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Unveiling hidden energy poverty using the energy
equity gap
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Income-based energy poverty metrics ignore people’s behavior patterns, particularly reducing

energy consumption to limit financial stress. We investigate energy-limiting behavior in low-

income households using a residential electricity consumption dataset. We first determine

the outdoor temperature at which households start using cooling systems, the inflection

temperature. Our relative energy poverty metric, the energy equity gap, is defined as the

difference in the inflection temperatures between low and high-income groups. In our study

region, we estimate the energy equity gap to be between 4.7–7.5 °F (2.6–4.2 °C). Within a

sample of 4577 households, we found 86 energy-poor and 214 energy-insecure households.

In contrast, the income-based energy poverty metric, energy burden (10% threshold),

identified 141 households as energy-insecure. Only three households overlap between our

energy equity gap and the income-based measure. Thus, the energy equity gap reveals a

hidden but complementary aspect of energy poverty and insecurity.
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Energy poverty manifests itself in a high percentage of
income spent covering energy bills, increased risk of elec-
tricity shutoffs, and a household’s inability to maintain

comfortable indoor temperatures or use desired services (e.g., air
conditioning, heat, computers)1,2. An often-overlooked space in
energy poverty analysis lies in the cavity between metrics that
measure financial stress (energy burden defined as energy
expenditure over total income) and complete lack of energy
services (utility shutoffs). Within this cavity are the households
which limit their energy consumption to reduce financial strain.
These households may appear to spend small amounts of their
income on their energy bills while limiting enough energy to
avoid having the utility cut their power supply. It is estimated
that, annually, 1300 people die every year in the U.S. from
extreme heat3. In 2009 and 2010 alone, over 8250 emergency
room visits in the US were caused by heat stroke4, with low-
income, minority, and elderly populations being dis-
proportionally affected3. A large portion of these deaths may have
been prevented if people could cool their homes properly. We
acknowledge that proper cooling ability includes being able to
acquire and sufficiently use an AC system5,6.

As the effects of climate change manifest themselves in
heatwaves7 and deep freezes, communities will need to adapt (i.e.,
reduce their risk of illness and death8) by creating comfortable
indoor temperatures within their homes. However, this depends
on whether they can rely on their resources for adopting energy-
efficient heating and cooling systems, meaning many vulnerable
households who limit their energy consumption, potentially
putting themselves at risk of heatstroke or hypothermia, may not
qualify for energy poverty alleviation under current programs.

For example, in the US, the two main energy assistance pro-
grams, the Low Income Home Energy Assistance Program
(LIHEAP) and the Weatherization Assistance Program (WAP),
use an income threshold to determine eligibility9,10. LIHEAP uses
reduction in a household’s energy burden, service loss prevention,
and service restoration, to calculate the effectiveness of its
assistance9. WAP is geared more towards homeowners with its
performance based on the number of households weatherized and
post-weatherization surveys for those receiving assistance, with
questions including change in energy burden and change in
forgoing other necessities like food to pay energy bills9,11. This
suggests that these programs make an implicit assumption that
people meet or try to meet their energy needs first compared to
other necessities like food or healthcare. Neither WAP nor
LIHEAP takes into explicit account those who forgo energy con-
sumption to pay for other necessities (i.e., energy limiting beha-
vior), nor do they offer a clear definition of energy poverty9. The
lack of consideration for households who forgo energy for other
needs poses a limitation in identifying the multidimensional
nature of poverty12,13 and reduces the options for policy inter-
vention. In LIHEAP and WAP, spending patterns are viewed as
adequate ways to measure the effectiveness of these energy
assistance programs9,11.

In a broader sense, energy poverty is defined as insufficient
energy access due to lack of supply, low affordability, limited
quantity, poor quality, unreliability, or a combination of these
shortcomings. Existing energy poverty metrics fall into the fol-
lowing categories: A) primary or secondary, and B) relative or
absolute, as seen in Fig. 1. Here we define each category combi-
nation and provide some examples of each. A primary metric is
defined as a metric that directly utilizes consumer-level infor-
mation. A secondary metric would require derivation to reach a
conclusion. Secondary metrics include metrics that aggregate
utility information or use weighted scoring for poverty indices. A
relative metric compares the energy poverty status of two or more
entities (i.e., country-to-country or household-to-household) or

one with oneself (i.e., progress over time for one country). Finally,
an absolute metric will provide a strict threshold for energy
poverty.

Relative-secondary metrics for energy poverty use summary
statistics from the regional or local level (not individuals) and
compare the progress of different regions to some benchmark.
These are often used to describe progress in energy poverty
reduction in developing countries. One example is an access-
consumption matrix at a national level14. Access-consumption
matrices portray shifts in a country’s energy profile, mainly the
change in fuel utilization and how many people use each fuel. If
more people are gaining access to energy services in an under-
developed country, and more people are shifting from dirtier to
cleaner fuels in developing regions, energy poverty is reported as
decreasing14,15. Due to the fact that energy poverty in developing
regions often means a lack of access to modern energy services,
these national energy access metrics are best used for countries
beginning their clean energy transition and expanding access to
modern energy services14,15.

Relative-primary metrics come directly from households or
individuals, and benchmark feelings of energy poverty in com-
parison to others in the population. These can be scores from a
survey asking questions on self-perception of energy poverty. For
example, a survey done in Greece used indicators such as
“inability to keep home adequately warm,” “leakages, damp walls,
mold,” and “restriction of other essential needs” to solicit the
subjective feeling of energy poverty16,17. Compared with the 10%
energy burden threshold, the study found that when a household
is objectively categorized as energy-poor, they were more likely
to respond “yes” for the subjective indicators. Another study
explores the relationship between social relations and energy
access, where a positive feedback loop exists between good social
relations and higher quality energy access2,18. However, draw-
backs of survey-based metrics are long completion times and
difficulty comparing the level of energy poverty experienced

Fig. 1 Categories of energy poverty metrics. The X-axis represents relative
or absolute metrics, or whether the metric has a distinct threshold for
energy poverty. The Y-axis represents primary or secondary metrics, or
whether a metric requires more than basic consumer-level data to
calculate. A primary-absolute metric can be energy burden, or percent of
income spent on energy bills; a primary-relative metric can be self-reported
energy poverty indicators; a secondary-absolute metric can be a
combination of the previous two, where an arbitrary score is calculated
based on energy burden and survey results; and a secondary-relative metric
can be an energy access-consumption matrix, often used to portray the
progress of energy access in developing countries. The energy equity gap is
a primary metric that can be both relative and absolute, where it can tell us
the relative energy equity progress of a region, as well as household-level
energy poverty.
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between households. Although there are many survey studies on
housing characteristics and perceived energy poverty16,19,20, we
find a lack of metrics which can quantify the amount of energy a
household forgoes to alleviate financial burden (i.e., energy lim-
iting behavior). Thus, there is a need to use surveys in combi-
nation with data driven approaches to elicit perceptions of energy
limited behavior, while also determining the degree to which
people actually limit energy consumption.

Absolute-secondary metrics compare information related
to energy usage against some predetermined threshold. These
metrics often combine income-based metrics with socio-
demographic factors and housing conditions to calculate a
weighted score to measure energy poverty2,18. However, because
these measures (income-based, survey, and combined) single out
those currently experiencing energy poverty, they can miss dis-
tributional changes over time and the severity of the energy
poverty experience relative to the rest of the population. Addi-
tionally, a limitation is that these metrics often focus on equality
(i.e., all households reaching a certain status) but miss equity
because they cannot identify how the energy-poor compare to the
non-energy-poor. Achieving energy equality entails giving
everyone the same tools to achieve a desired level of energy
consumption. For example, providing households with a voucher
to spend less than 10% of their income on their current energy
bills. Achieving energy equity entails giving groups different types
of tools such that they can equally take advantage of opportunities
or reach a desired goal. For example, an energy equity policy
could entail each person receiving enough assistance to cool or
heat their homes to their desired comfortable temperature.

Absolute-primary metrics use individual or household infor-
mation and measure energy usage and other information against
some predetermined threshold. These metrics are often used to
measure household-level energy burden (i.e., energy expenditure
over income). The underlying theory is that the more significant
percentage of income spent on energy, the more energy-poor one
is, similar to Engel’s Coefficient for food expenditure21. A com-
mon threshold for energy burden to indicate a household is energy
poor (proposed in 1991) is 10%9,18. Energy burden can depend on
a number of factors such as electricity price, prices of other goods,
and heating or cooling needs1. The advantage of this threshold
metric is that it indicates the economic burden of meeting energy
needs and does not have a high computational burden. However,
limitations of using the energy burden threshold metric include
not distinguishing between gross (i.e., pre-tax) and disposable
income (i.e., post-tax and other mandatory charges like mortgage
and rent), not considering indoor comfort levels, and not con-
sidering local and current costs of living18. As a result, households
may have the same pre-tax income level but have vastly different
mortgage or rental costs, meaning that the 10% threshold on gross
income may miss people who are spending more than 90% of
their income on other basic necessities22.

Despite the recent development of new metrics to capture
consumer behaviors (e.g., under-consumption of energy and
choice of thermal comfort)3,8, household-level energy poverty
evaluation for government assistance programs in developed
countries has been led by absolute-primary income-based
metrics9,18,23,24. While these income-based metrics are widely
used, they have a few shortcomings. First, they are sensitive to
energy prices and mask the degree to which households change
their energy consumption behavior following a price shift18.
Second, and perhaps more importantly, the energy burden metric
does not capture vulnerable low-income households who forgo
energy usage to reduce financial stress. Lastly, income-based
metrics miss essential dimensions of energy poverty, such as the
inability to use enough energy to cool or heat homes to com-
fortable, and/or safe temperatures25.

Most papers investigating the inability to satisfy a household’s
desired energy demand focus on electricity supply and reliability
constraints in developing countries26–28 and energy affordability
in developed countries1,29,30. Within developed countries (i.e.,
those with close to 100% electricity supply access)31, energy
poverty and insecurity can manifest themselves in 1) electricity
shutoffs resulting from nonpayment, 2) forgoing heating services
due to financial strain and participating in unsafe practices (e.g.,
using the stove or oven for heat, unsafe uses of space heating
technologies which lead to fires32), 3) spending a large percentage
of income on energy bills, and 4) difficulty adopting clean energy
and efficient technologies17,33–35. While multiple papers address
the indicators of energy poverty9,36,37 and insecurity17,35, we find
a void of metrics that can identify energy-limiting households
(i.e., those without comfortable indoor temperatures) who may
put themselves at risk of heat-related illness, excess indoor
moisture, mold growth, and other adverse health effects35,38,39

(e.g., respiratory illness and asthma).
In countries where the entire population has access to modern

energy infrastructure, household-level energy poverty manifests
itself as having inadequate energy services within the household,
or an inability to consume energy at a desired level2. Thus, a more
holistic definition of energy poverty would include people who
limit their energy consumption (i.e., display energy limiting
behavior), and those who spend a large portion of their income
on their energy bills (i.e., high energy burden). Our work fills this
gap by creating a metric which can identify energy limiting
behavior. We define energy limiting behavior as a household’s
inability or unwillingness to consume enough energy to reach a
desired level of comfort. A household displays energy limiting
behavior if they reduce their energy consumption significantly
below another household within the same region that does not
have a budget constraint for energy spending. For example,
assume households A and B live in the same region and have
similar preferences for their ideal indoor temperature, around
70 °F (21 °C). Household A is a low-income household (i.e., a
budget constraint on energy spending), and Household B is a
high-income household (i.e., no budget constraint). If Household
B starts using their air conditioning unit when it is 70 °F (21 °C)
outside, but Household A waits until it is 75 °F (24 °C) outside,
then household A is displaying 5 °F (3 °C) of energy limiting
behavior compared to Household B.

Here, we introduce a behavior-based energy poverty measure,
the energy equity gap, which captures one critical aspect of energy
poverty (i.e., energy-limiting behavior), providing a com-
plementary metric to capture inequity within a region. We first
determine the outdoor temperature at which households start
using cooling systems, the inflection temperature. Then, our
relative energy poverty metric, the energy equity gap, is defined as
the difference in the inflection temperatures between low and
high-income groups. In our study region, we estimate the energy
equity gap to be between 4.7 °F (2.6 °C) and 7.5 °F (4.2 °C). In
2015–2016, within our sample of 4577 households, we found 86
energy-poor and 214 energy-insecure households. In contrast, the
income-based energy poverty metric, energy burden, identified
141 households as energy insecure when the threshold is set to
10%, with only three households overlapping between our energy
equity gap and the income-based measure.

Results
Quantifying residential electricity consumption patterns. To
capture those households left behind by income-based energy
poverty measures, we propose a different energy poverty metric:
the energy equity gap. We illustrate its effectiveness for identi-
fying households at risk for inability to reach comfortable indoor
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temperatures, and possibly heat-related illness. Our study region
in the US, Arizona, has long, high-heat summers and mild win-
ters (see Supplementary Information Note 6). Arizona has a
higher level of heat-related illnesses (2944 heat-related ER visits
in 201940) compared to cold-related illnesses (495 cold-related ER
visits in 201941), leading us to focus our energy poverty analysis
on the electricity sector due to this providing the bulk of cooling
energy in the summer (air conditioning (AC) or fan usage).
Identifying cooling system use is vital for addressing and plan-
ning for energy justice, which hinges on the proper distribution of
benefits for a clean energy transition42–44 and an ability to
mitigate the effect of heatwaves. We also introduce a tiered sys-
tem for identifying and addressing the energy poverty needs of
the most vulnerable households and contrast this with the
existing income-based metric.

The energy equity gap is a measure that investigates how
consumer electricity consumption behavior across income groups
shifts with temperature (i.e., consumers’ temperature response
functions). Previous research has investigated how consumers’
temperature response functions (modeling energy usage against
temperature or other climate factors) change with climate45,46,
but have not incorporated these functions into energy poverty
identification. The energy equity gap metric considers the effect of
outdoor temperature on energy consumption and quantifies
relative energy limiting behavior, where those with fewer
constraints on their budget set the threshold for a desired level
of energy consumption to maintain a comfortable indoor
temperature in the region (see Methods). Using the energy equity
gap, we measure electricity usage patterns between income groups
within a metropolitan region, thus eliminating the effect of
weather or outdoor temperature on electricity usage for different
households, which might occur in large study areas. A benefit of
our primary-relative energy poverty metric, energy equity gap, is
that policymakers can have more targeted energy justice efforts by
first identifying the outdoor temperature that places their region
at risk for heat-related illnesses or energy limiting behavior. Once
the threshold has been set, policymakers can then use our relative
metric to identify energy insecure households that are danger-
ously close to sinking into energy poverty and create proactive
measures for reducing their burden and increasing their ability to
consume energy to increase their comfort. In addition to
capturing household-level electricity consumption behavior, the
energy equity gap allows for a cross-temporal comparison of
population-level energy equity within a region.

The basis of the energy equity gap is household-level inflection
temperatures. To best incorporate behavior into the metric, we
define the inflection temperature as the outdoor temperature at
which a household starts using its cooling system as it shifts from
spring to summer temperatures, assuming there is no difference
in comfort preference or need across income groups. To find the
inflection temperature of each household, daily electricity
consumption is modeled using average daily temperature,
electricity pricing plan, holiday effects, and day-of-the-week and
month-of-the-year fixed effects (see Methods). The minimum of
the quadratic equation between electricity consumption and
temperature after controlling for the covariates mentioned above
is defined as the temperature at which people start using their
cooling systems, the inflection temperature (Fig. 2). This
assumption stems from 1) heating and AC systems being the
largest energy consumer within a household45, and 2) our study
region having a warm and dry climate, with short, mild winters
and long, high-heat summers. If the study region is in a colder
climate or a climate with more distinct seasons, we recommend
separating the year into two climate zones (i.e., spring-summer-
fall and fall-winter-spring). To adapt the energy equity gap to
identify heating system energy use, we would need to include

information from the gas and oil sector. We leave the heating
sector analysis for future work. We hypothesize that low-income
households are more likely to endure higher temperatures before
they start cooling their homes in the summer to save money and
will thus have higher inflection temperatures.

Redefining energy poverty and energy insecurity. The energy
equity gap is defined as the difference between the highest and
lowest median household inflection temperatures among all
income groups (Fig. 3) of the study region, a metropolitan area in
Arizona (see Methods). We chose to use the median instead of
the mean to desensitize the measure from outliers. The energy
equity gap indicates the disparity in energy use across the income
spectrum for a region while eliminating the effect of climate and
electricity pricing. Within our metropolitan region, we assume
the climate is uniform for households in the sample data, and
everyone has access to the same energy services. Therefore, a sign
of reduced energy inequity would be a narrowing energy equity
gap, indicating that households are converging to a similar
inflection temperature, thus reduced energy inequity.

The distribution of household-level inflection temperatures
across income groups is shown in Fig. 3. We see that the energy
equity gap ranges from 4.7–7.5 °F (2.6–4.2 °C), highlighting that
low-income groups are more likely to forgo cooling services until
later in the summer than high-income groups (see Supplementary
Info Note 5 for another sample analysis). Furthermore, there is a
statistically significant difference between the median inflection
temperatures between each income group for all years, meaning
there is little chance that the inflection temperature differences
occurred by chance, verified using the Mood’s Median test (see
Methods).

Figure 4 illustrates the change in the energy equity gap across
income groups for the four years in our analysis. The higher
inflection temperatures further show low-income households
tend to wait longer to turn on their AC units, pointing to
underlying constraints, budget or otherwise, restricting their
access to cooling. When cooling is restricted, it has been shown
that buildings are at a higher risk for increased rates of mold,
allergens, and fungi growth47,48 and that when the degree of
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Fig. 2 Identifying the inflection temperature for daily electricity
consumption and local daily mean outdoor temperature. This graph
represents the daily electricity consumption of one household for one year
(N= 365). The star marks the inflection temperature for this household for
this year. We note that our true temperature response function includes
electricity price, weekend, holiday, day of the week, and month of the year
effects. The inflection temperature is the minimum of the quadratic
temperature response function between the residuals after controlling for
these factors and outdoor temperature.
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discomfort becomes too great (high indoor temperature)
populations are at a higher risk for heat stroke49.

The energy equity gap shrinks and widens, resulting from low-
income households first lowering then increasing their inflection
temperatures while high-income households have a general trend of
lowering their inflection temperatures across the years in our
analysis. Thus, highlighting increasing energy inequity in the region.

The energy equity gap narrowed by 20.3% between the first two
years of our study, but then widened by 10.6% and 44.2% in the
last three years of our study, as seen in Table 1. We find that a
change in cooling degree days or residential electricity price
correlates to energy equity gap changes in the following year.

Between years one and two, there was a 2.4 % increase in
residential electricity prices and a 3.6% increase in cooling degree
days. This parallels with a 10.6% increase in the energy equity gap
in year 3, most likely caused by low-income groups waiting longer
to turn on their AC systems. This may signify a delayed price
elasticity of demand effects in year-to-year residential electricity
price changes and a warming climate. Between years two and
three, the residential electricity price rose again by 2.7% and
cooling degree days by 2.5%, which corresponds to a 44.2%
increase in the year’s energy equity gap. Thus, both a higher
temperature and a higher electricity price can cause energy
equity to deteriorate. Within our study population, low-income

Fig. 3 The distribution of inflection temperature across income groups. The energy equity gap (EEG) for each year is calculated as the difference between
the highest and lowest median inflection temperature (indicated by the middle bar and number) among all income groups in all four panels, income group 1
had the highest, and income group 8 had the lowest median inflection temperature. The energy equity gap (EEG) is shown at the top of each panel. (a)
2015–2016 N= 4577 households, (b) 2016–2017 N= 4522 households, (c) 2017–2018 N= 3852 households, (d) 2018–2019 N= 2650 households. Each
box and whiskers plot indicates the minima and maxima of inflection temperatures of one income group for one year (the lower and upper bound of the
whiskers), the first and third quantiles (the lower and upper bound of the box), and the median (the middle line). The outliers are shown as dots on either
side of the whiskers. Source data can be found in our code repository.
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households are more likely to live in older residences
(see Supplementary Information Note 2), which can contribute
to more significant energy needs and financial strain required to
cool the home.

Price shifts will impact electricity consumption shifts within
minority groups and those at the intersection of multiple
vulnerable groups (e.g., low-income minority groups or low-
income elderly populations) differently. Figure 5a, c show the
median inflection temperature for each ethnicity and age group;
Fig. 5b, d show the energy equity gap within each ethnicity and
age group, respectively. Comparing Fig. 5a, b (assuming similar

temperature preference between ethnicities50,51), we see that the
overall inflection temperature is highest in the Black population.
This combined with high energy equity gaps, indicates that the
Black population is worse off and experiences high levels of
inequity. In the Asian population, the overall median inflection
temperatures are low yet there are wide energy equity gaps,
indicating high income disparity within the group.

In the Black population, we see increasing disparity followed by
the 2.4% electricity price increase from year 1 to 2, resulting in a
39% increase in the energy equity gap from year 2 to 3, earlier
than the large price shock that affected the whole population.

Table 1 Temperature, electricity price, and energy equity gap shifts in Arizona.

Arizona metric Change from year 1 to 2 Change from year 2 to 3 Change from year 3 to 4

Warmest Month Average Max outdoor temperature 1.0% −0.2% −0.2%
Cooling Degree Days (CDD) 3.6% 2.5% −5.2%
Average residential electricity retail price (cents/kWh) 2.4% 2.7% −2.7%
Energy equity gap −20.3% 10.6% 44.2%

Warmest Month Average Max is the average maximum temperature of the hottest month in a year.

Fig. 5 Inter- and intra-group comparison of the inflection temperature and energy equity gap for ethnicity and age groups. Median inflection
temperatures by (a) ethnicity and (c) age group show disparities across demographics. The energy equity gap highlights energy consumption behavior
differences between high and low-income populations within their respective (b) ethnicity and (d) age groups. See Supplementary Information Notes 3 and
4 for more details.
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This indicates that the Black population is disproportionately
affected by price shifts compared to the other ethnicities. The
white population most closely resembles the overall population
trend because white populations account for the majority (>70%)
of residents in our sample. In general, we find that even when a
minority group’s median inflection temperature is low, there can
be a high disparity between low and high-income populations
(see Supplementary Information Note 3), evident in the Asian
population.

We also investigated energy poverty and equity across head of
household age groups (Fig. 5c, d). There are statistically
significant differences between median inflection temperatures
across age groups (p < 0.05), as confirmed using the Mood’s
Median test (see Methods), indicating low probability that these
variations occur solely due to chance. For the 18–24 age group,
both the median inflection temperature (>7 °F, 3.9 °C) and the
energy equity gap increased sharply (>14 °F, 7.8 °C) between 2018
and 2019, while for the older populations, the energy equity gap
had little change across the years. From an energy poverty
targeting standpoint, this highlights that within the elderly
population, all residents should be targeted to reduce inflection
temperatures, while for the youngest age groups, the most
effective poverty eradication policy would be to target low-income
groups.

For all age groups except for 75+, the later increase in the
energy equity gap is from low-income households getting worse
off and high-income households performing better, most evident
in age groups 18–24 and 25–34. The difference in inflection
temperatures between age groups may be attributed to each age
group’s different temperature comfort levels. Elders may prefer
warmer indoor temperatures, and cooling air from an AC system
may inflame arthritis52, but caution should be used when
differentiating between a comfortably warm temperature and
one that puts the resident at risk for a heat-related illness53.
Because there is a significant relationship between household
income and inflection temperature, the high energy equity gap in
younger age groups may be attributed to larger income inequality
among young people.

We acknowledge that there is a chance that the inflection
temperature and energy equity gap can be affected by indoor
thermostat preferences. To account for varying preferences across
ethnic and age groups, we investigate the inflection temperature
disparities for different income groups within demographic
distinctions (see Supplementary Information Note 3). For
example, if one ethnic group preferred to turn on their AC units
at a certain temperature, we expect to find a narrow vertical
distribution for the inflection temperatures (i.e., the Hispanic
population in Supplementary Information Note 3). On the other
hand, if the different inflection temperatures represent inequity,
we expect to find a wide vertical distribution (i.e., the Black and
Asian population in Supplementary Information Note 3). Thus,
the energy equity gap can highlight inequities across and within
groups in a region. We present a more detailed discussion of the
preference limitation in the Supplementary Information Note 3.

We introduce a tiered system (Fig. 6) to identify the
households with the highest risk of heat-related illness and
death. First, we assume the median inflection temperature of the
highest income group is the ideal inflection temperature for this
region. This assumption stems from the belief that the highest
income groups are the least likely to constrain their budget and
thus would initiate cooling systems earliest in the year. Similar
to using a standard deviation, we define people with inflection
temperatures between one and two energy equity gaps above the
ideal inflection temperature to be in the low-risk zone. Next,
households with inflection temperatures between two energy
equity gaps and 78 °F (25.6 °C) are in the energy insecure zone.
Within government buildings, it is recommended that 78 °F
degrees be the indoor set point54, meaning this temperature
setting may limit the risk for mold and allergen build-up, as well
as heat-related illness and death. Finally, households with
inflection temperatures higher than 78 °F (25.6 °C) are
defined as energy poor. We use the indoor 78 °F (25.6 °C)
comfort set point as our energy poverty threshold because
households would need some degree of cooling above this
outdoor temperature.

We acknowledge that there are multiple factors that can
influence comfort levels and the health risk of occupants in high
heat temperatures. Previous studies have shown that heat-
mortality risk occurs when outdoor temperature rises above
90 °F (32.2 °C)55. However, our goal is to identify households at
risk for both health-related illness and death, which can result
from a lower temperature threshold. We derive this lower
threshold (78 °F, 25.6 °C) from recommended indoor AC setting
for government buildings54,56, as well as from recommendations
of various utility companies57,58. A key assumption in this
threshold is that when the outdoor temperature is above this level,
the indoor temperature would rise enough to warrant turning on
the AC.

Using this tiered system, policymakers and utility companies
can create more targeted weatherization aid programs. When we
apply the tiers system to 2015–2016 data (Table 2), we identify 86
energy poor (1.9% of our sample) and 214 energy insecure
households (4.7% of our sample).

Comparing the energy equity gap to income-based measures.
While US government assistance programs lack a clear definition
for energy poverty, change in energy burden is often used to
measure the outcome of these programs9,11. Both LIHEAP and
WAP use income limit by household size to determine
eligibility59,60, with some flexibility for states to determine what
income level to set as the eligibility threshold. When using the
10% energy burden threshold to identify energy-insecure house-
holds in our study region, we found that less than 3% of
households were defined as energy insecure (Fig. 7), of which over
70% reside in the lowest income group (<$15,000) for all years in
our study. Comparing the energy equity gap categorization with
the energy burden measure of individual households, we find that
few households (≤ 20) were identified as energy insecure or
energy poor under both metrics (Table 2, also see Supplementary
Information Note 7 for a visual representation). The energy
burden metric categorizes more households as energy insecure,
but our tiered system identifies more energy-poor households
who may be placing themselves at risk by limiting cooling-
associated energy use. The energy burden metric misses more
than 95% of those with high inflection temperatures and, there-
fore, a higher risk of extreme heat exposure. Of that 95%, around
half of the households are in one of the three low-income groups
(<$35,000). There are energy insecure households identified
in the non-low-income groups, which hints that while some

Fig. 6 Tier systems for energy poverty and insecurity identification using
the energy equity gap. The darker the shade the more severe the level of
energy poverty experienced by a household is.
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households are not classified as low-income, they may have low
disposable income (e.g., high mortgage or rent costs) and limit
their financial burden by reducing their energy consumption.
This further highlights the need for multiple energy poverty and
insecurity measures to determine financial and behavioral energy
consumption trends in energy-insecure households.

We also compared eligibility for LIHEAP and WAP and
households in the 2nd tier of the energy equity gap metric. In our
dataset of 6002 households, 871 qualified for LIHEAP and 1553
qualified for WAP using their respective income threshold9. We
found that 48–72 households each year have high inflection
temperatures but are not eligible for LIHEAP. Because WAP has
a higher income threshold than LIHEAP, all households that
qualify for LIHEAP also qualify for WAP, so this range reduces to
29–53 households when comparing the energy equity gap and
WAP. Many of these missed households are just on the edge of
the low-income threshold but have uncomfortably and some-
times dangerously high inflection temperatures, making them
vulnerable without assistance.

Limitations of analysis and opportunities for future work.
Energy poverty exists in multiple forms, leading to numerous

limitations in any quantification method. Here we present a
discussion of the limitations of our methods and opportunities for
future improvements. Uncertainties in using the iteration of the
energy equity gap outlined in this paper include the lack of
heating data from the natural gas provider. From the dataset
provided by the electric utility, we gather that 60% of households
in this study use electricity for both cooling and heating, while the
remaining most likely use natural gas or oil for heating. However,
we did not find the type of heating system to be a significant
indicator of household inflection temperatures. Thus, the model
used to calculate the inflection temperature still stands for this
particular electricity-based dataset (see Methods), particularly for
a high-heat area like Arizona where heat-related illness and death
is significantly higher than cold-related ones40,41.

Housing characteristics that relate to the energy efficiency of
the home61 (e.g., number of windows, insulation, wall thickness,
finishing material, the orientation of the home, etc.) were not
included in the dataset but would be valuable additions to future
utilities data collection effort. We did find a relationship between
residence age and income group, where a large proportion of low-
income households lived in older homes (see Supplementary
Information Note 2), which could contribute to higher inflection
temperatures and less overall household energy efficiency.

Table 2 Comparing the energy equity gap (EEG) and financial-based energy assistance categories.

(Number of households in each category) 2015–2016 2016–2017 2017–2018 2018–2019

Total households 4577 4522 3852 2650
Energy equity gap (EEG) low risk zone 2719 2143 1889 1619
EEG 1st tier: Energy insecure 214 631 484 42
EEG 2nd tier: Energy poor 86 83 57 59
Households with energy burden ≥10% 141 135 111 88
EEG low-risk zone households with energy burden ≥10% 94 59 64 55
EEG 1st tier households with energy burden ≥10% 6 16 9 1
EEG 2nd tier households with energy burden ≥10% 3 4 1 2
EEG 1st and 2nd tier households with energy burden <10% 274 587 286 93
EEG 2nd tier households not eligible for LIHEAP 72 63 48 48
EEG 2nd tier households not eligible for WAP 53 37 33 29
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Fig. 7 Energy insecurity measured using the energy burden (EB) metric. The x-axis represents the percent of income a household spends on electricity.
The red dotted line indicates the 10% income spending threshold, and EB10 details the proportion of households above the energy spending threshold. For
example, in 2015–2016, 2.7% of households in our sample spent more than 10% of their income on electricity. The maximum amount of spending in our
sample population is 35%.
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One limitation of this study is a lack of indoor thermostat data
and an inability to quantify the actual indoor temperature of
homes. Thermostat data could provide more information about
the willingness of occupants to consume energy for cooling and
heating needs. However, thermostat information would not reveal
a consumer’s true temperature comfort preferences. The inability
of thermostat data to identify true household preferences results
from household occupants adjusting their thermostat based on
multiple factors such as spending limits (i.e., disposable income),
comfort, and energy conservation habits. Thus, a person might
deliberately keep their thermostats at non-ideal temperatures (i.e.,
energy limiting behavior), rather than their true comfortable
temperature, to save money or energy. Another possibility is that
the energy equity gap could be wider than our analyses suggest
due to the urban heat islanding effect62,63, with low-income
households being more exposed to high heat due to less shading
and vegetation in their urban environments.

In spite of these limitations, we believe this analysis provides a
crucial first step in identifying energy limiting behavior in low-
income households in a metropolitan region. A fruitful direction
for future work would be to investigate actual temperature
discrepancies within the home.

Discussion
The energy burden metric targets households who limit other
necessities to meet energy needs but misses out on those who
limit energy spending to meet other needs. The energy equity gap
fills this void by identifying who chooses to endure higher tem-
peratures in the summer and how their behavior may change due
to price spikes and weather changes. The two types of metrics
should be used in conjunction to identify households experien-
cing multiple forms of energy poverty: those who experience
financial strain while satisfying their energy needs, and those who
forgo energy consumption to reduce financial strain and satisfy
other necessities. By considering behavior patterns in addition to
spending patterns, policy makers will be able to better identify
who is in need of energy assistance. As nations continue
designing equitable and sustainable energy policies, regions
need a straightforward method to evaluate the current level of
energy poverty from an economic, consumption, and behavioral
perspective.

By grouping households by income and energy equity gap
severity, policymakers and utility companies can target the most
at-risk households requiring urgent financial help with energy
bills and weatherization. The value of the energy equity gap is that
it creates the possibility of a sliding-scale energy poverty assis-
tance program, which could set weatherization targets for the
population based on their ability to adapt to extreme weather
events (e.g., heatwaves) and how they are performing relative to
others in the region. For example, if primary policies were
designed to target households with an inflection temperature
above 78 °F (25.6 °C) and those that spend more than 10% of
their income on meeting their energy needs, this could reduce
financial strain and risk of heat-related illnesses in the region.
Secondary policy targets should focus on households with low
income and above-average inflection temperatures. These
households are likely to suffer from multiple forms of energy
poverty and insecurity but are not at high risk for heat-
related death.

On the other hand, high-income households with high
inflection temperatures may be best suited for discounted
weatherization programs. Despite having higher incomes,
weatherization costs may still be too high for these households if
they have limited disposal income. When adapting the energy

equity gap to other regions, electricity consumption may be
sufficient for similarly high-heat regions. However, researchers
and energy planners should consider gas, electric, and potentially
other fuels used for heating to estimate total energy consumption
for colder climates. Calculating the energy equity gap requires the
same information for the traditional energy poverty metric, so the
cost to compute and utilize the energy equity gap would be
marginal.

In the ever-evolving discussion around equity, justice, and
policy, we need to study and develop policy that answers the
needs of those historically and systemically marginalized. We
can start by identifying those falling through the policy cracks
of economic-based poverty metrics by casting a finer net which
also includes poverty displayed through energy consumption
behavior. The energy equity gap contributes to the discussion of
existing energy poverty metrics by capturing a region’s relative
progress while including the households that income-based
metrics may have left behind. By targeting the population
with higher-than-ideal inflection temperatures with equity-
centered policies, regions will more effectively eradicate
energy poverty and assist their residents in adapting to climate
change.

Methods
Data. The data was provided by Salt River Project, a large utility company in
Arizona. The dataset comprises two parts: first, hourly electricity consumption in
kWh from May 2015 to April 2019 for 6000 households and the billing plan for
each household; second, a comprehensive Residential Equipment and Technology
Survey conducted in 2017 for those households. The survey included information
on household sociodemographic information, and dwelling characteristics (e.g.,
residence age, size, and type). For summaries of demographics information please
see Supplementary Information Note 1.

Salt River Project provides different billing packages from which customers can
choose based on their preferences. Each billing package has its own pricing rules
and condition. The billing packages can be categorized into Basic Rate Plan, Time-
of-Use Plans, and Prepaid Plans. Pricing rules were integrated into the
consumption dataset to account for energy consumption patterns based on
electricity pricing, where a uniform weighted average electricity price is calculated
across 24 h of the day.

The hourly electricity consumption was aggregated into daily consumption.
Daily consumption information was then coupled with daily average temperatures
for the study region, compiled from WeatherForYou.com64.

Inflection temperature. The inflection temperature is defined as the outdoor
temperature where a household shifts from using its heating system to its cooling
system. We recognize that there may be a temperature range where the household
uses neither heating nor cooling, and the base level energy consumption during
that period would be temperature-independent46. In this context, the inflection
temperature is still an indicator of the shift in energy consumption behavior. A
household’s inflection temperature is calculated using a nonlinear regression model
(Eq. (1)), which estimates daily electricity consumption of household i on day t
(Ei;t) based on the following variables: daily average temperature (Tt), electricity
price based on the billing plan of the household and season (Pi;s), dummy variables
of whether day t is a holiday (Ht), day-of-the-week fixed effects (δt), and month-
of-the-year fixed effects (μt). When modeling day-of-the-week and month-of-the-
year dummy variables, Wednesday and March were dropped, respectively, to
prevent collinearity.

Ei;t ¼ αþ β1 ´Tt þ β2 ´Tt
2 þ β3 ´ Pi;s þHt þ δt þ μt ð1Þ

The quadratic equation models the relationship between daily electricity
consumption and daily average temperature. We chose a quadratic relationship
because it best coincides with the shape of the electricity consumption and
temperature data, and a median R2 value of 0.8 for all households (Fig. 2). The
convex shape of the curve confirms the notion that electricity consumption is
highly correlated with temperature. The inflection temperature is the minimum
electricity consumption point (Eq. (2)) and signifies the outdoor temperature a
household must experience before initiating their AC units.

T inf ¼ Tt when f 0ðEi;tÞ ¼ 0 ð2Þ
We acknowledge that in building literature there are studies that use a piecewise

linear function to identify cooling and heating turn on points (often referred to as
balance points)45,46,65–67. We use the quadratic function over the piecewise linear
function due to higher R2 values, which is consistent with other studies68 (see
Supplementary Information Note 12 for more discussion).
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The outliers of the inflection temperature model are defined as any household
with an inflection temperature below 30 °F (−1.1 °C) or above 120 °F (48.9 °C),
based on outdoor temperature limit ranges measured within the study region. An
inflection temperature outside of this bound may indicate incomplete electricity
consumption data. Within our study, we filtered out 0.5% in year one, 1.6% in year
two, 1.2% in year three, and 0.2% in year four from our analysis due to their
classification as outliers. There are a total of 6002 households across the four years
of study, but not all households have complete data for all years, which is why the
total number of households in Table 2 decreased. One reason for the incomplete
data may be that households started or stopped service midway with this utility
company.

Computing the energy equity gap. The energy equity gap quantifies the relative
energy consumption behavior differences between low and high-income groups
using the inflection temperatures. We hypothesized that lower-income households
are more likely to have higher inflection temperatures due to financial limitations
and a desire to delay cooling their homes to reduce their energy burden (i.e.,
percent of income spent on energy services). After calculating the inflection tem-
perature (T inf ) for each household for one year, we group households by income.
The energy equity gap for year y, Gy , is the maximum median inflection tem-
perature (maxðT inf ;medianÞ) minus the minimum inflection temperature
(minðT inf ;medianÞ) among all income groups.

Gy ¼ max
�
T inf ;median

��min
�
T inf ;median

�
ð3Þ

We hypothesized that lower-income households are more likely to have higher
inflection temperatures. To test our hypothesis, we performed tow-tailed Mood’s
Median tests, a nonparametric alternative to a one-way analysis of variance, for
significance. A significant result from a Mood’s Median test demonstrates that one
sample stochastically dominates another, and the differences between sample
medians are statistically different. Tests were also performed on median inflection
temperatures of ethnicity and age groups, with P-values shown in Table 3. When
we group the households by income, we see significant P-value results for all four
years, which indicates that the difference in median inflection temperatures of
income groups have a close to 0% chance of solely being random (i.e., they are
statistically significant). We see similar results when we group the sample
population by age, which means age may also be a strong indicator of inflection
temperature. Therefore, we cannot rule out that age may play a role in electricity
consumption habits (e.g., older people may prefer to turn on their AC at a higher
temperature), which would affect the inflection temperatures seen across groups.
That being said, when computed within an age or ethnicity group, the energy
equity gap can highlight when members are experiencing worsening poverty (i.e.,
the gap is widening), or when members of the group are adapting to temperature
changes in a similar fashion (i.e., the gap is narrowing). While the ethnicity p-
values are not on the same order of magnitude as income or age groups, we find
that there is less than a 1% chance that the variation between ethnic groups is solely
due to chance for years one, two, and four, and less than 6% for year three, thus
indicating high statistical significance.

We also considered the potential effects of type of residence (i.e., single-family
home, multi-family home, condo, mobile home, townhouse), residence age, and
residence size that can have on the household’s inflection temperature. However,
we find including these variables would introduce multicollinearity into the model
because they are correlated with income. For more details see Supplementary
Information Note 8.

Computing the traditional energy poverty metric. The traditional economic
based energy poverty metric, energy burden, is defined as the percent of income a
household spends on satisfying their energy (e.g., electricity) demand. We calculate
the proportion of energy expenditure of each household for each year using
income, residential electricity price, and energy consumption. For each household,
the utility company provides the income bracket each household falls into. We use
the midpoint of each income group to estimate the percent of income spent on
energy consumption. For the lowest income group (<$15,000), $10,000 was taken
as the midpoint; for the highest income group (>$150,000), $175,000 was taken as

the midpoint.

Si;y ¼
∑Ei;t ´Pi

Ii;m
ð4Þ

Si,y is the energy expenditure over income of household i in year y, Ei:t is the
daily electricity consumption of household ion day t. Pi is the average electricity
price of the billing plan of household i. Ii;mis the midpoint estimate of income for
household i.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The raw and processed electricity consumption data and the residential energy
technology survey data are available under restricted access bound by a non-disclosure
agreement, access can be obtained by upon reasonable request to the authors and with
permission from the Salt River Project. Records of mean daily outdoor temperatures were
retrieved from WeatherForYou.com by way of web scraping and can be accessed here.
Source data for Fig. 3, Supplementary Information Figs. S3, S6, and S9 can be
accessed here.

Code availability
All data and models are processed in Python 3.8.5. The figures are produced in
PowerPoint and R studio (based on R 4.0.3). All custom code69 is available on GitHub at
https://github.com/Pa223/The-Energy-Equity-Gap.

Received: 13 July 2021; Accepted: 13 April 2022;

References
1. Sovacool, B. K. Fuel poverty, affordability, and energy justice in England:

Policy insights from the Warm Front Program. Energy 93, 361–371 (2015).
2. Primc, K., Slabe-Erker, R. & Majcen, B. Constructing energy poverty profiles

for an effective energy policy. Energy Policy 128, 727–734 (2019).
3. Climate Change Impacts in the United States: The Third National Climate

Assessment. https://nca2014.globalchange.gov/downloads https://doi.org/10.
7930/J0Z31WJ2 (2014).

4. Wu, X., Brady, J. E., Rosenberg, H. & Li, G. Emergency department visits
for heat stroke in the United States, 2009 and 2010. Injury Epidemiol. 1, 8
(2014).

5. Heat wave: a social autopsy of disaster in Chicago, Klinenberg. https://press.
uchicago.edu/ucp/books/book/chicago/H/bo20809880.html (2015).

6. Canouï-Poitrine, F. et al. Excess deaths during the August 2003 heat wave in
Paris, France. Rev. Epidemiol. Sante Publique 54, 127–135 (2006).

7. Baldwin, J. W., Dessy, J. B., Vecchi, G. A. & Oppenheimer, M. Temporally
compound heat wave events and global warming: an emerging hazard. Earth
Future 7, 411–427 (2019).

8. Dong, W., Liu, Z., Liao, H., Tang, Q. & Li, X. New climate and socio-economic
scenarios for assessing global human health challenges due to heat risk. Clim.
Change 130, 505–518 (2015).

9. Bednar, D. J. & Reames, T. G. Recognition of and response to energy poverty
in the United States. Nat. Energy 5, 432–439 (2020).

10. Low Income Home Energy Assistance Program (LIHEAP) | The Administration
for Children and Families. https://www.acf.hhs.gov/ocs/low-income-home-
energy-assistance-program-liheap (2022).

11. Rose, E. M. & Hawkins, B. A. Background Data and Statistics on Low-Income
Energy Use and Burden for the Weatherization Assistance Program: Update
for Fiscal Year 2020. https://doi.org/10.2172/1761662 (2020).

12. Okushima, S. Gauging energy poverty: a multidimensional approach. Energy
137, 1159–1166 (2017).

13. Duclos, J.-Y., Sahn, D. E. & Younger, S. D. Robust multidimensional poverty
comparisons*. Economic J. 116, 943–968 (2006).

14. Pachauri, S. & Spreng, D. Measuring and monitoring energy poverty. Energy
Policy 39, 7497–7504 (2011).

15. Culver, L. C. Energy poverty: what you measure matters. The Stanford Natural
Gas Initiative (2017).

16. Middlemiss, L. et al. Energy poverty and social relations: a capabilities
approach. Energy Res. Soc. Sci. 55, 227–235 (2019).

17. Memmott, T., Carley, S., Graff, M. & Konisky, D. M. Sociodemographic
disparities in energy insecurity among low-income households before and
during the COVID-19 pandemic. Nat. Energy 6, 186–193 (2021).

Table 3 P-values from two-tailed Mood’s Median tests on
median inflection temperatures of income, ethnicity, and age
groups.

Grouping 2015–2016 2016–2017 2017–2018 2018–2019

Income 5.36E−23*** 6.85E−22*** 2.50E−16*** 2.05E−13***
Ethnicity 5.94E−03* 6.02E−05*** 2.85E−01 1.73E−02.

Age 2.30E−29*** 1.61E−32*** 8.91E−20*** 7.36E−17***

Alpha= 0.05.
Signif. codes: “***” [0, 0.001] “*” (0.01, 0.05] “.” (0.05, 0.1] “ ” (0.1, 1].

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30146-5

10 NATURE COMMUNICATIONS |         (2022) 13:2456 | https://doi.org/10.1038/s41467-022-30146-5 | www.nature.com/naturecommunications

https://github.com/Pa223/The-Energy-Equity-Gap
https://nca2014.globalchange.gov/downloads
https://doi.org/10.7930/J0Z31WJ2
https://doi.org/10.7930/J0Z31WJ2
https://press.uchicago.edu/ucp/books/book/chicago/H/bo20809880.html
https://press.uchicago.edu/ucp/books/book/chicago/H/bo20809880.html
https://www.acf.hhs.gov/ocs/low-income-home-energy-assistance-program-liheap
https://www.acf.hhs.gov/ocs/low-income-home-energy-assistance-program-liheap
https://doi.org/10.2172/1761662
www.nature.com/naturecommunications


18. Romero, J. C., Linares, P. & López, X. The policy implications of energy
poverty indicators. Energy Policy 115, 98–108 (2018).

19. Spiliotis, E., Arsenopoulos, A., Kanellou, E., Psarras, J. & Kontogiorgos, P. A
multi-sourced data based framework for assisting utilities identify energy poor
households: a case-study in Greece. https://doi.org/10.1080/15567249.2020.
1739783 15, 49–71 (2020).

20. Memmott, T., Carley, S., Graff, M. & Konisky, D. M. Sociodemographic
disparities in energy insecurity among low-income households before and
during the COVID-19 pandemic. Nat. Energy 2021 6:2 6, 186–193 (2021).

21. USDA ERS. Percent of income spent on food falls as income rises. https://www.
ers.usda.gov/amber-waves/2016/september/percent-of-income-spent-on-
food-falls-as-income-rises/ (2016).

22. Papada, L. & Kaliampakos, D. Measuring energy poverty in Greece. Energy
Policy 94, 157–165 (2016).

23. Liddell, C., Morris, C., McKenzie, S. J. P. & Rae, G. Measuring and monitoring
fuel poverty in the UK: National and regional perspectives. Energy Policy 49,
27–32 (2012).

24. Moore, R. Definitions of fuel poverty: Implications for policy. Energy Policy
49, 19–26 (2012).

25. Herrero, S. T. Energy poverty indicators: a critical review of methods. Indoor
Built Environ. 26, 1018–1031 (2017).

26. Dagnachew, A. G., Lucas, P. L., Hof, A. F. & van Vuuren, D. P. Trade-offs and
synergies between universal electricity access and climate change mitigation in
Sub-Saharan Africa. Energy Policy 114, 355–366 (2018).

27. Batinge, B., Kaviti Musango, J. & Brent, A. C. Perpetuating energy poverty:
Assessing roadmaps for universal energy access in unmet African electricity
markets. Energy Res. Soc. Sci. 55, 1–13 (2019).

28. Karplus, V. J. & von Hirschhausen, C. Electricity access: an introduction. Econ.
Energy Environ. Policy 8, 1–18 (2019).

29. Higgins, L. & Lutzenhiser, L. Ceremonial equity: low-income energy assistance
and the failure of socio-environmental policy. Soc. Probl. 42, 468–492 (1995).

30. MURRAY, A. G. & MILLS, B. F. The impact of low-income home energy
assistance program participation on household energy insecurity. Contemp.
Economic Policy 32, 811–825 (2014).

31. Access to electricity (% of population), Data. https://data.worldbank.org/
indicator/EG.ELC.ACCS.ZS (2020).

32. Held, J. S. Common causes of electric space heater fire examined. https://jsheld.
com/insights/articles/common-causes-of-electric-space-heater-fires-methods-
of-prevention (2022).

33. Reames, T. G. Targeting energy justice: exploring spatial, racial/ethnic and
socioeconomic disparities in urban residential heating energy efficiency.
Energy Policy 97, 549–558 (2016).

34. Reames, T. G. A community-based approach to low-income residential energy
efficiency participation barriers. Local Environ. 21, 1449–1466 (2016).

35. Hernández, D. & Siegel, E. Energy insecurity and its ill health effects: a
community perspective on the energy-health nexus in New York City. Energy
Res. Soc. Sci. 47, 78–83 (2019).

36. Union of Concerned Scientists. The energy burden: how bad is it and how to
make it less bad. https://blog.ucsusa.org/joseph-daniel/how-to-make-energy-
burden-less-bad (2019).

37. Middlemiss, L. & Gillard, R. Fuel poverty from the bottom-up: characterising
household energy vulnerability through the lived experience of the fuel poor.
Energy Res. Soc. Sci. 6, 146–154 (2015).

38. Damp Indoor Spaces and Health. Damp Indoor Spaces and Health, https://doi.
org/10.17226/11011 (National Academies Press, 2004).

39. Evans, J., Hyndman, S., Stewart-Brown, S., Smith, D. & Petersen, S. An
epidemiological study of the relative importance of damp housing in relation
to adult health on JSTOR. J. Epidemiol. Community Health 54, 677–686
(2000).

40. Heat-related illness by year emergency department visit inpatient admission
(hospitalization). https://www.azdhs.gov/documents/preparedness/
epidemiology-disease-control/extreme-weather/pubs/heat-related-illness-
emergency-department-and-inpatient-admissions-in-arizona-by-year.pdf
(2021).

41. Cold-related illness by year. https://www.azdhs.gov/preparedness/
epidemiology-disease-control/extreme-weather/index.php#cold-home (2021).

42. Jenkins, K., McCauley, D., Heffron, R., Stephan, H. & Rehner, R. Energy
justice: a conceptual review. Energy Res. Soc. Sci. 11, 174–182 (2016).

43. Sovacool, B. K., Burke, M., Baker, L., Kotikalapudi, C. K. & Wlokas, H. New
frontiers and conceptual frameworks for energy justice. Energy Policy 105,
677–691 (2017).

44. Sovacool, B. K. & Dworkin, M. H. Energy justice: conceptual insights and
practical applications. Appl. Energy 142, 435–444 (2015).

45. Chong, H. Building vintage and electricity use: old homes use less electricity in
hot weather. Eur. Economic Rev. 56, 906–930 (2012).

46. Fazeli, R., Ruth, M. & Davidsdottir, B. Temperature response functions for
residential energy demand - a review of models. Urban Clim. 15, 45–59
(2016).

47. Tang, W., Kuehn, T. H. & Simcik, M. F. Effects of temperature, humidity and
air flow on fungal growth rate on loaded ventilation filters. J. Occup. Environ.
Hyg. 12, 525–537 (2015).

48. Hirsch, D. J., Hirsch, S. R. & Kalbfleisch, J. H. Effect of central air conditioning
and meteorologic factors on indoor spore counts. J. Allergy Clin. Immunol. 62,
22–26 (1978).

49. Kilbourne, E. M., Choi, K., Jones, T. S. & Thacker, S. B. Risk factors for
heatstroke: a case-control study. JAMA: J. Am. Med. Assoc. 247, 3332–3336
(1982).

50. Lawes, M., Havenith, G. & Hodder, S. Ethnic differences: the influence of
relative humidity on thermal perception. CIEHF Publications (2021).

51. Wang, L., Chen, M. & Yang, J. Interindividual differences of male college
students in thermal preference in winter. Build. Environ. 173, 106744 (2020).

52. Aikman, H. The association between arthritis and the weather. Int. J.
Biometeorol. 40, 192–199 (1997).

53. Oudin Åström, D., Bertil, F. & Joacim, R. Heat wave impact on morbidity and
mortality in the elderly population: a review of recent studies. Maturitas 69,
99–105 (2011).

54. DDOE. Energy tips for institutional and government buildings. https://doee.dc.
gov/service/energy-tips-institutional-and-government-buildings (2021).

55. Díaz, J. et al. Heat waves in Madrid 1986-1997: effects on the health of the
elderly. Int. Arch. Occup. Environ. Health 75, 163–170 (2002).

56. Department of Energy. Thermostats. https://www.energy.gov/energysaver/
thermostats (2021).

57. Thermostat settings: the ideal settings for summer & winter. https://
valleyservice.net/blogs/thermostat-settings (2020).

58. Recommended thermostat settings for winter and summer. https://www.
centralhtg.com/blog/recommended-thermostat-settings (2018).

59. Benefits.gov. Low Income Home Energy Assistance Program (LIHEAP).https://
www.benefits.gov/benefit/623 (2020).

60. Department of Energy. How to apply for weatherization assistance. https://
www.energy.gov/eere/wap/how-apply-weatherization-assistance (2022).

61. Thomson, H., Simcock, N., Bouzarovski, S. & Petrova, S. Energy poverty and
indoor cooling: an overlooked issue in Europe. Energy Build. 196, 21–29
(2019).

62. Hsu, A., Sheriff, G., Chakraborty, T. & Manya, D. Disproportionate exposure
to urban heat island intensity across major US cities. Nat. Commun. 12, 1–11
(2021).

63. Harlan, S. L. et al. In the shade of affluence: the inequitable distribution of the
urban heat island. Res. Soc. Probl. Public Policy 15, 173–202 (2007).

64. Phoenix Arizona Local Weather Forecasts and Conditions -
WeatherForYou.com. https://www.weatherforyou.com/reports/index.php?
config=&pass=&dpp=&forecast=zandh&config=&place=phoenix&state=
az&pands=phoenix,az&country=us (2019).

65. Brown, M. A., Cox, M., Staver, B. & Baer, P. Modeling climate-driven changes
in U.S. buildings energy demand. Climatic Change 134, 29–44 (2015).

66. Hiruta, Y., Gao, L. & Ashina, S. A novel method for acquiring rigorous
temperature response functions for electricity demand at a regional scale. Sci.
Total Environ. 819, 152893 (2022).

67. ASHRAE Guideline 14-2002 Measurement of energy and demand savings.
ISSN 1049-894X (2002).

68. Kim, Y. J., Lee, S. J., Jin, H. S., Suh, I. A. & Song, S. Y. Comparison of linear
and nonlinear statistical models for analyzing determinants of residential
energy consumption. Energy Build. 223, 110226 (2020).

69. Pa223. Pa223/The-Energy-Equity-Gap, https://doi.org/10.5281/zenodo.
6369436 (2022).

Acknowledgements
This work is funded by the National Science Foundation [grant number 2029511 (Y.Q.,
D.N.); 2017789 (D.N.); 1757329 (Y.Q.)]. We thank graduate research assistant Ali Ifti-
khar for his support in initial regression analysis, and Jiehong Lou for her support of
using the high-performance computing cluster. We thank Alex Davis, Baruch Fischhoff,
Granger Morgan, and our other colleagues in the Department of Engineering and Public
Policy at Carnegie Mellon University for providing valuable insight and feedback. Nock
also acknowledges support from the Google Award for Inclusion Research and the Scott
Institute for Energy Innovation, where she is an energy fellow.

Author contributions
D.N. conceived the research idea and designed and oversaw the research process. S.C.
designed and performed the analysis. S.C. wrote and revised the initial draft of the paper.
D.N. and Y.Q. reviewed and revised the paper. B.X. collected and cleaned the data.
Correspondence and requests for materials should be addressed to D.N. or Y.Q.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30146-5 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:2456 | https://doi.org/10.1038/s41467-022-30146-5 |www.nature.com/naturecommunications 11

https://doi.org/10.1080/15567249.2020.1739783
https://doi.org/10.1080/15567249.2020.1739783
https://www.ers.usda.gov/amber-waves/2016/september/percent-of-income-spent-on-food-falls-as-income-rises/
https://www.ers.usda.gov/amber-waves/2016/september/percent-of-income-spent-on-food-falls-as-income-rises/
https://www.ers.usda.gov/amber-waves/2016/september/percent-of-income-spent-on-food-falls-as-income-rises/
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS
https://jsheld.com/insights/articles/common-causes-of-electric-space-heater-fires-methods-of-prevention
https://jsheld.com/insights/articles/common-causes-of-electric-space-heater-fires-methods-of-prevention
https://jsheld.com/insights/articles/common-causes-of-electric-space-heater-fires-methods-of-prevention
https://blog.ucsusa.org/joseph-daniel/how-to-make-energy-burden-less-bad
https://blog.ucsusa.org/joseph-daniel/how-to-make-energy-burden-less-bad
https://doi.org/10.17226/11011
https://doi.org/10.17226/11011
https://www.azdhs.gov/documents/preparedness/epidemiology-disease-control/extreme-weather/pubs/heat-related-illness-emergency-department-and-inpatient-admissions-in-arizona-by-year.pdf
https://www.azdhs.gov/documents/preparedness/epidemiology-disease-control/extreme-weather/pubs/heat-related-illness-emergency-department-and-inpatient-admissions-in-arizona-by-year.pdf
https://www.azdhs.gov/documents/preparedness/epidemiology-disease-control/extreme-weather/pubs/heat-related-illness-emergency-department-and-inpatient-admissions-in-arizona-by-year.pdf
https://www.azdhs.gov/preparedness/epidemiology-disease-control/extreme-weather/index.php#cold-home
https://www.azdhs.gov/preparedness/epidemiology-disease-control/extreme-weather/index.php#cold-home
https://doee.dc.gov/service/energy-tips-institutional-and-government-buildings
https://doee.dc.gov/service/energy-tips-institutional-and-government-buildings
https://www.energy.gov/energysaver/thermostats
https://www.energy.gov/energysaver/thermostats
https://valleyservice.net/blogs/thermostat-settings
https://valleyservice.net/blogs/thermostat-settings
https://www.centralhtg.com/blog/recommended-thermostat-settings
https://www.centralhtg.com/blog/recommended-thermostat-settings
https://www.benefits.gov/benefit/623
https://www.benefits.gov/benefit/623
https://www.energy.gov/eere/wap/how-apply-weatherization-assistance
https://www.energy.gov/eere/wap/how-apply-weatherization-assistance
https://www.weatherforyou.com/reports/index.php?config=&pass=&dpp=&forecast=zandh&config=&place=phoenix&state=az&pands=phoenix,az&country=us
https://www.weatherforyou.com/reports/index.php?config=&pass=&dpp=&forecast=zandh&config=&place=phoenix&state=az&pands=phoenix,az&country=us
https://www.weatherforyou.com/reports/index.php?config=&pass=&dpp=&forecast=zandh&config=&place=phoenix&state=az&pands=phoenix,az&country=us
https://doi.org/10.5281/zenodo.6369436
https://doi.org/10.5281/zenodo.6369436
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30146-5.

Correspondence and requests for materials should be addressed to Destenie Nock or
Yueming Lucy Qiu.

Peer review information Nature Communications thanks Rob Bailis and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30146-5

12 NATURE COMMUNICATIONS |         (2022) 13:2456 | https://doi.org/10.1038/s41467-022-30146-5 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-022-30146-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Unveiling hidden energy poverty using the energy equity gap
	Results
	Quantifying residential electricity consumption patterns
	Redefining energy poverty and energy insecurity
	Comparing the energy equity gap to income-based measures
	Limitations of analysis and opportunities for future work

	Discussion
	Methods
	Data
	Inflection temperature
	Computing the energy equity gap
	Computing the traditional energy poverty metric

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




