation, but usually 
less consequential per site than industrial load. 

2.2.4 Industrial Flexibility 
Industrial flexibility stands out for the size, variability, and concentration of its loads. A single 
facility may represent several to tens of megawatts at one point on the grid, so even modest 
percentage adjustments create meaningful local relief. The customer base differs too. Industrial 
operators are already accustomed to interval metering, complex tariffs, maintenance planning, 
and multi-year commitments. The Federal Energy Regulatory Commission (FERC)’s 2025 
Assessment of Demand Response and Advanced Metering offers a useful reality check. 
Industrial customers accounted for 13,840 MW of potential retail peak demand savings in 2023, 
45 percent of the national total, exceeding both residential and commercial classes. They also 
reported a 75 percent advanced-metering penetration rate, so the telemetry foundation for 
auditable programs is more developed than often assumed [18]. 

This does not make industrial flexibility simple or universal. Many industrial processes are 
continuous, safety-critical, or tightly tied to product quality, and not every large plant is a viable 
demand response resource. But rather than shutting a full factory down, the best industrial 
flexibility can come from specific sub-loads, such as motors and pumps, compressed air, 
refrigeration, thermal buffers, and on-site generation that changes net grid import during 
constrained hours. Because the resource is concentrated in fewer, larger sites and can be 
expressed in operationally bounded terms, industrial flexibility is well suited to the local, 
auditable capacity relief utilities value, though this depends on the flexible plant sitting at the 
same node as the constraint, which may not hold in fast-growing, constrained urban networks. 
That mix of scale and credibility makes it the focus of this paper. 

2.3 The Case for Industrial Demand Flexibility 
The case for industrial demand flexibility rests on several factors, and scale is where it starts. 
Industrial loads are large enough to matter at the circuit, substation, and system levels, and 
demand-response data show they already supply a meaningful share of enrolled dispatchable 
demand in many regions. A single facility can offer megawatts of relief at one interconnection 
point, and a portfolio of such facilities becomes a planning-relevant resource once the 
reductions are measured, contractually committed, and locationally deliverable. Scale also 
frames the data center debate. Although data centers dominate the load-growth conversation 
(see §1.1.1), industrial retail electricity sales were about 1,035 TWh in 2024, roughly 26 percent 
of U.S. retail sales and several times larger than the data center base [19]. That gap is expected 
to persist even as it narrows over the coming decade, so the industrial base remains one of the 
largest existing demand segments on the grid, far from a niche source of flexibility. 

Size alone does not decide which loads should flex first. Flexibility is best dispatched from the 
lowest-opportunity-cost load that can solve the relevant constraint, rather than from the largest 
or most visible new one. Data centers often derive very high economic value from each 
megawatt-hour, because electricity supports high-margin computing, so they tend to have a 
higher willingness to pay for firm service than other customers. When the goal is to maximize 
total economic output while maintaining reliability, curtailing a data center first can be inefficient 
if an industrial, commercial, or municipal load can provide the same relief at lower cost. This 
points to a flexibility merit order in which the first resources called have low production losses, 
clear operating buffers, reliable metering, and acceptable customer risk, while 
higher-opportunity-cost loads participate at compensation that reflects the value they forgo. A 
well-designed program sorts flexible resources by locational usefulness, performance 
confidence, and opportunity cost, rather than by sector. 
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Even data centers benefit when industrial flexibility is available. An executive at a grid-software 
vendor frames a data center as a changing stack of compute work rather than one monolithic 
load, noting that “every moment in time, they have a different stack of compute loads,” with the 
lowest-priority tier representing work that is theoretically movable. The difficulty is timing, 
because a grid constraint may arrive when the facility is running mostly high-value compute, so 
“it’s not guaranteed that those two timings match up.” In those hours the data center wants a 
backstop, today usually on-site batteries. An incumbent industrial facility in the same 
constrained transmission area can serve that function at lower marginal cost than a dedicated 
battery, provided its response is contractually firm and dispatchable on the same notice horizon. 
With industry estimates putting hyperscaler capacity value in the tens of millions per MW for 
accelerated interconnections, well above the cost of an industrial controls or buffer upgrade, 
industrial flexibility is one of the few resources that can meet a data center’s reliability bar, 
potentially at the right location and notice, at a cost the data center can underwrite. 

This flexibility also comes in the durations grid planners care about. According to a Western 
utility, some industrial chemical plants in its territory can regularly shed three to ten megawatts 
for three to four hours, and a few can turn compressors off for up to 24 hours, especially where 
the process has storage or redundancy built in. That range may stretch further as grids lean 
more heavily on renewable supply. Most of the flexibility discussed in this paper operates over 
hours, but a smaller and more exploratory line of research points to value at seasonal horizons, 
where demand and renewable output can drift out of step for weeks at a time. Modeling of 
aluminum smelting in China illustrates the possibility, finding that energy-intensive plants 
carrying spare capacity could concentrate production when power is plentiful and idle whole 
lines during prolonged scarcity, at a system saving large enough to offset the added storage and 
maintenance cost [43]. A load that can stand down for weeks would act as seasonal storage on 
the demand side, the kind of resource a renewable grid finds hardest to build, and it recasts 
overcapacity, usually written off as a stranded liability, as something a grid could choose to 
retain. The use of industrial capacity as this type of long-duration seasonal storage is still novel, 
and while it is not the core focus of this paper, it is a worthwhile area for further investigation. 

The second pillar is institutional credibility. Industrial operators are better positioned than 
residential customers to negotiate multi-year commitments, invest in controls and metering, and 
accept explicit performance obligations. By leaning on those contractual commitments, utilities 
can plan with more certainty than probabilistic models allow. The limitation is that industrial 
flexibility must be designed around plant economics and operational intrusiveness. The same 5 
MW reduction may be cheap from a chilled-water buffer or compressed-air optimization, but 
costly if it changes staffing, workflow, product quality risk, or production-line operation. 
Separating those cases before dispatch is the core program-design task. Industrial resources 
are rarely the fastest, and many need day-ahead or hour-ahead notice rather than sub-minute 
dispatch, which is usually acceptable for recurring peak events. For planning, the relevant 
question is whether the resource can deliver a bounded reduction under repeatable conditions, 
with commercial consequences for non-performance. 

Regulatory and commercial maturity reinforces this credibility. Residential virtual power plants 
are scaling, but their rules, protocols, and valuation methods remain uneven across 
jurisdictions. Data center flexibility is receiving intense attention, yet many of its most important 
pathways, especially flexible interconnection and third-party capacity-offset structures, are still 
emerging through pilots, bespoke agreements, and early tariff reforms. Industrial demand 
response sits on a thicker institutional foundation, since existing programs already assign large 
customers firm service levels, event caps, telemetry requirements, baselines, penalties, and 
settlement rules. That foundation leaves the sector-specific challenges discussed later 
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unresolved, yet industrial flexibility still starts closer to planning-grade status at scale than the 
public conversation often recognizes. 

A final reason is timing. Flexibility is becoming a condition of grid connection rather than an 
optional feature, and the shift is already visible. Utilities such as Silicon Valley Power and 
Portland General Electric now typically require new data centers to connect flexibly (see Part 2, 
§1.3.2), and that expectation is moving outward. New and electrifying industrial loads will likely 
meet the same constrained grids, interconnection queues, and speed-to-power pressures that 
made flexibility a prerequisite for data centers, which makes them the natural next candidates to 
be designed flexible from the start, saving millions per facility compared with flexibility retrofits. 
The existing industrial base, which already holds firm service, is the harder and later case, yet it 
is also the largest pool of latent flexibility on the system. Industrial flexibility is therefore the next 
focus area of a shift already underway because of the data center boom. 

This remains a conditional thesis. Industrial flexibility will not replace residential virtual power 
plants, nor eliminate the need for transmission and distribution upgrades, and some sectors will 
stay too bespoke, risky, or operationally constrained to scale. The opportunity in industrial 
flexibility can be described as tranches: if sub-loads are properly defined, there may be some 
that can yield capacity that is significantly more economically viable than the alternative of 
building more infrastructure or curtailing a data center. Comparative evidence suggests 
industrial demand flexibility is one of the more underexplored near-term tools for grid-capacity 
relief, because it combines large site loads, relatively mature measurement infrastructure, and a 
more legible path to contractual accountability than competing resource classes. 

 

Exhibit 7: Illustrative depiction of the flexibility cost curve. Industrial flexibility is a tranche-based 
merit order, not a single resource. Low-disruption sub-loads such as pumps, compressors, 
refrigeration, thermal buffers, and batch sequencing may provide capacity below the locational 
grid-value band, while deeper production cuts and shutdowns can become uneconomic once 
throughput, quality, and restart costs are included. Source: Author illustration. Costs, tranches, 
and grid-value band are illustrative and do not represent a specific facility, tariff, or market price. 
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2.4 Emerging Roles of Industrial Flexibility 
Industrial flexibility as a capability is decades old, since large plants have long shifted load, or 
shut down, to manage their bills and to support the grid in emergencies. What has changed is 
the value the system now places on it. As new load arrives faster than the network can be 
rebuilt, the same operating flexibility takes on four distinct roles, each drawing on a different 
source of value. 

It can accelerate the arrival of new power, relieve the specific places where the grid is already 
tight, hedge a load forecast that no one can pin down, and lift the long-run efficiency of the 
system as a whole. The roles overlap in practice, yet each makes its own case, and together 
they explain why industrial flexibility deserves a central place in the response to the coming 
demand wave. 

2.4.1 Accelerate Speed to Power 
For a growing class of grid customers, the scarcest resource is time. A data center that cannot 
energize for four years, or a factory that cannot run a new electric furnace until a substation is 
rebuilt, loses revenue, market position, and sometimes the project itself. The conventional 
interconnection process offers these customers only full firm service with a wait measured in 
years. Flexibility breaks this paradigm. By accepting a defined limit on its draw during the 
handful of constrained hours in a year, a customer can begin operating well before the grid is 
rebuilt around it, and the utility avoids reserving scarce capacity for hours when the customer 
would not use it. 

For data centers, the value of this accelerated speed to power is immense. Power has become 
the number one constraint on new data center developments, because costly data center 
hardware depreciates quickly. This incentive has driven the renewed attention on load flexibility; 
however data centers still face challenges. The technical know-how to make data centers 
flexible is still nascent, and they generally cannot risk being unexpectedly curtailed. 

Industrial sites are unusually well placed to take this route, especially when they electrify or 
expand. A new increment of electric load, an added boiler, furnace, compressor train, or process 
line, can often be carried on conditional terms and kept separate from the plant’s existing firm 
service, so the core operation never bears the risk. The payoff is counted in years of earlier 
output, set against transmission projects that routinely take close to a decade to complete. The 
long-term buildout is still required, and flexibility simply lets productive load start earning while 
that buildout proceeds. 

2.4.2 Relieve Near-term Constraints 
Scarcity on the grid is local before it is general. A region can hold ample energy across the year 
and still be unable to serve a new customer at one substation during a dozen stressed hours, 
because the binding limit sits on a particular transformer, feeder, or transmission interface. A 
resource helps with that bottleneck only when it sits electrically close to it, which is what gives 
industrial flexibility an edge here that diffuse, system-wide resources lack. 

A single plant can place several to tens of megawatts behind one interconnection, so even a 
partial reduction can free real headroom at the asset that constrains it. A few megawatts of 
dependable reduction in the constrained window can substitute for a transformer or feeder 
upgrade that would otherwise cost millions and take years to build. The role is strongest for 
incumbent plants already embedded in the tight pocket, since they bring service history, interval 
data, and a fixed location, and a plant inside the affected area can release capacity that a new 
project elsewhere cannot. Everything here rests on performance a planner can rely on, because 
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no utility will defer an upgrade against a reduction it cannot measure, enforce, and count when 
the constraint binds. 

2.4.3 Hedge Uncertain Load Growth 
Planners now work from forecasts they cannot trust. Demand projections swing by gigawatts 
between cycles as data centers and other loads appear in concentrated and often speculative 
blocks, while much of the announced load will move location, slip in time, or never reach its 
requested scale. The hard question has shifted from how much load will grow to which of these 
projects will actually appear, where, and when. 

Major infrastructure is not an ideal solution in such uncertain conditions. These assets are slow 
to build and nearly impossible to unwind once approved, so a planner who builds for the high 
forecast risks stranding capital on load that never arrives, while one who builds for the low 
forecast risks turning customers away. Flexibility offers a way through, because it can be 
procured in small increments, aimed at the places under pressure, and adjusted as real load 
reveals itself. A utility can extend a flexible industrial resource modest credit at first and revise it 
as performance data accumulate, or lean on it to bridge the gap between load that has arrived 
and infrastructure that has not. Its value behaves like an option. The grid secures the right to 
call on a reduction during uncertain peaks while keeping the freedom to build firm capacity once 
the picture clears, and that option grows more valuable as the forecast grows more volatile. 

2.4.4 Build a More Efficient Grid 
The first three roles answer the present scramble for capacity. The fourth concerns the kind of 
grid that scramble leaves behind. A system sized for its rare peaks runs far below its capability 
in most hours, as the load-factor evidence in Section 1.2 showed. Of course, some of that slack 
is deliberate margin for reliability and to allow headroom for further growth, and to maintain 
maneuverability for grid operators. The difficulty is that a grid which keeps meeting growth by 
building for ever-higher peaks risks growing steadily more expensive, especially if some of that 
growth does not materialize and customers carry the cost of capacity that sits idle the rest of the 
year. 

Controllable demand can help alleviate this concern. When an industrial load can stand down 
during the narrow windows that set the peak, it raises how much useful work the existing 
network performs without eroding the margin that keeps the system safe. The gain is also an 
affordability strategy. A deferred transformer, smaller substation upgrade, or more load served 
behind existing wires reduces the capital that must be recovered through rates. This is the most 
durable of the four roles and the slowest to realize, because it depends on regulators and 
utilities treating utilization as a planning objective instead of defaulting to construction. It also 
marks the limit of what flexibility can do, making existing transmission, distribution, generation, 
and storage go further without standing in for them. 

These four roles show the potential value that load flexibility can bring, with much of it being 
untapped today. Speed to power and local relief act on the immediate bottleneck, hedging buys 
time against an uncertain future, and structural efficiency reshapes the long-run cost of the 
system. All four rest on the same precondition. Each depends on turning a plant-level operating 
capability into a resource that planners can count, operators can dispatch, and capital providers 
can finance.  
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3. From Context to Action 
Part 1 has established the premise that industrial flexibility matters only if it can be made 
planning-grade. The opportunity is not simply to identify loads that can move; many industrial 
facilities already contain some movable load. The harder question is when that movement is 
reliable, locationally useful, commercially worthwhile, and credible enough to change 
grid-planning decisions. 

Parts 2 and 3 turn to that execution problem. Part 2 examines how industrial flexibility can be 
paid for and why adoption remains difficult, and Part 3 sets out what must change to convert 
plant-level capability into trusted capacity. The next 12 to 24 months are important because data 
center interconnection pressure is forcing utilities, regulators, and market participants to define 
new flexibility models now. The question is whether those models remain bespoke solutions for 
new large loads or become the foundation for a broader market in industrial flexibility. 
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