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Abstract: In regions where natural gas is used for both power generation and heating buildings,
extreme cold weather events can place the electrical system under enormous stress and challenge
the ability to meet residential heating and electric demands. Residential demand response has
long been used in the power sector to curtail summer electric load, but these types of programs in
general have not seen adoption in the natural gas sector during winter months. Natural gas demand
response (NG-DR) has garnered interest given recent extreme cold weather events in the United States;
however, the magnitude of savings and potential impacts—to occupants and energy markets—are
not well understood. We present a case-study analysis of the technical potential for residential natural
gas demand response in the northeast United States that utilizes diverse whole-building energy
simulations and high-performance computing. Our results show that NG-DR applied to residential
heating systems during extreme cold-weather conditions could reduce natural gas demand by 1–29%
based on conservative and aggressive strategies, respectively. This indicates a potential to improve
the resilience of gas and electric systems during stressful events, which we examine by estimating the
impact on energy costs and electricity generation from natural gas. We also explore relationships
between hourly indoor temperatures, demand response, and building envelope efficiency.

Keywords: demand response; building energy efficiency; energy resilience; building stock modeling;
demand side management

1. Introduction

The coupling of recent cold weather events in the United States with increased utilization of
natural gas for power generation has introduced unique challenges that strain the existing energy
infrastructure. These challenges occur because extreme winter weather increases demand for natural
gas and electric heating while also increasing the risk of failure of the energy system infrastructure
during high wind, snow, and ice conditions. A natural gas thermostat demand response (NG-DR)
program could provide increased flexibility and improve the resilience of natural gas and power supply
during extreme winter events, by curtailing demand at the residential building level. We present
a demand-side approach to improving resiliency to meet peak winter demand, which ultimately
complements the broader research addressing electric grid challenges during extreme weather [1–3].

In late January 2019, the Midwest and Mid-Atlantic regions of the country experienced record
cold temperatures below −20 ◦F (−28.9 ◦C) because of a polar vortex event. The extreme cold resulted
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in record levels of demand for natural gas in the region (Figure 1), caused 150 residential customers to
lose natural gas access for multiple days [4], and resulted in emergency requests from utilities and
local governments for customers to voluntarily reduce their thermostat setting to maintain reliable
operations [5]. The event also interrupted electricity services to approximately 57,000 customers in the
Midwest [4].
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Figure 1. Historical temperature, electricity load, and natural gas consumption data for periods of
extreme winter weather in the Midwest United States. Periods of extreme cold correspond with an
increase in electricity and natural gas demand, which is primarily driven by residential and commercial
heating. Source: U.S. Energy Information Administration [6].

Natural gas demand for power generation is expected to rise steadily in the future [7,8], which
increases risk from weather and non-weather-related events that impact the energy system. During
the cold snap in New England at the end of December 2017, power generation from natural gas was
substantially reduced and replaced by generation from oil, which is typically a more expensive and
environmentally harmful fuel [9,10]. The area’s local system operator has since raised concerns about
the future reliability of the power system because of reliance on natural gas during these types of
events [11]. In California, the ability to import natural gas for power generation has been limited by
the reduction in gas storage from the Aliso Canyon leak in 2015 [12], combined with other planned and
unplanned pipeline outages [13]. Natural gas infrastructure has not necessarily expanded in tandem
to meet growing demand, especially in the northeast United States. In early 2019, a utility in New York
and two utilities in Massachusetts issued moratoriums on new residential and commercial natural gas
hookups in parts of their service areas because of interstate pipeline constraints during cold weather
months [14,15]. Even though natural gas supply is abundant, events that cause extreme demand for
natural gas (e.g., cold snaps) or unexpected failures of infrastructure (e.g., Aliso Canyon leak) can still
result in system failures.

The ability to reduce energy consumption during any event that strains natural gas resources
could reduce system stress and increase reliability and resilience. Retail electric demand response
(DR) programs have long been in use to reduce peak electric demand during periods of system stress,
typically on hot days during the summer, with limited requests during the winter as emergency
measures [16,17]. In 2018, there were 9.75 million customers enrolled in electric demand response
programs, corresponding to 31 GW potential peak savings, and 12.5 GW actual peak savings [10];
potential savings from customers enrolled in electric demand response programs represented 6% of
peak demand within ISO and RTO regions [18]. Comparatively, there have only been a few pilot
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NG-DR programs implemented over the last few years, which are relatively limited across geography
and customer reach [19–23].

Although numerous studies have explored energy savings from thermostat setbacks of individual
heating systems [24–28], and there have been assessments of the potential value and challenges
facing NG-DR [29], only a few have provided a quantitative assessment of the potential for a NG-DR
program used at scale. A series of reports by the Brattle Group quantified a NG-DR supply curve by
a top-down examination of the historical relationship between outdoor temperature and aggregate
demand [30–32]. However, this approach does not account for heat transfer dynamics occurring
at the building-level, nor does it offer insight into the coldest period when demand is highest and
infrastructure is most constrained. There is also limited information on savings from pilot programs
and operational experience. Consumer’s Energy in Michigan reported that their emergency call for
voluntary reduction in January 2019 resulted in 10% savings in demand [33]. The Southern California
Gas Company savings reported for their pilot program ranged from not statistically significant to 3.7%,
depending on customer class and program design [34].

The novel contribution of this study is the application of a highly granular bottom-up building
stock model to analyze the technical potential of NG-DR for residential heating, providing new insights
into the potential impacts on buildings, energy markets, and the power sector. We evaluate tradeoffs
between building comfort and demand reductions during extreme cold and mild weather conditions
in the northeast United States, and ultimately inform whether NG-DR programs can be effective
strategies to improve natural gas and power sector resilience during high-stress scenarios. Previous
studies have been limited in analyzing the technical potential of NG-DR; instead, they have focused on
highlighting regulatory, economic, behavioral, and other implementation challenges facing theoretical
NG-DR programs [35,36], which we do not address here.

Case Study of the 2017–2018 Northeast Winter

A summary of meteorological, natural gas, and power system data for the winter of 2017–2018
is presented in Figure 2. The period of interest for this case study is the bomb cyclone system that
occurred in the Northeast from 5 to 7 January 2018. This period is noteworthy because of the multiday
nature of the event, with daily temperatures within the ISO-NE region remaining well below average
and occurring immediately following a previous cold spell the last week in December. This prolonged
cold increased demand for natural gas, with deliveries from the regional Algonquin and Tennessee
pipelines to the local distribution companies (LDC) that serve retail customers reaching the highest
level of the previous 10 winters. This led to spikes in real-time price for natural gas, reaching USD
82/MMBtu on the Algonquin pipeline, after being below USD 10/MMBtu for the first three weeks of
December 2017. Concurrently, daily average wholesale electricity prices in ISO-NE spiked, with the
average daily real-time price reaching USD 288/MWh, compared to an average of USD 55/MWh in the
first three weeks of December 2017. Electricity generation from natural gas fell from 161 GWh on 18
December 2017, to 70 GWh on 7 January 2018, and was generally replaced by generation from oil. Over
the time span of the event, these types of cold weather events that can cause sustained multi-day high
electricity prices and electricity generation from oil contrast with summertime power sector peaks,
which typically last for a few hours around the hottest part of the day (Figure 2).
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Figure 2. Summary statistics for the New England region for the winter of 2017–2018, highlighting
temperatures (top panel), natural gas deliveries to local distribution companies (LDC) and prices on
the Algonquin pipeline (second panel from top), daily average electricity prices in ISO-NE (third from
top), and daily natural gas and oil generation (bottom). The bomb cyclone and moderate periods
highlighted were selected for detailed modeling in this report. Data compiled from ISO-NE [37].

The Northeast is a good region to examine because of common cold weather events, a high
proportion of electricity generation from natural gas, a lack of large underground natural gas storage,
and constrained natural gas import capacity. In January 2018, residential buildings accounted for
approximately 45% of the natural gas consumed in the northeast U.S., more than the commercial,
industrial, and power generation sectors [38], and are therefore targeted in this case study. This is
further amplified in extreme cold weather events and blizzards, when people are indoors more often,
and commercial and industrial facilities are closed.
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2. Methods

This study leverages building stock modeling capabilities and high-performance computing to
quantify the technical potential of residential natural gas demand response during extreme winter
weather events. Our general methodology is as follows:

1. Establish a baseline set of building energy models representing the approximate 5.4 million
detached homes that use natural gas for heating in the Northeast.

2. Simulate the baseline models to estimate the total natural gas demand.
3. Simulate aggressive and conservative demand response and energy efficiency strategies applied

to the baseline home models.
4. Compare natural gas savings potential and indoor temperature impacts to the building stock and

individual buildings.
5. Model the wholesale market response of natural gas supply and estimate the potential economic

impacts of NG-DR.

2.1. Building Stock Modeling

The ResStockTM analysis tool [39] enables characterization and energy modeling of the 5.4 million
detached homes heated with natural gas in the Northeast. ResStock is a platform that combines
regional home characteristics, robust building energy modeling software, and high-performance
computing to simulate whole-building energy models for the residential building stock in the United
States. The simulation engine used in ResStock is EnergyPlus®, a whole-building energy simulation
program that engineers, architects, and researchers use to model energy consumption [40]. Information
on the calculations within EnergyPlus can be found in the EnergyPlus Engineering Reference [41].
OpenStudio [42] is an application programming interface (API) that wraps EnergyPlus to enable quick
generation of building inputs and complex analyses in ResStock.

To define inputs for the individual building models, distributions of home characteristics in
ResStock are sampled at the climate zone or weather file location level. The Northeast region spans
3 climate zones as defined by the American Institute of Architects (AIA), 9 states, and 26 weather
file locations, as shown in Figure 3. Some of the inputs generated by the ResStock sampling routine
include weather, vintage, heating fuel, HVAC system and efficiency, insulation, home size, windows,
water heating, appliances, and infiltration, each of which have a unique distribution of options, often
dependent on higher-level parameters such as location or vintage. The baseline temperature setpoint
data are queried from the Residential Energy Consumption Survey (RECS) [43]. More than half of
survey respondents already employ some form of thermostat offset during the winter, so baseline inputs
to the ResStock sampling routine include offset magnitude and offset schedule. Of the homes that
have heating setbacks, magnitudes range from 3–11 ◦F (1.7–6.1 ◦C) and the schedules include daytime,
nighttime, and both daytime and nighttime setbacks. Further details regarding the background and
methodology of ResStock can be found in the technical report: Energy Efficiency Potential in the U.S.
Single-Family Housing Stock [39].
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Figure 3. Actual Meteorological Year (AMY) weather locations in the northeast United States.

To model the detached homes that use natural gas for heating in the northeast U.S., 23,270 models
are generated with the ResStock sampling routine, each model is simulated at 10 min timesteps, and
results are scaled to represent 5.4 million homes. Additional models are generated using the baseline
homes with energy efficiency and demand response upgrades applied, as discussed in Section 2.2.
Each building simulation takes approximately 17 s to simulate a 3 day period using a high-performance
computing system, totaling about 610 CPU-hours for all baseline and DR/EE scenarios. By modeling
many homes, we provide a highly granular view of the housing stock across geography, vintage,
construction properties, installed equipment, appliances, and occupant behavior.

2.2. Demand Response and Energy Efficiency Strategies

We analyzed numerous demand response and energy-efficient upgrade scenarios during the
2018 bomb cyclone and during a period of moderate outdoor temperatures. Analyzing the impact of
various strategies relative to a base case demonstrates the range of gas savings technically possible
from NG-DR in the northeast U.S. Table 1 shows the demand response and energy efficiency strategies
applied to the baseline homes in ResStock. We considered two approaches to demand response via
thermostat setpoint control applied to natural-gas-heated homes: (1) conservative demand response
which adds overnight temperature setbacks of varying magnitude to homes currently without setbacks
(2.4 million homes, or 46% of total), and (2) aggressive demand response which sets a constant setback
of 63 ◦F (17.2 ◦C) to homes with settings above this level (5.0 million homes, or 96% of total). Eight
total thermostat demand response scenarios were simulated, spanning cold and moderate outdoor
temperatures. The conservative demand response strategy is designed to reduce gas demand while
limiting impacts on occupant comfort. This strategy is based on the assumptions that temperature
setbacks during sleep are generally more tolerable than during active hours and households with
pre-existing temperature setbacks have likely already maximized their energy savings within the
bounds of occupant comfort. The three variants of the strategy apply 3, 6, and 12 ◦F (1.7, 3.3, and
6.7 ◦C) reductions to each household’s existing thermostat setpoint, covering the range of setback
magnitudes common in the United States [43]. The aggressive demand response strategy is designed
to maximize gas savings by pushing all homes to the edge of comfortable indoor conditions. The basis
for selecting the aggressive demand response setpoint comes from the January 2019 polar vortex event
in the Midwest United States, during which utilities urged customers to set thermostats in the range of
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65 (18.3 ◦C) to 60 ◦F (15.6 ◦C) in certain areas [5]. Example thermostat demand response schedules for
the various baseline schedules are shown in Figure 4.

Table 1. Summary of demand response (DR) and energy efficiency (EE) scenarios.

Scenario Description Applies To
Baseline Normal Home Operation All Homes
Conservative (3 ◦F) Setback homes by 3 ◦F overnight (9 h)

Homes with constant heating
setpoints (46%)

Conservative DR (6 ◦F) Setback homes by 6 ◦F overnight (9 h)
Conservative DR (12 ◦F) Setback homes by 12 ◦F overnight (9 h)
Conservative EE 25% ACH50 reduction

Aggressive DR Setback homes to 63 ◦F (48 h) Homes with existing setpoints
> 63 ◦F (96%)Aggressive EE 50% ACH50 reduction + R-60 attic insulation

Water Heater Remove water heating demand (48 h) All Homes
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Figure 4. Example thermostat schedules for the baseline operation (top) and the resulting schedule
after thermostat demand response (bottom).

Thermostat NG-DR was compared to load shedding from gas water heaters and energy-efficient
building retrofits. The water heater load shedding scenario is calculated by eliminating gas water
heating demand, which is interpreted as an upper bound of the NG-DR potential of water heaters. The
energy-efficient scenarios include conservative and aggressive levels of air sealing and attic insulation,
which are chosen based on common utility energy efficiency programs for existing residential buildings.
The response of each DR and EE scenario was analyzed at the building stock-level and the individual
home level, as discussed further in Sections 3–5.

2.3. Modeling Pricing and Grid Impacts

We examined the potential impact of NG-DR on natural gas and electricity prices by examining
the historical relationship between price and total deliveries to LDCs. The functional form used to
fit both data sets is shown in Equation (1), where x is the total daily LDC delivery, f(x) is either the
natural gas or wholesale electricity price, and x0 and b are fixed parameters used for fitting. The inverse
functional form was chosen as it provided the best fit to both data sets. The regression equations and
curves for modeling gas and electric prices are shown in Figure 5 For natural gas deliveries to LDCs,
the data came from the sum of daily scheduled deliveries to LDCs on the Algonquin and Tennessee
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(zone 6) pipelines [44], which are the major pipelines in the area that serves both LDCs and power
plants. The natural gas prices are calculated as the average daily price on both pipelines weighted
by the daily LDC scheduled deliveries [45]. The daily average wholesale real-time electricity prices
are used directly as reported by ISO-NE [46]. Note that the city-gate price and wholesale electricity
prices only represent a portion of the overall market as some portion of both natural gas and electricity
are secured through bilateral agreements, where the price for each commodity is set ahead of time.
This simple regression of price and volume does not account for the price elasticity of demand and is
presented here as a first order assessment. Nor does it account for market structure which includes
fixed price contracts and consumers who are insensitive to wholesale prices. More comprehensive
co-modeling of the natural gas and power sector operations and demand are required to assess price
impacts with greater accuracy.

f (x) = a(x− x0)
−1 + b (1)
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Figure 5. Average daily prices for electricity and natural gas during the winter of 2017–2018 fit with
inverse functionals shown as dotted lines. (a) Natural gas prices for Algonquin Citygate and Tennessee
zone 6 versus total daily delivery volumes to LDCs on both pipelines, R2 = 0.889. (b) Electricity prices
for the ISO-NE trading hub versus total daily delivery volumes to the LDCs, R2 = 0.793. Data Sources:
S&P Global Market Intelligence for NG volume and price data [44,45]; ISO-NE Pricing Reports, Zonal
Information for electricity prices [46].

We estimated the impact of NG-DR on wholesale electricity prices by subtracting the total NG-DR
savings over a 24 h period from the actual LDC deliveries on that date and inputting into the functional
form. We also estimated additional possible electricity generation from natural gas and oil generation
offset by multiplying the total daily natural gas savings in Btu by the average heat rate for a natural
gas combined cycle generator, which was 7649 Btu/kWh in 2017 [47].

3. Natural Gas Savings Potential of Demand Response

Natural gas system impacts from extreme cold weather occur in the order of days, so gas savings
are calculated across 48 h simulation periods. As seen in Figure 6, the potential natural gas savings
from DR during the cold and moderate events ranges from 1 to 8% in the conservative cases and up to
14–29% in the aggressive cases, relative to the baseline results during each time period. These savings
are similar in magnitude to those arising from the conservative (4–5%) and aggressive (21–24%) EE
scenarios. Thermostat NG-DR savings are also comparable to the total gas water heating demand
(5–12%), which is the upper threshold of water heating demand response potential. In reality, only a
fraction of the water heating demand could be leveraged as a resource, signifying thermostat DR to be
more effective in providing natural gas savings, especially during cold periods.
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Figure 6. Total natural gas reduction from the baselines across 48 h periods of cold and moderate outdoor
temperatures. The percentage of homes in which each case applies is shown in parenthesis in the “Applies
To” column. The percentages shown at the end of each bar are the reductions in total natural gas demand
from the baseline. The cold period refers to 5 January 2018–7 January 2018, coinciding with the bomb
cyclone, and the moderate period refers to 22 January 2018–24 January 2018. ACH50 is the air changes per
hour at 50 pascals pressure differential, a measure of the level of air sealing in a home.

Hourly results of gas demand across scenarios can explain the implications of the various
approaches to demand reduction, as shown in Figure 7. Introducing nightly setbacks in the conservative
strategy creates new minima and maxima in natural gas demand relative to the base case at the beginning
and end of demand response events, respectively. Alternatively, the 48 h aggressive setback maintains
a relatively smooth profile, as nearly all homes are set to a fixed 63 ◦F (17.2 ◦C). However, this case
would accompany a large increase in gas use after the 48 h period when homes return to their original
setpoints. While the timing of these new maxima needs to be considered in the design of a demand
response program, the positive aggregate net savings indicates that the increased demand does not
negate the savings from the NG-DR implementation.
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Figure 7. Total natural gas demand for heating during cold (top) and moderate (bottom) periods in
2018. Demand response (DR) and energy efficiency (EE) measures are applied to 46% of homes in
the conservative scenario, and 94% of homes in the aggressive scenario. The sharp peaks and valleys
shown in baseline, conservative, and energy efficiency profiles are a result of heating setbacks across
homes that occur at the same time each day (i.e., not staggered).

4. Implications of a Diverse Housing Stock

The diversity inherent in residential buildings in the United States means there is no one-size-fits-all
solution to implementing demand response. Homes range widely in terms of efficiency levels,
construction, geometry, and occupant behavior, even within a common state or region, resulting
in wide-ranging responses to load-shedding techniques. ResStock captures this diversity in the
residential building stock, offering a highly granular simulation of demand response strategies across
the 5.4 million gas-heated detached homes in the Northeast. Figure 8 displays the distributions of
gas reductions from homes with thermostat demand response, which demonstrates the diversity in
savings and the influence of load-shedding approaches and outdoor temperature. In general, the more
aggressive an approach is (EE or DR), the wider range of savings observed, particularly during cold
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outdoor temperatures. A small number of data points in the 63 ◦F setback distribution are below
zero because of homes with existing setbacks that fell below 63 ◦F, resulting in negative savings after
applying the demand response.
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Figure 8. Distributions of total natural gas (NG) reductions from demand response and energy efficient
upgrade scenarios from the cold and moderate weather baseline scenarios. Quartiles are represented
by the lines inside each plot. The conservative plot displays all modeled homes, while the aggressive
plot displays approximately 98% of the modeled homes, omitting extreme high and low data points.

4.1. Impact of Conservative Strategies on Indoor Temperature

In addition to gas savings for individual homes, ResStock provides unique insight into expected
occupant comfort impacts. Data on a home-by-home basis are presented in Figures 9 and 10, which
display heatmaps of indoor air temperatures for each building model. The heatmaps convey a
variability in heat transfer dynamics among homes, indicated by temperatures during coasting and
recovery periods. A coasting period occurs at the start of a setback, when temperatures are above the
setpoint and no heating is required, while a recovery period occurs following the setback, and the
heating system is working to recover the indoor temperature to the original setpoint. Select homes
are plotted for a well-insulated and tightly sealed home, as well as an uninsulated and poorly sealed
home. These homes share a climate, have the same setpoint schedule, and the same HVAC equipment,
but differ in the level of air leakage and the wall and roof insulation R-values, which closely influence
heating demand [48].

The conservative demand response approach is designed to limit occupant discomfort by applying
setbacks only during nighttime hours, which are seen as bands of colder temperatures in the 3, 6,
and 12 ◦F plots of Figure 9. Recovery periods are longest during the cold period, taking up to four
hours to reheat a home in some cases, whereas during moderate temperatures, homes recover to the
original setpoint quickly and have a longer coasting period. The differences in the length of coasting
and recovery periods between individual homes are mostly influenced by the energy efficiency of
the building envelope, as demonstrated in the indoor temperature plots shown at the bottom of
Figure 9, which show the effects of insulation and air leakage. During the coldest day, an efficient
home experiences a coasting period that extends over half the length of the 12 ◦F setback period, while
an inefficient home has virtually no coasting period. During warmer days, the efficient building only
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deviates by 3 ◦F (1.7 ◦C), whereas the inefficient building deviates by the full 12 ◦F (6.7 ◦C) of setback.
Therefore, homes with comparable envelope efficiencies to the efficient example could be the best
candidates for a NG-DR program aimed at limiting disruptions to comfort, although savings per home
are much less than homes with less efficient envelopes.
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Figure 9. Heatmap of indoor air temperatures for the conservative approach during cold temperature
(top) and moderate temperature (bottom) periods in 2018. The y-axis contains each building model
for which the conservative setback was applied (46% of homes) and is sorted by average indoor air
temperature. The lower two plots show expanded views of indoor air temperatures for two homes
over 24 h during the cold period (left) and the mild period (right). One model is well insulated and
tightly sealed (“Efficient”) and the other is poorly insulated and poorly sealed (“Inefficient”).
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Figure 10. Heatmap of indoor air temperatures for the aggressive approach during cold temperature
(top) and moderate temperature (bottom) periods in 2018. The y-axis contains each building model for
which the aggressive setback was applied (94% of homes), and is sorted by existing setback and average
indoor air temperature. The lower two plots show expanded views of indoor air temperatures for two
homes over 24 h during the cold period (left) and the mild period (right). One model is well insulated
and tightly sealed (“Efficient”) and the other is poorly insulated and poorly sealed (“Inefficient”).

4.2. Impact of Aggressive Strategies on Indoor Temperature

Similar responses are observed when implementing an aggressive demand response strategy
(Figure 10). The fixed 63 ◦F setpoint results in nearly every home experiencing a significant reduction
in indoor temperatures relative to the base case, as nearly all homes have baseline setpoints above 63
◦F. Energy efficiency of homes plays a smaller role in maintaining comfort than in the conservative
scenario. The aggressive demand response event lasts too long to significantly impact temperatures
with coasting, and therefore heatmaps display almost no temperature variation between homes for the
coldest period. However, diversity in homes still influences energy use and savings during the setback.
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As indicated in the lower two plots, an inefficient home can achieve significantly higher natural gas
savings than an efficient home, while the efficient home provides minimal advantages to occupant
comfort. During mild outdoor temperatures, distinctions of indoor temperatures between homes is
more evident, because the efficient home more effectively maintains the zone temperature. In the case
of an extended setback in extreme cold temperatures, efficient building envelopes do little for occupant
comfort, and therefore, homes with less efficient envelope characteristics deliver more value in the
form of gas savings, while not sacrificing additional comfort.

5. Economic and Grid Analysis

The aggregated NG-DR savings are estimated to be large enough to impact natural gas prices
and available natural gas for electricity generation, and have the potential to offset oil generation.
An inverse function provides the best fit for the relationship between daily gas deliveries to LDCs
and both natural gas and electricity prices (Figure 5). This implies that during high priced periods,
relatively small reductions in natural gas demand could have an outsized impact on price.

For example, the historical dataset for natural gas spot prices and deliveries to LDCs during the
winter of 2017–2018 shows that prices are around USD 20/MMBtu when LDC deliveries are 3 million
decatherms/day, but quadrupled to nearly USD 80/MMBtu on 5 January 2018 when deliveries only
increased by 7% to 3.2 decatherms/day. The conservative 3 ◦F overnight setback saves 87,695 MMBtu
on 6 January 2018 corresponding to a 3% reduction in the deliveries to LDCs on 6 January 2018. Based
on the inverse relationship of price to delivered volume, this reduction in demand from DR could have
a significant impact on the NG spot price, which would be further amplified in the more aggressive
scenarios. Although the effect is more muted, a similar relationship is observed for electricity prices,
and the inverse relationship to LDC deliveries translates to a 25% reduction (USD 303/MWh to USD
226/MWh) in electricity price for the conservative 3 ◦F setback, as shown in Table 2. These results
should be considered rough upper bounds only, as they assume that all houses participating in the
NG-DR program exist on the same pipeline network that serves natural gas plants and that electricity
demand is perfectly inelastic in the short term. We did not quantitatively estimate the impact of
NG-DR on gas prices as the pipeline price data did not contain data for the days of interest, 6 January
2018 and 7 January 2018, which had the highest LDC delivered volumes for the 2017–2018 winter.
The market volatility observed during extreme winter temperatures indicates a strain on the gas and
electric systems. Ultimately, this analysis highlights the role of gas demand in energy markets, and
how relatively minor reductions in demand may improve stability.

The presented levels of NG-DR could impact the additional natural gas available for electricity
generation (up to 171% increase) and displacement of electricity generated from oil (up to a 97%
decrease), as reported in Table 2. This is a maximum potential only as it assumes that every unit
of natural gas saved on the demand side can be delivered to a natural gas power plant. The actual
amount of additional natural gas generation and oil generation displaced depends on the location
of savings relative to electricity generators on the pipeline and distribution network as well as the
timing of the savings relative to the needs of the power sector. Any reduction in oil usage will also
prolong the oil stockpiled at plants and increases the system’s ability to weather future events. In ISO
New England (ISO-NE), the percentage of the maximum amount of fuel oil available for electricity
generation declined from 68% on 1 December 2017 to 19% on 9 January 2018. With two months of
winter weather remaining, this early depletion of oil reduced the ability to effectively respond to
another cold weather event with restricted natural gas supply [49].
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Table 2. Demand response (DR) and energy efficiency (EE) reductions in natural gas demand and
estimated impacts on natural gas price, maximum potential additional electricity generation by natural
gas, and maximum potential oil generation displaced for the cold weather event on 6 January 2018. The
heat rate of a natural gas combined cycle plant is used to convert natural gas savings into additional
possible electricity generation. Baseline demand is total volume served to LDCs on indicated date from
both Algonquin and Tennessee Zone 6 pipelines.

Outdoor
Conditions Scenario Description

NG
Reduction
(MMBtu)

NG
Reduction

(%)

Estimated
Electricity

Price
($/MWh)

Maximum
Additional
NG Gen.
(MWh)

Maximum
Oil Gen.

Displaced
(%)

Cold
(Jan. 6)

Baseline N/A Demand:
3,323,147 N/A $303 N/A N/A

Conservative
DR (3 ◦F)

3 ◦F Setback
Overnight 87,695 3% $226 11,235 9%

Conservative
DR (6 ◦F)

6 ◦F Setback
Overnight 176,750 5% $176 22,749 18%

Conservative
DR (12 ◦F)

12 ◦F Setback
Overnight 340,995 11% $119 45,402 36%

Conservative
EE

25% ACH50
Reduction 338,452 10% $122 40,774 32%

Aggressive
DR

63 ◦F Setback
for 48 h 962,929 29% $43 122,309 97%

Aggressive
EE

50% ACH50
Reduction +
R-60 Attic
Insulation

1,690,267 51% NA * 206,190 164%

Moderate
(Jan. 23)

Baseline N/A Demand:
2,192,782 N/A $34 N/A N/A

Conservative
DR (3 ◦F)

3 ◦F Setback
Overnight 69,360 3% $31 8799 N/A

Conservative
DR (6 ◦F)

6 ◦F Setback
Overnight 127,737 6% $28 16,472 N/A

Conservative
DR (12 ◦F)

12 ◦F Setback
Overnight 205,958 9% $25 26,939

Conservative
EE

25% ACH50
Reduction 74,792 3% $30 13,200 N/A

Aggressive
DR

63 ◦F Setback
for 48 h 738,794 34% $10 99,746 N/A

Aggressive
EE

50% ACH50
Reduction +
R-60 Attic
Insulation

421,765 19% $18 71,263 N/A

* Natural gas demand reduction in this case is outside the range of LDC volumes used in the regression

6. Discussion and Conclusions

This analysis quantifies residential natural gas savings from demand response during the winter
of 2017–2018 in the northeast U.S., during which time the region experienced high natural gas demand
peaks, strained capacity of pipeline network, and uncharacteristic natural gas and electricity market
fluctuations. We demonstrate thermostat setpoint demand response as a promising method of shedding
natural gas demand in the residential building sector. Because ResStock can characterize residential
buildings across all regions in the contiguous United States, this methodology can be applied to
other regions with different characteristics and weather. Areas with cold winters that rely heavily
on natural gas for heating, similar to the northeast U.S., are likely to have potential for NG-DR in
residential buildings. Thermostat setpoint adjustment as a load management strategy in cold weather
has significant technical potential and far-reaching impacts on the grid and consumers. Because natural
gas is a primary source for electricity generation in many parts of the United States, reducing gas
demand not only relieves stress on the gas distribution network, but also the electric grid, and can
help to stabilize local energy markets. NG-DR during extreme cold weather in particular improves
the resilience of the gas supply and the electric grid. During recent extreme winter weather events
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in the Northeast and Midwest, natural gas systems and the power grid experienced extraordinary
challenges in meeting demands of customers. Without the option of demand-side energy management,
electric utilities may resort to more expensive and environmentally harmful forms of power generation
such as oil, and both electric and gas utilities risk service interruptions. NG-DR may also be able to
defer additional capacity in natural gas infrastructure with associated deferment in costs. Furthermore,
by understanding the complicated responses of a diverse housing stock and implementing demand
response programs around voluntary participants, programs could be designed to protect more
sensitive populations and maintain comfort constraints.

Although this study focuses on the technical potential of NG-DR savings under different
implementations, the realized impacts are dependent on the enrollment and participation rate of
customers in such a program. Customer enrollment and participation in existing electricity demand
response programs may guide what could be possible for a residential NG-DR program. In 2017, 5.8%
of residential customers were enrolled in some type of electricity demand response program, and the 10
highest enrollment rates for demand response programs ranged from 17% to 99%, [50]. Although this
provides some evidence that enrolling large fractions of residential customers for NG-DR programs may
be achievable, it remains largely unknown how differences in needs for NG-DR programs in timing,
duration, and overall management would change customers’ willingness to participate. Barriers to
implementation that extend beyond the scope of this study include market adoption at the home level
and regulatory and market constraints applicable to electricity and natural gas providers. Furthermore,
the demand response strategies simulated assume that 100% of eligible households would participate.
Practically, the strategies could be implemented with Internet-connected thermostats in all households,
or more manually, by encouraging customers to reduce thermostat setpoints via television, radio, or a
“reverse 911” public alert system. The latter, manual implementation, would be expected to have a
lower participation rate, which we do not consider.

Widespread energy efficiency upgrades (e.g., increasing insulation, replacing furnaces and boilers)
have a high potential for reducing natural gas year-round, not just during extreme events, which provide
economic benefits to building occupants and utilities while improving comfort in homes. However,
these types of upgrades require homeowners to make large capital expenditures. Thermostat NG-DR
programs have much lower capital costs and result in quicker payback periods for consumers, which
could lead to higher adoption rates. Additionally, thermostat demand response can be dispatchable
in order to tailor events based on gas and electric availability, occupant needs, and market forecasts.
As evidenced in DR programs in the electric sector, this leads to greater peak demand savings and
lower program costs than utility efficiency programs [51]. We also consider potential water heating
savings by summing the entire natural gas demand of water heaters in detached homes, establishing
an upper bound of savings for gas water heating demand response. In reality, a gas water heater
demand response event that is designed to minimize occupant comfort impacts (e.g., preheating water)
would achieve only a small fraction of what is shown in Figure 6, meaning that water heater NG-DR is
likely not a competitive option compared to thermostat NG-DR.

Finally, these results indicate that residential NG-DR has sufficient technical potential to reduce
wholesale energy prices during multiday cold weather events and could enable increased reliability
and resiliency of the power system through displacement of generation from oil. Further work is
needed to understand the location of natural gas savings relative to the overall operation of the physical
natural gas infrastructure, designing implementation schedules to reduce the spike in demand during
the recovery period, and in understanding the costs of enabling NG-DR capabilities such that the
tradeoffs between investing in NG-DR and expanding pipeline infrastructure can be assessed
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