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Executive Summary  
Residential demand control—managing and shaping electricity consumption at the home level—has emerged as a 
critical element for enabling a flexible, reliable, and decarbonized electric grid. As distributed energy resources 
(DERs) such as rooftop solar installations proliferate and electric vehicles (EVs) become more common, the 
traditional one-way power flow paradigm is giving way to a dynamic, bidirectional network. In this network, homes 
can act not only as consumers but also as resources. By shifting or temporarily reducing loads—for instance, 
adjusting air conditioner cycles, delaying water heater operation, or scheduling EV charging—utilities and system 
operators can balance supply and demand more effectively, reduce peak capacity requirements, and integrate 
renewable energy at scale. This white paper explains why residential demand control matters, quantifies its value, 
examines implementation strategies, addresses technical and regulatory challenges, and offers recommendations 
for stakeholders seeking to harness the full potential of homes as active grid assets.

1. Introduction  
The electric grid is undergoing a profound transformation. Historically, centralized power plants delivered 
electricity to passive consumers, who had little influence over when or how they consumed energy. Monthly billing 
data and, at best, hourly interval reads sufficed for planning and operations in that era. Today, however, 
aggressive decarbonization targets, rapid adoption of rooftop solar, smart thermostats, and the electrification of 
transportation and heating loads demand a new level of real-time visibility and control. Residential demand 
control addresses this need by focusing on load flexibility at the source—the home. Instead of building new 
peaker plants or upgrading transformers when peak demand arises, utilities can defer or even avoid these capital-
intensive investments by reducing consumption during critical hours. Automated demand response, time-of-use 
pricing, and direct load control programs enable homes to respond to grid conditions in real time. As grid 
operators deploy distribution management systems (DMS) and distributed energy resource management systems 
(DERMS), residential demand control becomes not just a consumer benefit but a core grid reliability strategy. This 
paper contends that grid flexibility begins at home, and it explores how to design, deploy, and scale effective 
residential demand control programs that deliver measurable value to all stakeholders.

2. The Role of Residential Demand Control in Modern Grids  
Over the past decade, the proliferation of rooftop solar panels and the increasing affordability of battery storage 
have broken down the traditional one-way electricity delivery model. Where once power flowed strictly from 
central generation plants to end-users, the modern grid must accommodate two-way flows: solar arrays feeding 
back into distribution lines and home batteries discharging to support local demand. At the same time, the 
electrification of transportation has introduced a new category of load. In the absence of management, an electric 
vehicle charging session can draw several kilowatts from the grid, often coinciding with existing peaks in air 
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conditioning or cooking loads. If uncoordinated, the combined effect of EV charging and heat pump adoption can 
drive distribution feeders well beyond their designed capacities.

Residential demand control encompasses a suite of strategies designed to intervene at the home level. Direct 
Load Control (DLC) programs allow utilities or third-party aggregators to cycle specific devices—such as air 
conditioning compressors, water heaters, or pool pumps—during peak hours. Automated Demand Response 
(AutoDR) leverages smart thermostats and connected appliances to adjust setpoints or shift operation schedules 
without manual intervention. Time-of-Use (TOU) and dynamic pricing programs signal homeowners or their 
automated systems to shift discretionary loads, like laundry or EV charging, to times of lower overall demand. 
Behavioral demand response programs complement these automated approaches by sending price or reliability 
alerts to customers, who then manually adjust their usage.

Collectively, these approaches transform residential homes into a virtual power plant (VPP), capable of delivering 
megawatts of flexibility in seconds. By coordinating home-based resources with smarter grid management 
platforms—DERMS on the distribution side and energy management systems on the utility side—residential 
demand control becomes a scalable, cost-effective alternative to expensive capacity additions and fossil-fuel–
based peaker plants.

3. Quantifying the Value Proposition  
Residential demand control offers several quantifiable benefits that accrue to utilities, customers, and society at 
large. First, the reduction and shifting of peak demand have a direct impact on capacity planning. In many regions, 
the cost of serving the top 100 peak hours can represent 10 to 20 percent of a utility’s annual operating expenses. 
By curbing residential loads during critical afternoon or evening peaks—when air conditioning and lighting 
demand coincide—utilities can defer costly upgrades to transformers, distribution lines, or peaker plants. For 
example, if a distribution feeder is close to its 1.5 MW limit and upgrading to a 2 MW transformer plus associated 
infrastructure costs $1.2 million, delaying that project by three to four years through demand control can save 
more than $300,000 in net present value.

Second, residential demand control can participate in ancillary service markets. A virtual power plant consisting of 
thousands of smart thermostats and connected water heaters can provide frequency regulation, ramping up or 
down their consumption in response to grid signals. Although regulation market prices typically range between 

15 per kilowatt-year, stacking revenue streams from contingency reserves and capacity markets can make 
aggregated residential resources economically viable. For instance, if each home in a 5,000-household aggregation 
can reduce load by 1 kW on command, the VPP offers 5 MW of flexible capacity. At $12 per kilowatt-year for 
regulation plus $5 per kilowatt-year for reserves, the program could generate $85,000 to $90,000 annually.

Third, customers themselves see tangible bill savings. Time-of-Use rate structures, which charge higher rates 
during peak periods and lower rates during off-peak hours, depend on shifting specific loads. A typical home 
charging an EV for three hours daily at 4 kW at a flat rate of $0.15 per kilowatt-hour spends $1.80 per day, or 
roughly $657 per year. If that same charging occurs during off-peak hours at $0.08 per kilowatt-hour, annual 
charging costs drop to $350. Even after accounting for slight inefficiencies or behavioral limitations, the household 
can save several hundred dollars per year. Rebates for smart thermostats—often around $75 to $100 per device—
combined with $0.20 per kilowatt-hour incentives for curtailed load, can deliver an additional $100 to $150 
annually per household without significant comfort compromises. These bill savings, when communicated 
effectively, drive higher enrollment and foster goodwill toward the utility or program administrator.
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Finally, there are broader environmental and social benefits. By reducing reliance on gas-fired peaker plants, 
demand control programs lower nitrogen oxide (NOₓ), sulfur dioxide (SO₂), and carbon dioxide (CO₂) emissions. 
Deferring or avoiding distribution upgrades also keeps utility rate bases lower, mitigating bill increases for all 
customers. When low-income households participate through subsidized device installations and enhanced 
incentives, they experience lower energy burdens while the grid gains more aggregated flexibility.

4. Implementation Approaches and Technologies  
Successful residential demand control hinges on selecting the right mix of technologies and program designs. 
Traditional Direct Load Control programs often revolve around installing radio-based or mesh-based switches on 
air conditioning compressors, water heaters, or pool pumps. These switches respond to hourly or sub-hourly 
signals from the utility, cycling the devices off and on in a predefined pattern—perhaps 10 minutes on, 15 minutes 
off—during peak events. While DLC is straightforward and reliable, it offers limited modulation beyond binary 
on/off control and can cause customer dissatisfaction if cycling occurs too frequently.

Automated Demand Response to modernize and refine this approach leverages smart thermostats and 
connected appliances. Devices from companies such as Nest or Ecobee connect to cloud platforms that receive DR 
signals from utilities or aggregators. During an event, these thermostats might adjust temperature setpoints by 
one to three degrees, slightly reducing HVAC power draw without occupants noticing. Water heaters and pool 
pumps can be rescheduled to operate when demand is lower, and EV charging can be deferred to off-peak 
periods. The advantage of AutoDR is its granularity and minimal impact on comfort; users barely notice the 
adjustment, and the load reductions can be measured precisely. However, AutoDR requires robust cloud 
integration, open (or proprietary) communication protocols, and ongoing firmware support. Because utilities must 
manage numerous device vendors and models, implementing AutoDR can be complex.

Time-of-Use and dynamic pricing programs represent another path. Under a TOU rate structure, electricity is 
cheaper during off-peak hours (for example, $0.08 per kilowatt-hour overnight) and more expensive during peak 
periods (for example, $0.30 per kilowatt-hour in late afternoon). Customers respond by shifting discretionary 
consumption—running dishwashers after midnight, charging EVs before sunrise, or doing laundry on weekends—
to times when rates are low. Dynamic pricing takes this further by varying rates hourly or by critical event. It 
nudges customers to react to real-time price signals through home-energy management systems or manual 
action. The principal challenge with price-driven programs is reliance on customer engagement: some households 
may lack the flexibility or willingness to change habits, and low-income families might struggle to shift load.

Virtual Power Plants (VPPs) aggregate thousands of homes into a single resource that can bid into wholesale 
markets. DER management systems coordinate the dispatch of smart thermostats, water heaters, pool pumps, 
battery storage, and EV chargers based on market signals. Households install small controllers or gateways that 
communicate device status and accept dispatch commands via secure APIs or message brokers (MQTT). The 
aggregator submits bids to ancillary service markets—frequency regulation, spinning reserves, or contingency 
reserves—and then orchestrates individual loads to track those signals. While VPPs can unlock new revenue 
streams, they face hurdles such as market participation thresholds, metering granularity requirements, and 
verification costs. Nonetheless, as market rules evolve to lower bid-size minimums and streamline settlements, 
VPPs will become increasingly attractive.
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5. Use Cases and Case Studies  
To illustrate the tangible benefits of residential demand control, consider several real-world examples. In a hot-
climate utility territory in the Southwest, peak demand spikes between 4 p.m. and 7 p.m. on summer afternoons 
due to air conditioning loads. Rather than spinning up gas-fired peaker units, the utility enrolled 10,000 homes in a 
smart thermostat program. During dispatched events, each participating thermostat raised its setpoint by two 
degrees, resulting in an average load reduction of 1.2 kW per home for two hours. Aggregated, that equates to a 
12 MW peak reduction—enough to defer a $4 million substation upgrade by three years. Net present value 
savings of approximately $2 million justified the modest incentives (a $0.25 per kilowatt-hour payment to 
participants) and earned the utility significant customer goodwill, as surveys showed over 90 percent of 
participants barely noticed the small setpoint change.

In another case, an aggregator formed a VPP by enrolling 5,000 residential water heaters. Each heater, when 
operating, drew roughly 4 kW. By staggering heating cycles intelligently and adding a cohort of home batteries, the 
aggregator offered 15 MW of regulation-up and regulation-down capacity to the regional grid operator. With 
regulation market clearing prices around $8 per kilowatt-year and contingency reserve payments at $5 per 
kilowatt-year, total annual revenue approached $65,000. The aggregator then added EV chargers—each capable 
of 10 kW—bringing the VPP capacity to 60 MW and nearly tripling revenues. While the upfront cost of controllers 
and customer rebates was nontrivial, the revenue stack and customer bill savings offset program costs within 18 
months.

A pilot in the Northeast compared customer behavior under a TOU-only program against an AutoDR cohort 
equipped with smart thermostats. Two thousand homes on TOU rates reduced peak consumption by about 4 
percent through manual shifts in behavior—running dishwashers at night or pre-cooling their homes in the 
morning. In contrast, another 2,000 homes with automated control saw a 12 percent reduction during peak hours 
with no homeowner intervention. The lesson was clear: although TOU rates are valuable, their impact is muted 
without automated systems. Investing in smart devices can yield three times the peak reduction for only slightly 
higher up-front costs.

These examples demonstrate that residential demand control’s value is not theoretical. Peak shaving, market 
participation, and customer bill savings create a compelling financial case. When combined with environmental 
benefits—such as reduced reliance on high-emission peaker plants—and social equity considerations—targeting 
low-income households for subsidized device installations—residential demand control becomes central to 
modern grid strategy.

6. Technical Considerations and Architecture  
Implementing residential demand control requires carefully designed communication, data management, and 
device infrastructure. At the foundation lies the advanced metering infrastructure (AMI) or smart meter network, 
which typically provides 5- to 15-minute interval reads. While this level of granularity is sufficient for TOU and 
some automated programs, participation in ancillary service markets often necessitates one-minute or sub-
minute telemetry. Achieving that may require edge gateways in homes—small devices that collect higher-
frequency pulse data or connect to non-intrusive load monitoring (NILM) sensors. These gateways disaggregate 
home loads (air conditioning, water heating, pool pumps, EV charging) and transmit only labeled time series to 
cloud platforms, reducing bandwidth and preserving privacy.
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On the utility or aggregator side, a DER management system ingests telemetry from tens of thousands of homes, 
runs real-time analytics to estimate baselines, and optimizes dispatch schedules. When a regulation or reserve 
signal arrives, the DERMS calculates how each home’s devices should respond—perhaps cycling lawn pumps, 
raising thermostat setpoints, or delaying water heating. Secure, low-latency communications—using protocols 
such as OpenADR 2.0 or IEEE 2030.5 (Smart Energy Profile 2.0)—ensure that command signals reach devices 
within seconds. Latency requirements vary: ancillary services may demand sub-5-second response, whereas peak-
shaving events can tolerate 5- to 15-minute delays.

Accurate baseline estimation is critical for billing and settlement. Baseline algorithms use historical consumption 
patterns, weather variables, and occupancy metadata to predict what each home would have consumed absent a 
demand control event. The difference between the predicted and actual consumption is the measured 
curtailment, which translates into cost savings or revenue credits. Maintaining baseline accuracy demands 
continuous model retraining, anomaly detection for missing or spurious data, and metadata updates when homes 
change equipment—such as replacing an old air conditioner with a high-efficiency heat pump. Periodic ground-
truth submetering in a representative subset of homes helps validate these algorithms and calibrate them over 
time.

Finally, device-level considerations include supporting minimum on/off dwell times to avoid short-cycling HVAC 
equipment, providing homeowners with override options, and ensuring that firmware and security patches can be 
applied remotely. Home-energy management systems consolidate data from multiple devices into a unified 
interface—often a smartphone app or web portal—where customers can review past DR events, see estimated bill 
savings, and adjust comfort preferences. For straightforward implementation, devices should adhere to open 
protocols; however, the current landscape remains fragmented, with each thermostat or connected appliance 
vendor using proprietary APIs. Advocating for broader adoption of industry standards will reduce integration 
complexity and accelerate scale.

7. Policy, Regulatory, and Market Context  
The regulatory environment plays a decisive role in residential demand control programs. In jurisdictions where 
utilities earn profits based on sales volume, there is a disincentive to promote energy efficiency and demand 
reduction. To address this, many regulators have adopted revenue decoupling, which separates utility revenues 
from electricity sales volumes. By further offering performance-based incentives—where utilities earn bonuses for 
achieving peak reduction targets—regulators can align utility motivations with demand control goals.

Measurement and Verification (M&V) protocols provide a standardized framework for quantifying load reductions. 
For example, California’s Resource Adequacy M&V Handbook outlines methodologies for determining baselines, 
reporting curtailment events, and verifying that demand response resources deliver as promised. Adhering to 
such protocols is essential for securing capacity or ancillary service payments in competitive markets. In regions 
with capacity auctions—such as PJM or ISO-New England—aggregated residential load reductions can bid directly 
into those auctions, effectively competing alongside traditional generators. However, minimum bid-size 
requirements and strict telemetry standards often limit small aggregations. As grid operators update their rules to 
lower these thresholds and accept more flexible resources, residential demand control will capture more market 
participation opportunities.
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Data privacy regulations—such as California’s Consumer Privacy Act (CCPA) and the European Union’s General 
Data Protection Regulation (GDPR)—require that utilities and aggregators handle customer consumption data 
responsibly. Clear opt-in agreements must specify how data will be used, who will have access, and how 
consumers can withdraw consent. Anonymizing data to the level of ZIP code or census tract rather than exact 
addresses can meet research needs while protecting individual privacy. Role-based access controls, end-to-end 
encryption (TLS 1.2+ in transit, AES-256 at rest), and rigorous auditing of data queries are non-negotiable best 
practices.

From a market perspective, combining residential demand control with other customer-sited resources—such as 
rooftop solar and home batteries—enables new program designs. For low-income households, pairing subsidized 
smart devices with energy efficiency upgrades (such as insulation or LED lighting) can offer deeper savings and 
resilience benefits. Community solar projects that include automated demand control for participating homes 
yield compounded value: participants receive discounted solar power, reduced bills through demand response, 
and a share of community resilience during grid outages.

8. Challenges and Barriers to Adoption  
Despite the compelling case, residential demand control faces several obstacles. Customer recruitment and 
retention often prove difficult. Many homeowners remain unaware of demand response benefits or distrust 
allowing utilities to control “their” devices. Clear communication materials—explaining how little comfort impact 
occurs when a thermostat setpoint is adjusted by a degree or two—help build trust. Allowing customers to opt out 
of specific events, set maximum numbers of annual dispatches, or manually override controls fosters a sense of 
control that reduces churn.

Technological interoperability remains another hurdle. Although the smart thermostat and connected-appliance 
markets are growing rapidly, each vendor uses proprietary communication protocols. As a result, utilities must 
maintain multiple integrations, each requiring separate testing and support. Standardizing on protocols like 
OpenADR 2.0 and Green Button Connect My Data would streamline this ecosystem, but broad industry adoption 
is still catching up. Meanwhile, many homes lack interval meters or any form of smart devices; retrofitting at scale 
can be cost-prohibitive when multiplied by tens of thousands of customers. Utilities may need to collaborate with 
state energy offices or third-party providers to co-fund deployments in under-served areas.

Accurate baseline estimation continues to be complex. Homes with irregular occupancy patterns—such as multi-
generation households, work-from-home professionals, or vacation properties—exhibit significant variability. If 
baseline models misestimate what the home “would have” consumed, measured curtailment may be 
underreported or overreported, undermining program credibility. Third-party M&V providers add to program 
costs, and smaller pilots may struggle to cover these fees. Regulatory uncertainty, including the potential for mid-
implementation rate design changes, also complicates long-term program planning. When Time-of-Use structures 
shift or critical-peak pricing rules are altered, program participants may experience confusion or unexpected bills, 
leading to dissatisfaction.

Finally, market barriers in wholesale capacity or ancillary service auctions can limit the value streams residential 
demand control can tap. Minimum bid sizes, settlement timelines, and telemetry requirements often favor large-
scale, fast-responding resources such as batteries or industrial DR. Until market rules evolve to explicitly 
accommodate smaller, aggregated residential portfolios, many potential revenue opportunities remain untapped.
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9. Recommendations and Best Practices  
To overcome these challenges, utilities, aggregators, device manufacturers, regulators, and policymakers should 
collaborate on several key fronts. First, utilities should launch targeted pilot programs in areas with high 
concentrations of smart meters and existing device penetration. By working closely with a cohort of early 
adopters, they can refine baseline algorithms, test communication protocols, and gather rich customer feedback. 
Documenting pilot results transparently—both the quantitative load reductions and qualitative customer 
satisfaction data—creates a persuasive case for broader rollouts.

Second, deploying hybrid control strategies that combine direct load control for certain devices (such as water 
heaters and pool pumps) with automated thermostat-based DR and dynamic pricing for discretionary loads 
maximizes flexibility while minimizing disruptions. For example, cycling water heaters during mid-day solar peaks 
avoids interfering with occupants’ comfort, while price signals guide EV charging away from evening peaks.

Third, robust customer engagement is paramount. Utilities should provide real-time dashboards or mobile apps 
that empower customers to see when events are scheduled, view historical bill savings, and override controls if 
needed. Clear, simple messaging—explaining that a one- to two-degree thermostat shift is nearly imperceptible 
but can save tens of dollars per year—helps cultivate trust. Offering choice—such as capping the total number of 
DR events per season—allows customers to feel in control, reducing program fatigue and churn.

Fourth, leveraging advanced analytics and machine learning is critical to baseline accuracy and optimization. 
Continually retraining models with fresh data, incorporating weather forecasts, occupancy schedules, and 
equipment metadata, ensures that baseline estimates remain precise. Periodic ground-truth submetering in a 
representative subset of homes helps validate and refine these algorithms. As baseline accuracy improves, 
settlement disputes diminish, and program credibility strengthens.

Fifth, industry-wide standardization of protocols and data formats is essential. Utilities and aggregators should 
advocate for universal adoption of OpenADR 2.0, IEEE 2030.5 (SEP 2.0), and Green Button Connect My Data. 
Device manufacturers, in turn, should embed these protocols in all new products. Standardization reduces 
integration costs, speeds innovation, and creates a predictable environment for program expansion.

Sixth, aligning incentive structures with the full suite of grid benefits ensures financial sustainability. Instead of 
focusing solely on end-user bill savings, incentive programs should reflect the combined value of capacity deferral, 
ancillary service participation, carbon reductions, and environmental credits. When utilities can stack multiple 
value streams—such as capacity payments in wholesale auctions, regulation revenues, and lower distribution 
upgrade costs—program economics become far more attractive.

Finally, public-private partnerships will accelerate adoption and broaden equitable access. Utilities, state energy 
offices, device manufacturers, and non-profits should collaborate on programs that subsidize smart device 
installations for low-income households. Bundling smart thermostat rebates with weatherization or LED upgrades 
reduces up-front barriers for underserved communities. Incorporating community solar subscription offers—
where participants receive discounted solar power in exchange for agreeing to automated demand response—
creates synergistic benefits of resilience, affordability, and grid flexibility.
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10. Conclusion  
Residential demand control represents not just a stopgap measure for peak shaving, but a fundamental enabler 
of the modern, decarbonized, and customer-centric electric grid. By activating the latent flexibility in millions of 
homes—through automated thermostat adjustments, intelligent EV charging, and strategic cycling of water 
heaters and pool pumps—utilities and system operators can defer costly infrastructure upgrades, integrate 
variable renewable generation, participate in ancillary markets, and empower customers with bill savings. 
Although significant technical, regulatory, and behavioral barriers exist, they are surmountable. Clear 
communication, device interoperability, robust data analytics, standardized protocols, and equitable program 
designs will unlock the full potential of homes as dynamic grid assets. In the decades ahead, as electrification 
penetrates deeper into transportation and heating, grid flexibility will indeed start at home; every kilowatt 
curtailed or shifted will contribute to a smarter, cleaner, and more resilient electricity system.
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