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Health Care Utilization Patterns of Homeless Individuals
in Boston: Preparing for Medicaid Expansion Under the
Affordable Care Act
Monica Bharel, MD, MPH, Wen-Chieh Lin, PhD, Jianying Zhang, MD, MPH, Elizabeth O’Connell, MS, Robert Taube, PhD, MPH, and Robin E. Clark, PhD

Several million Americans experience being
homeless every year, and the majority of them
cannot afford health insurance.1 These indi-
viduals live on the periphery of society, strug-
gling in abject poverty. They must prioritize
basic shelter, safety, and food, and therefore
often forgo medical care until conditions be-
come urgent or irreversible. Unmanaged and
worsening medical conditions can further ex-
tend the duration of homelessness and associ-
ated economic problems (e.g., unemployment).
Additionally, many homeless individuals are
held in the grip of addiction and have mental
illness.2 Given this complex set of circum-
stances, often compounded by a lack of health
insurance coverage, providing medical care
for these individuals can be challenging. Care
often remains fragmented, taking place in
emergency departments (EDs) and multiple
inpatient and outpatient settings.

The Medicaid expansion through the Af-
fordable Care Act (ACA) will be an unprece-
dented opportunity to improve access to
health services for poor and homeless indi-
viduals around the country. Starting in 2014,
individuals with incomes up to 138% of the
federal poverty level will be eligible for Med-
icaid in states that choose to expand their
Medicaid program. Given the high uninsured
rate and low incomes among homeless people,
they stand to benefit immensely from this
expansion.

Although expanded coverage will almost
certainly increase access to health care for
many, little information is available on what
types of services homeless patients will use
when insurance is available. Homeless indi-
viduals have high rates of mental illness
(e.g., depression) and certain medical illnesses
(e.g., HCV or diabetes mellitus).3---5 Previous
investigations have shown a high level of
health care utilization.6---8 For example, in
a survey of 2578 homeless patients, Kushel

et al.9 found that 40% of respondents had 1
or more ED visit in the last year, and 7.9%
had 3 or more visits in the last year. These
previous studies mainly used survey data,
relied on self-reported data, or examined
medical records of a single clinic, and many
of the study populations were uninsured.
Although these studies provide important in-
formation on the homeless population, the
disease profiles obtained this way are not
always complete, and there is incomplete
information on health care utilization. Fur-
thermore, they do not show utilization pat-
terns for an insured homeless population.
With health insurance, homeless individuals
may have greater access to medications and
preventive care that could reduce use of EDs
and inpatient care. In the context of high rates
of addiction, mental illness, and cognitive
impairment, these crisis-driven utilization pat-
terns may also persist in insured patients
while expanding access to a wider range
of services.

In Massachusetts, early Medicaid expan-
sions since the 1990s have allowed a high
percentage of homeless individuals to be in-
sured under Medicaid, perhaps higher than
most states in the country. Although Massa-
chusetts is perhaps best known for its 2006
Medicaid expansion, unaccompanied homeless
men and women were most beneficially af-
fected by its 1115 waiver expansion in 1996.
This expansion opened MassHealth (Massa-
chusetts Medicaid) to chronically unemployed
residents, and doubled the percentage of un-
accompanied adults with Medicaid benefits
from 30% to 60%. This expanded access to
a variety of services for homeless men and
women. The 2006 expansion built on this
base and increased the percentage of insured
homeless men and women; internal Boston
Health Care for the Homeless Program
(BHCHP) data demonstrated nearly 80% of
patients have Medicaid or Medicare coverage.

Therefore, Massachusetts served as a unique
environment in which to identify patterns of
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medical care utilization in the Medicaid en-
rolled homeless population. We examined
Massachusetts Medicaid claims data in 2010
for a large cohort of homeless individuals seen
at BHCHP. The program provides care to
approximately 40% of the homeless popula-
tion in Massachusetts.10 Augmenting previous
studies, this study provided a unique perspec-
tive by analyzing claims data for a large
sample of homeless people with health in-
surance coverage. In addition to providing
a comprehensive understanding of the disease
burden among homeless individuals, this
data set included both behavioral health ser-
vices for mental illness and substance use
disorders (SUDs) and general medical care.
This provided an opportunity to understand
current service use across these sectors in
preparation for the integrated care envisioned
in future care models.

METHODS

BHCHP was established in 1985 under
a Robert Wood Johnson Foundation grant
to improve access to high quality medical care
to homeless individuals in and around Boston.
Since then, the program has become a feder-
ally qualified neighborhood health center and
now serves more than 12 000 individuals in
an outreach model, at dozens of different sites.
The model of care is a person-centered mul-
tidisciplinary and culturally competent holistic
approach to patients. Clinic visits are a mix
of urgent care, episodic care, chronic disease
management, and preventive health care. Ser-
vices include outreach directly to the street,
soup kitchens, and adult and family shelters.
The program also runs a 104-bed medical
respite unit, providing 24-hour medical care
for homeless individuals who are too sick for
the shelter or street but do not meet criteria
for admission into an acute hospital bed.
The program is integrated into the medical
community, providing critical health care to
homeless individuals in Boston.11

We studied merged BHCHP data and Mass-
Health eligibility, claims, and encounter data
from 2010. MassHealth claims and encounter
data provided a comprehensive history of
health care utilization and expenditures, as
well as associated diagnoses, in both general
medical and behavioral health services sectors

and across a broad range of health care
settings.

Study Population

The final study population included 6494
BHCHP patients with Medicaid in 2010.
Although the BHCHP database showed 6846
potential Medicaid recipients, 343 individuals
were excluded because they were not eligible
for Medicaid and 9 individuals were enrolled
in Medicaid managed care programs (Program
for All-inclusive Care for Elderly and Senior
Care Option); we did not have access to their
health care utilization records.

The analysis followed the framework of
the Andersen Health Care Utilization model,
which classifies variables associated with health
care utilization and expenditures into 3 sets
of factors: predisposing, enabling, and need
factors.12 We incorporated population charac-
teristics in the domains of predisposing and
enabling factors, and included disability and
disease burden for need factors. We obtained
demographic characteristics information from
MassHealth data, including member age, gen-
der, disability status, and Medicare enrollment.
Race/ethnicity was derived from BHCHP data,
which provided more comprehensive infor-
mation than MassHealth data. Disability status
was determined by the Social Security Ad-
ministration or Massachusetts Disability Eval-
uation Services. Major MassHealth coverage
types included standard coverage with full
Medicaid benefits and basic and essential
coverage that were similar to the standard
coverage, except for long-term support and
services.

Disease Burden

We identified members with mental illness,
and selected physical conditions using the
International Classification of Diseases, Ninth
Revision, Clinical Modifications13 (ICD-9-CM)
diagnosis codes in MassHealth claims and
encounter data. The grouping of ICD-9-CM
codes for diseases was based on the Clinical
Classification Software developed by
the Agency for Healthcare Research and
Quality.14

Mental illness diagnoses included schizo-
phrenia and other psychosis, bipolar disorders,
depression, anxiety, and other mental illness.
SUDs included alcohol abuse or dependence

and drug abuse or dependence. In some in-
stances, behavioral health disorder was used
and referred to mental illness or SUDs. Mem-
bers with co-occurring mental illness and SUDs
were identified. We specifically identified
patients with several prevalent medical dis-
eases, including HCV, HIV, cirrhosis, asthma
or chronic obstructive pulmonary disease
(COPD), hypertension, congestive heart failure,
ischemic heart disease, and diabetes.

We used the DxCG score to evaluate the
overall disease burden for the study popula-
tion. DxCG is a subsidiary of Verisk Analytics
and is a provider of predictive modeling soft-
ware. The DxCG score is a predictive modeling
tool that uses the Diagnostic Cost Group (DCG)
methodology and benchmark data to estimate
a populations’ disease rate.15,16 In the DxCG
model for the Medicaid population, the DxCG
score is set to 1.0 for its original development
sample of the general Medicaid population.
In other words, DxCG scores greater than 1.0
indicate higher disease burden and scores less
than 1.0 indicate that the disease burden is
less than the average disease burden.

Health Care Utilization and Expenditures

We based the analysis of health care utili-
zation and expenditures on paid MassHealth
fee-for-service claims and those reported in
managed care encounter data by MassHealth
contracted managed care plans. Medicare ser-
vices that generated “cross-over” Medicaid
claims (for supplementing Medicare services)
were included in the analysis. However, Medi-
care Part D pharmacy utilization and expendi-
tures were not available for this analysis.
General medical care and behavioral health
services were reported, then analyzed sepa-
rately and combined. Major health service
categories and settings included hospitals, EDs,
ambulatory care visits, prescriptions, dental,
and outpatient detoxification. Inpatient detoxi-
fication was embedded in the overall hospital-
ization numbers. To assess the distribution of
total annual expenditures, we ranked individ-
uals by annual expenditures per person and
then classified them into 5 expenditure groups.

Homeless individuals are at increased risk
for exposure to HCV, and previous studies
have shown increased prevalence rates.
Therefore, we included a separate analysis
of utilization among patients with HCV.17
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Additionally, previous studies showed that
treatment complexity increases for individuals
with mental illness and SUDs18,19; therefore,
we also conducted a separate analysis of
utilization for this group. Finally, we compared
the overall health care utilization between
those with and without co-occurring mental
illness and SUDs and between those with and
without HCV. The v2 test was used for
comparisons for categorical variables, and the
t-test was used for continuous variables.

All analyses were performed with SAS sta-
tistical software, version 9.2 (SAS Institute, Inc.,
Cary, North Carolina).

RESULTS

We focused on results from the combined
analysis for the 6494 BHCHP patients in-
cluded in the study regardless of their dual
eligibility for Medicare and Medicaid. (Data
available as a supplement to the online version
of this article at http://www.ajph.org provide
detailed results from separate analyses for dual
eligibles and Medicaid-only members.) The
majority of BHCHP MassHealth patients were
male (71%), and the mean age was 45.5 years.
Forty-four percent were non-Latino White,
32% non-Latino African American, and 15%
Latino; 58% had disabilities, and 27% were
eligible for both Medicare and Medicaid (Table
1). On average, homeless individuals were
enrolled in MassHealth for at least 11 months
in 2010.

Homeless individuals experienced a high
disease burden, including chronic diseases, in-
fections, mental illness, and SUDs (Table 1).
More than two thirds of the study population
had some form of mental illness, with depres-
sion being the most prevalent diagnosis. SUDs
were also highly prevalent (60%). Further-
more, almost half of homeless individuals
(48%) had co-occurring mental illness and
SUDs. The study population also had a high
prevalence of several selected medical ill-
nesses. There was a high prevalence of in-
fectious diseases, including HCV (23%) and
HIV (6%). Chronic diseases were also preva-
lent; 37% of the study population had a di-
agnosis of hypertension, 26% had COPD or
asthma, and 18% had diabetes mellitus.
The overall disease burden represented by
the DxCG score was 3.8, which indicated

a substantially higher burden than the general
Medicaid population.16

On average, this homeless population had
10 ambulatory care visits annually. They also
used EDs frequently, with an annual average
of 4 visits and were hospitalized, on average,
at least once a year. Notably, 20% of the

population had 6 or more ED visits and
12% had 3 or more hospitalizations in a year.
Moreover, approximate one third of ED visits
and half of hospitalizations were attributable
to behavioral health disorders (Table 2).

Homeless individuals with co-occurring
mental illness and SUDs and those with HCV

TABLE 1—Population Characteristics: Boston Health Care for the Homeless Program

(BHCHP) Users With Medicaid, 2010

Characteristica No. (%) or Mean 6SD

Age, y 45.5 613.3

Male 4587 (71)

Race/ethnicity

Non-Latino White 2868 (44)

Non-Latino African American 2058 (32)

Latino 986 (15)

Others 214 (3)

Unknown 368 (6)

Disability statusb 3734 (58)

Dually eligible for Medicare and Medicaid 1761 (27)

Behavioral health disordersc,d 5139 (79)

Any mental illness 4384 (68)

Schizophrenia 1264 (19)

Bipolar disorders 1889 (30)

Depression 3068 (47)

Anxiety 2627 (40)

Others 1765 (27)

Any substance use disorders 3890 (60)

Alcohol use disorder 2628 (40)

Drug use disorder 3118 (48)

Co-occurring mental illness and substance use disorders 3135 (48)

Selected physical conditionsc,d 4177 (64)

HCV 1473 (23)

HIV 410 (6)

Cirrhosis 254 (4)

Asthma/COPD 1712 (26)

Hypertension 2395 (37)

Congestive heart failure 265 (4)

Ischemic heart disease 560 (10)

Diabetes 1191 (18)

Overall disease burdene 3.8 63.8

Note. COPD = chronic obstructive pulmonary disease. The sample size was n = 6494.
aBased on the last segment of MassHealth eligibility or enrollment data in 2010, except for race/ethnicity, which was based
on BHCHP data.
bDetermined by the Social Security Administration or Massachusetts Disability Evaluation Services.
cBoth MassHealth claims data and managed care encounter data were used for the prevalence analysis; however, laboratory
claims and radiology claims were not included.
dDiseases listed are not mutually exclusive.
eDisease burden is represented by the DxCG score. A DxCG score of 1 equals average expected expenditures or average
disease burden in DxCG’s original development sample of the general Medicaid population. Scores > 1 indicate higher than
average disease burden and scores < 1 indicate lower than average disease burden. The median disease burden was 2.6.
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had high health care utilization (Table 3). More
than one third of them had 6 or more ED visits
and more than 20% of them had 3 or more
hospitalizations. Except for hospital length of
stay, health care utilization for these 2 groups
was substantially higher than among those
without these conditions (P< .001).

Homeless individuals had high health care
expenditures—$2036 per member per month
compared with $568 per month for all Mass-
Health members.20 Almost half of total annual
expenditures were incurred by 10% of the study
population (Table 4). The 2 highest categories
of health care expenditure were hospitalizations
and ED visits, which represented 40% and 11%
of total expenditures, respectively.

DISCUSSION

Medicaid expansion under the ACA could
improve access to care for homeless individuals

across the country. This study was a unique
analysis of a Medicaid claims database for
homeless individuals in Boston, Massachusetts,
who already had health insurance. Our find-
ings reinforced the understanding that home-
less individuals have a great deal of physical
illness, mental illness and addictions. This high
disease burden adds to the existing life stress
created by unsafe and uncertain housing and
the daily search for food and clothing.21,22

In this context, conditions that could be man-
aged in stably housed patients become life
threatening.

Diabetes mellitus was an example of a dis-
ease made much worse by the social circum-
stances of homelessness, including limited
access to nutritious food, an irregular meal
schedule, inability to refrigerate insulin, and
challenges of carrying needles. The preva-
lence of diabetes mellitus was extremely high
in this population (18%) compared with the

general population (8.3%).23 HCV was an-
other example of a disease made worse by
the social circumstances of homelessness. The
prevalence in this cohort was 24% compared
with 1.8% of the general population.24

Treatment and management of HCV typically
requires access to sophisticated technology
and medications and management of multiple
medical appointments and procedures. Adher-
ence to treatment regimens are complicated
by being homeless. Mental illness and sub-
stance use disorders, prevalent in staggering
proportions in this group of patients, further
complicate management of chronic physical
illness. Previous studies showed that these
behavioral health disorders are associated
with lower quality indicators, lower adherence
with prescribed treatment, and higher health
care expenditures.19,25---27 In this analysis, we
found that the presence of HCV resulted in
higher utilization of many services, including
the ED, hospitals, and outpatient services.

Overall, our findings showed that homeless
individuals used the ED 4 times a year on
average, and 20% of the cohort had 6 or more
ED visits per year. In comparison, only 1%
of the general population and 5% of Medicaid
recipients used the ED 4 or more times a
year.28 Hospitalization rates were also high,
with these individuals using the hospital more
than domiciled patients. Hospital stays aver-
aged 1 per year with an average length of stay
of 7 days. Additionally, 12% of the study
population had 3 or more hospitalizations in
a year. Previous studies of homeless individ-
uals showed that lack of health insurance was
associated with more use of acute hospital
facilities and fewer ambulatory services,6

but in this insured cohort, rates of ED and
hospitalization remained high.

Behavioral health disorders appeared to
be a factor associated with higher utilization.
One third of ED visits and half of all hospi-
talizations were attributable to behavioral
health disorders. This was consistent with
previous studies that showed that behavioral
health disorders were associated with in-
creased Medicaid expenditures.19 High use
of the medical system was reflected in health
care costs, including a per-member-per-month
expenditure of $2036, of which one third
were for services directly related to mental
illness or SUDs.

TABLE 2—Health Care Utilization: Boston Health Care for the Homeless Program Users With

Medicaid, 2010

Types of Health Servicesa
Behavioral Health Services,

No. (%) or Mean 6SD

General Medical Care,

No. (%) or Mean 6SD Both, No. (%) or Mean 6SD

Ambulatory care visits 1.0 63.2 9.0 610.4 10.0 611.0

None 4503 (69) 356 (5) 262 (4)

1–2 1394 (21) 1244 (19) 1089 (17)

3–5 320 (5) 1520 (24) 1433 (22)

> 5 277 (4) 3374 (52) 3710 (57)

ED visits 1.3 64.2 2.7 64.7 4.0 67.3

None 4464 (69) 2292 (35) 1990 (31)

1–2 1157 (18) 2126 (33) 1932 (30)

3–5 454 (7) 1139 (18) 1168 (18)

> 5 419 (6) 937 (14) 1404 (21)

Hospitalizationsb 0.5 61.5 0.5 61.6 1.0 62.4

None 5369 (83) 4958 (76) 4287 (66)

1–2 765 (12) 1143 (18) 1436 (22)

> 2 360 (5) 393 (6) 771 (12)

Hospital length of stay, dc 8.0 612.4 5.7 69.5 7.0 611.4

Outpatient detoxificationd

None 4952 (76) NA 4952 (76)

1 391 (6) NA 391 (6)

‡ 2 1151 (18) NA 1151 (18)

Mean 6SD 1.4 64.6 NA 1.4 64.6

Note. ED = emergency department. The sample size was n = 6494.
aBased on MassHealth fee-for-service claims and managed care encounter data.
bIncluding acute inpatient, psychiatric inpatient, semiacute hospitals, chronic inpatient hospital, and state hospitals.
cFor members with at least 1 hospitalization in 2010. Median hospital length of stay was 4.0 for both behavioral health and
general medical care.
dInpatient detoxifications are included in hospitalizations.
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Even among this population with higher
than average costs, there was a subgroup of
very high service users (n = 650; 10%) who
were responsible for 48% of total expenditures
(Table 4). The greater flexibility in payment
and service delivery provided by the ACA
could be used to provide intensive, targeted
services to high need groups.

In implementing the ACA, which is designed
to profoundly enhance access to care, states
must determine how to incorporate the new
recipients of Medicaid into the health care
delivery system in the most effective way. Our
findings provided a window into the health
care utilization patterns of one of the most
vulnerable subgroups for Medicaid expansion.
There are several implications to these findings.

First of all, states that begin to enroll home-
less individuals in Medicaid systems should
understand that these individuals will have
many unmet needs and require enhanced co-
ordination of services. There might be concern
about the costs of medical care for this pop-
ulation. As our findings suggested, the burden
of medical and behavioral health needs are
high. Therefore, it is not surprising that costs
are consequently higher because the burden
of disease is up to 4 times that of the general
Medicaid population. However, states are al-
ready likely to be paying for services for
homeless individuals in less effective and
fragmented systems. In a recent policy paper
from the Kaiser Family Foundation, Holahan
et al.29 evaluated the cost of coverage under

ACA Medicaid expansion and found that
extending coverage could actually reduce
costs, and some states might see a net savings
with Medicaid expansion.

Enrolling and caring for this population in
an effective manner can be challenging, and
health care for the homeless programs can be
crucial partners in outreach and engagement
efforts. Specialized health care programs, such
as BHCHP, work to improve the fragmented
use of the medical system by assisting in
Medicaid enrollment and providing integrated
care that follows the Institute of Medicine’s core
principles of public health, including identify-
ing community health problems, mobilizing
community partners, linking people to needed
health services, and promoting health and
safety.11 Following this framework has allowed
many homeless individuals to start to access
the medical care and services that they need in
a timelier manner. Furthermore, integration
of care under patient-centered and integrated
behavioral health and medical service models
hold future promise.

Second, as more homeless individuals ob-
tain needed health insurance under the ACA
Medicaid expansion, it will be critical for pro-
viders to establish care models that take into
account the high prevalence of behavioral
health disorders. Our findings confirmed that
a majority of individuals have mental illness
and SUDs, either alone or co-occurring. Better
integration of behavioral health services with
primary care will be critical. Although BHCHP
improved the integration of primary care
and behavioral health services through
co-location of providers, shared medical re-
cords, and shared case conferencing, the
development of Health Homes under the
ACA could further provide additional funding
to better align health care financing and
delivery.

Third, our findings showed that, even
within this cohort of high users of the medical
system, there was a group of super-high users.
The top 10% people incurred almost half of
health care expenditures for homeless people,
and a significant proportion of the study
population had frequent ED visits or hospi-
talizations. This group needs to be targeted
with new programs and more efficient pay-
ment models based on community outreach
and engagement. Current efforts on targeting

TABLE 3—Overall Health Care Utilization: Subgroups of Boston Health Care for the

Homeless Program Users With Medicaid, 2010

Co-Occurring Mental Illness

and SUDs,b No. (%) or Mean 6SD

HCV,c No. (%) or

Mean 6SD

Types of Health Servicesa With (n = 3135) Without (n = 3359) With (n = 1473) Without (n = 5021)

Ambulatory care visits 11.6 611.5 8.5 610.1 13.5 612.6) 9.0 610.2

None 2 5 1 5

1–2 11 22 9 19

3–5 20 24 17 24

> 5 67 48 73 52

ED visits 6.3 69.1 1.8 63.6 6.3 69.5 3.3 66.2

None 15 46 19 34

1–2 26 33 23 32

3–5 23 13 23 17

> 5 35 8 35 17

Hospitalizationsd 1.8 63.1 0.3 60.9 2.0 63.4 0.7 61.8

None 48 83 45 82

1–2 31 14 30 5

> 2 22 3 25 13

Hospital length of stay, de 6.8 611.0 7.4 612.7 6.7 612.4 7.0 610.9

Outpatient detoxificationf 2.7 66.1 0.3 61.6 2.9 66.4 1.0 63.7

None 58 93 58 82

1 10 2 10 5

‡ 2 32 5 32 13

Note. ED = emergency department; SUDs = substance use disorders.
aBased on MassHealth fee-for-service claims and managed care encounter data.
bHomeless individuals with co-occurring mental illness and SUDs had significantly higher health care utilization than those
without co-occurring mental illness and SUDs (P < .001 from the v2 test for categorical variables and the t-test for interval
variables), except for hospital length of stay.
cHomeless individuals with HCV had significantly higher health care utilization than those without HCV (P < 0.0001 from the
v2 test for categorical variables and the t-test for interval variables), except for hospital length of stay.
dIncluding acute inpatient, psychiatric inpatient, semiacute hospitals, chronic inpatient hospital, and state hospitals.
eFor members with at least 1 hospitalization in 2010.
fInpatient detoxifications are included in hospitalizations.
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high users tend to focus at the practice level
and result in improved quality of care but do
not address the more systemic issues that
require better alignment of incentives and
data integration across different sectors of the
health care system. The ACA is an important
step towards more systemic improvement
across the spectrum of health services. As the
ACA promotes investigation of alternative
models of care, there will need to be a focus
on data-driven coordination of care across
the medical care system.

Fourth, although out of the scope of this
study, it is difficult to address the health care
needs and disparities of this population without
addressing their housing needs. Studies show
that housing homeless individuals results in
lower health care utilization and improvement
in health.4,5,30,31Housing should be considered

as a benefit that improves health and is a
potential cost-saving intervention.

There were several limitations to this study.
One limitation was the use of ICD-9-CM codes
instead of chart reviews because claims-based
ICD-9-CM codes might not capture the entire
clinical picture because of underreporting or
underdiagnosis.32 The high burden of disease
identified might still be understated. Further-
more, these analyses were based on analysis
from a single year and did not allow compar-
isons over a longer period of time. The
Massachusetts Medicaid expansion has been
a slow process since the 1990s, and made
a pre-expansion cohort difficult to discern.
Additionally, since 2010, several new inter-
ventions have been initiated at BHCHP, in-
cluding a patient-centered medical home
initiative, which might change utilization

patterns. We did not have access to utiliza-
tion data on the 20% of homeless patients
who did not have Medicaid. They might
exhibit a different pattern of health care
utilization, but we were not able to comment
on this. Additionally, because of data avail-
ability, this study focused on 1 city in Massa-
chusetts, and therefore, we could not comment
on any regional variations. Given these limita-
tions, these baseline data could be used for
comparison purposes for future investigations.
Future studies should focus on further clarify-
ing the effects of being homeless on health
status and risk stratification, as well as con-
trolled trials on the use of housing interventions
and integrated care models.

This study demonstrated the clinical
characteristics and medical use patterns in
a homeless population with Medicaid cover-
age. Medicaid expansion will provide a unique
opportunity and will significantly improve
access to care for homeless individuals. How-
ever, it will take extensive collaboration across
different state offices, provider networks,
community and human service organizations
to manage the care for this population in
a cost-effective manner while ensuring high
quality of care. The data provided in our
analysis should provide clinicians, administra-
tors, and policymakers with important infor-
mation on an understudied and vulnerable
population with a high burden of illness and
need for coordinated, high-quality care. j
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Fiscal Year Grantee Percent of Income-Eligible Households Served by Any Type of LIHEAP Assistance
2001 Michigan N/A
2002 Michigan N/A
2003 Michigan N/A
2004 Michigan N/A
2005 Michigan N/A
2006 Michigan N/A
2007 Michigan N/A
2008 Michigan N/A
2009 Michigan N/A
2010 Michigan N/A
2011 Michigan 47.31%
2012 Michigan 41.50%
2013 Michigan 39.23%
2014 Michigan 38.33%
2015 Michigan 42.48%
2016 Michigan 38.51%
2017 Michigan 36.85%
2018 Michigan 32.47%
2019 Michigan 32.09%
2020 Michigan 30.00%

2021* Michigan 22.16%
2022* Michigan 31.11%
2023* Michigan 39.60% Five year average: 30.99%

Source: LIHEAP Performance Measurement Web Site(https://liheappm.acf.hhs.gov)
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Fiscal Year Grantee State Income-Eligible Households - Total
2001 Michigan 1,015,505 1,015,505
2002 Michigan 1,110,048 1,110,048
2003 Michigan 442,046
2004 Michigan 517,152
2005 Michigan 499,991
2006 Michigan 506,621
2007 Michigan 526,177
2008 Michigan 526,177
2009 Michigan 602,149
2010 Michigan 568,604
2011 Michigan 580,475
2012 Michigan 580,475
2013 Michigan 607,768
2014 Michigan 622,384
2015 Michigan 617,346
2016 Michigan 603,886
2017 Michigan 598,929
2018 Michigan 575,917
2019 Michigan 551,897
2020 Michigan 542,727

2021* Michigan 528,387
2022* Michigan 497,332
2023* Michigan 481,913 Five year average: 520,451

Source: LIHEAP Performance Measurement Web Site(https://liheappm.acf.hhs.gov)
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Fiscal Year Grantee Federally Income-Eligible Households - Total
2001 Michigan 1,015,505
2002 Michigan 1,110,048
2003 Michigan 1,249,438
2004 Michigan 1,376,703
2005 Michigan 1,298,359
2006 Michigan 1,202,113
2007 Michigan 1,204,341
2008 Michigan 1,204,341
2009 Michigan 1,219,874
2010 Michigan 1,279,202
2011 Michigan 1,302,893
2012 Michigan 1,302,893
2013 Michigan 1,245,264
2014 Michigan 1,221,328
2015 Michigan 1,200,571
2016 Michigan 1,180,137
2017 Michigan 1,198,808
2018 Michigan 1,178,417
2019 Michigan 1,150,627
2020 Michigan 1,137,840

2021* Michigan 1,159,876
2022* Michigan 1,145,560
2023* Michigan 1,090,396 Five year average: 1,136,860

Source: LIHEAP Performance Measurement Web Site(https://liheappm.acf.hhs.gov)
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UNITED STATES SECURITIES AND EXCHANGE COMMISSION
Washington, D.C. 20549

______________________________________________

FORM 10-K
☒ ANNUAL REPORT PURSUANT TO SECTION 13 OR 15(d) OF THE SECURITIES EXCHANGE ACT OF 1934

For the Fiscal Year Ended December 31, 2023
Or

☐ TRANSITION REPORT PURSUANT TO SECTION 13 OR 15(d) OF THE SECURITIES EXCHANGE ACT OF 1934
For the transition period from _____ to _____

Commission File Number: 1-11607

DTE Energy Company
Michigan 38-3217752

(State or other jurisdiction of incorporation or organization) (I.R.S Employer Identification No.)

Commission File Number: 1-2198

DTE Electric Company
Michigan 38-0478650

(State or other jurisdiction of incorporation or organization) (I.R.S Employer Identification No.)

Registrants address of principal executive offices: One Energy Plaza, Detroit, Michigan 48226-1279
Registrants telephone number, including area code: (313) 235-4000

Securities registered pursuant to Section 12(b) of the Act:

Registrant Title of Each Class Trading Symbol(s) Name of Exchange on which Registered
DTE Energy Company
(DTE Energy) Common stock, without par value DTE New York Stock Exchange

DTE Energy 2017 Series E 5.25% Junior Subordinated Debentures due 2077 DTW New York Stock Exchange

DTE Energy 2020 Series G 4.375% Junior Subordinated Debentures due 2080 DTB New York Stock Exchange

DTE Energy 2021 Series E 4.375% Junior Subordinated Debentures due 2081 DTG New York Stock Exchange

DTE Electric Company
(DTE Electric) None None

Securities registered pursuant to Section 12(g) of the Act:

DTE Energy None DTE Electric None

Indicate by check mark if the registrant is a well-known seasoned issuer, as defined in Rule 405 of the Securities Act.

DTE Energy Yes ☒ No ☐ DTE Electric Yes ☒ No ☐

Indicate by check mark if the registrant is not required to file reports pursuant to Section 13 or Section 15(d) of the Act.

DTE Energy Yes ☐ No ☒ DTE Electric Yes ☐ No ☒

Indicate by check mark whether the registrant (1) has filed all reports required to be filed by Section 13 or 15(d) of the Securities Exchange Act of 1934 during the preceding 12 months
(or for such shorter period that the registrant was required to file such reports), and (2) has been subject to such filing requirements for the past 90 days.

DTE Energy Yes ☒ No ☐ DTE Electric Yes ☒ No ☐
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Indicate by check mark whether the registrant has submitted electronically every Interactive Data File required to be submitted pursuant to Rule  405 of Regulation  S-T during the
preceding 12 months (or for such shorter period that the registrant was required to submit such files).

DTE Energy Yes ☒ No ☐ DTE Electric Yes ☒ No ☐

Indicate by check mark whether the registrant is a large accelerated filer, an accelerated filer, a non-accelerated filer, a smaller reporting company, or an emerging growth company. See the
definitions of "large accelerated filer," "accelerated filer," "smaller reporting company," and "emerging growth company" in Rule 12b-2 of the Exchange Act.

DTE Energy Large accelerated filer Accelerated filer Non-accelerated filer Smaller reporting company Emerging growth company

☒ ☐ ☐ ☐ ☐
DTE Electric Large accelerated filer Accelerated filer Non-accelerated filer Smaller reporting company Emerging growth company

☐ ☐ ☒ ☐ ☐

If an emerging growth company, indicate by check mark if the registrant has elected not to use the extended transition period for complying with any new or revised financial accounting
standards provided pursuant to Section 13(a) of the Exchange Act. ☐

Indicate by check mark whether the registrant has filed a report on and attestation to its management’s assessment of the effectiveness of its internal control over financial reporting under
Section 404(b) of the Sarbanes-Oxley Act (15 U.S.C. 7262(b)) by the registered public accounting firm that prepared or issued its audit report.

DTE Energy Yes ☒ No ☐ DTE Electric Yes ☐ No ☒

If securities are registered pursuant to Section 12(b) of the Act, indicate by check mark whether the financial statements of the registrant included in the filing reflects the correction of an
error to previously issued financial statements.

DTE Energy ☐ DTE Electric ☐

Indicate by check mark whether any of those error corrections are restatements that required a recovery analysis of incentive based compensation received by any of the registrants'
executive officers during the relevant recovery period pursuant to §240.10D-1(b).

DTE Energy ☐ DTE Electric ☐

Indicate by check mark whether the registrant is a shell company (as defined in Rule 12b-2 of the Act).

DTE Energy Yes ☐ No ☒ DTE Electric Yes ☐ No ☒

On June 30, 2023, the aggregate market value of DTE Energy's voting and non voting common equity held by non-affiliates was approximately $22.6 billion (based on the New York
Stock Exchange closing price on such date).

Number of shares of Common Stock outstanding at January 31, 2024:

Registrant Description Shares
DTE Energy Common Stock, without par value 206,452,985 

DTE Electric Common Stock, $10 par value, indirectly-owned by DTE Energy 138,632,324 

DOCUMENTS INCORPORATED BY REFERENCE
Certain information in DTE Energy's definitive Proxy Statement for its 2024 Annual Meeting of Common Shareholders to be held May 2, 2024, which will be filed with the Securities and
Exchange Commission pursuant to Regulation 14A, not later than 120 days after the end of the Registrants' fiscal year covered by this report on Form 10-K, is incorporated herein by
reference to Part III (Items 10, 11, 12, 13, and 14) of this Form 10-K.

This combined Form 10-K is filed separately by two registrants: DTE Energy and DTE Electric. Information contained herein relating to any individual registrant is filed by such
registrant solely on its own behalf. DTE Electric makes no representation as to information relating exclusively to DTE Energy.

DTE Electric, an indirect wholly-owned subsidiary of DTE Energy, meets the conditions set forth in General Instructions I(1)(a) and (b) of Form 10-K and is therefore filing this form with
the reduced disclosure format specified in General Instruction I(2) of Form 10-K.
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Table of Contents

Part I

Items 1. and 2. Business and Properties

General

In 1995, DTE Energy incorporated in the State of Michigan. DTE Energy's utility operations consist primarily of DTE Electric and DTE Gas. DTE Energy also
has two other segments that are engaged in a variety of energy-related businesses.

DTE Electric is a Michigan corporation organized in 1903 and is an indirect wholly-owned subsidiary of DTE Energy. DTE Electric is a public utility engaged in
the generation, purchase, distribution, and sale of electricity to approximately 2.3 million customers in southeastern Michigan.

DTE Gas is a Michigan corporation organized in 1898 and is an indirect wholly-owned subsidiary of DTE Energy. DTE Gas is a public utility engaged in the
purchase, storage, transportation, distribution, and sale of natural gas to approximately 1.3 million customers throughout Michigan and the sale of storage and
transportation capacity.

DTE Energy's other businesses include 1) DTE Vantage which is primarily involved in renewable natural gas projects and providing custom energy solutions to
industrial, commercial, and institutional customers, and 2) energy marketing and trading operations.

DTE Electric and DTE Gas are regulated by the MPSC. Certain activities of DTE Electric and DTE Gas, as well as various other aspects of businesses under DTE
Energy, are regulated by the FERC. In addition, the Registrants are regulated by other federal and state regulatory agencies including the NRC, the EPA, EGLE, and for
DTE Energy, the CFTC and CARB.

The Registrants' annual reports on Form 10-K, quarterly reports on Form 10-Q, current reports on Form 8-K, proxy statements, and all amendments to such reports
are available free of charge through the Investor Relations SEC Filings page of DTE Energy's website: www.dteenergy.com, as soon as reasonably practicable after they
are filed with or furnished to the SEC.

The DTE Energy Code of Ethics and Standards of Behavior, Board of Directors’ Mission and Guidelines, Board Committee Charters, and Categorical Standards
for Director Independence are also posted on the DTE Energy website. The information on DTE Energy’s website is not part of this report or any other report that DTE
Energy files with, or furnishes to, the SEC.

Additionally, the public may read and copy any materials the Registrants file electronically with the SEC at www.sec.gov.

Corporate Structure

DTE Energy sets strategic goals, allocates resources, and evaluates performance based on the following structure. For financial information by segment for the last
three years, see Note 22 to the Consolidated Financial Statements, "Segment and Related Information."

Electric

• The Electric segment consists principally of DTE Electric, which is engaged in the generation, purchase, distribution, and sale of electricity to approximately
2.3 million residential, commercial, and industrial customers in southeastern Michigan.

Gas

• The Gas segment consists principally of DTE Gas, which is engaged in the purchase, storage, transportation, distribution, and sale of natural gas to
approximately 1.3 million residential, commercial, and industrial customers throughout Michigan and the sale of storage and transportation capacity.

Non-utility Operations

• DTE Vantage is comprised primarily of renewable energy projects that sell electricity and pipeline-quality gas and projects that deliver custom energy
solutions to industrial, commercial, and institutional customers.

• Energy Trading consists of energy marketing and trading operations.

6
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UNDERSTANDING EVICTION IN

MICHIGAN
A presentation generated by The Eviction Lab at Princeton University

Data extracted on 2024-07-20

For further information, visit evictionlab.org
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MICHIGAN HAD 191,957 EVICTION FILINGS IN 2018

Eviction filings per day: 525.91

Eviction filing rate: 16.65% (min: 16.45%, max: 16.86%)

Households threatened rate: 12.61% (min: 11.02%, max: 13.93%)

Population: 9,957,488

* The eviction filing rate is the number of eviction filings per 100 renter-occupied households.
* The households threatened rate is the number of unique households that received an eviction filing. This measure is the same regardless of
how many evictions were filed in a year against the same household.
Please see our FAQ section to better understand these issues https://evictionlab.org/help-faq/
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 Michigan

 United States

COMPARISON OF EVICTION FILING RATES OVER TIME
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Eviction Filings 191,957 2

Households Threatened 145,337 3

Households Threatened Rate 12.61% 4

Population 9,957,488

% Renter-Occupied Households 24.73%

Poverty Rate 10.37%

Median Gross Rent $850

Median Household Income $54,938

Median Property Value $146,200

Rent Burden 29.8%

Black 13.66%

White 75.21%

Hispanic/Latinx 5%

Asian 3.04%

American Indian/Alaska Native 0.46%

Native Hawaiian/Pacific Islander 0.02%

Multiple Races 2.45%

Other Races 0.14%

525.91
Filings per Day

16.65% 1
Est. Filing Rate

Michigan

Census Demographics

1 min: 16.45%, max: 16.86%
2 min: 189,625, max: 194,339
3 min: 126,997, max: 160,614
4 min: 11.02%, max: 13.93%

2018
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UNDERSTANDING EVICTION IN

WAYNE COUNTY, MICHIGAN
A presentation generated by The Eviction Lab at Princeton University

Data extracted on 2024-07-20

For further information, visit evictionlab.org
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WAYNE COUNTY HAD 56,323 EVICTION FILINGS IN 2018

Eviction filings per day: 154.31

Eviction filing rate: 22.55% (min: 22.28%, max: 22.83%)

Households threatened rate: 17.53% (min: 14.94%, max: 19.64%)

Population: 1,761,382

* The eviction filing rate is the number of eviction filings per 100 renter-occupied households.
* The households threatened rate is the number of unique households that received an eviction filing. This measure is the same regardless of
how many evictions were filed in a year against the same household.
Please see our FAQ section to better understand these issues https://evictionlab.org/help-faq/
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 Wayne County

 United States

COMPARISON OF EVICTION FILING RATES OVER TIME
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Eviction Filings 56,323 2

Households Threatened 43,791 3

Households Threatened Rate 17.53% 4

Population 1,761,382

% Renter-Occupied Households 30.4%

Poverty Rate 17.84%

Median Gross Rent $850

Median Household Income $45,321

Median Property Value $102,700

Rent Burden 33.1%

Black 38.71%

White 49.58%

Hispanic/Latinx 5.86%

Asian 3.24%

American Indian/Alaska Native 0.26%

Native Hawaiian/Pacific Islander 0.03%

Multiple Races 2.07%

Other Races 0.26%

154.31
Filings per Day

22.55% 1
Est. Filing Rate

Wayne County

Census Demographics

1 min: 22.28%, max: 22.83%
2 min: 55,642, max: 57,019
3 min: 37,307, max: 49,058
4 min: 14.94%, max: 19.64%

2018
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Facts About Eviction

What is an eviction?

An eviction happens when a landlord expels people from property they own. Evictions are
landlord-initiated involuntary moves that happen to renters, whereas foreclosures are
involuntary moves that happen to homeowners when a bank or other lending agency
repossesses a home.

Why do people get evicted?

Most evictions happen because renters cannot or do not pay their rent. Landlords can evict
renters for a number of other reasons, too, including taking on boarders, damaging
property, causing a disturbance, or breaking the law. In most American cities and towns,
landlords can evict renters even if they have not missed a rent payment or otherwise
violated their lease agreement; these are called “no fault” evictions.

What is the relationship between the affordable housing crisis and the eviction epidemic?

Today, most poor renting families spend at least half of their income on housing costs, with
one in four of those families spending over 70 percent of their income just on rent and
utilities. Incomes for Americans of modest means have flatlined while housing costs have
soared. Only one in four families who qualifies for affordable housing programs gets any kind
of help. Under those conditions, it has become harder for low-income families to keep up
with rent and utility costs, and a growing number are living one misstep or emergency away
from eviction.

What is the eviction process like?

Landlords initiate the process, and renters are served notice to appear in court. Almost
everywhere in the United States, evictions take place in civil court, where renters have no
right to an attorney (with the exception of cities that have created right to counsel
programs). For this reason and others, most renters do not appear in eviction court. When
this happens, they receive a default eviction judgement, provided that the landlord or a
representative is present. Renters who do appear in court may also receive an eviction
judgement ordering them to vacate their home by a specific date. Eviction cases can be
resolved in other ways as well. For one, the case may be dismissed or ruled in favor of
defendants, allowing renter to remain in their home. In addition, a mediated agreement can
be established between a landlord and a renter, often called a “settlement” or “stipulation,”
which comes with certain terms. If renters meet the terms, the eviction is dismissed; if they
do not, an eviction judgment can be rendered. In the event that evicted renters do not leave
their home by the specified date, their landlord may file a “writ of restitution,” which
permits law enforcement officers to forcibly remove a family and often their belongings.
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Who is at most risk of eviction?

Low-income women, especially poor women of color, have a high risk of eviction. Research
has shown domestic violence victims and families with children are also at particularly high
risk for eviction.

How does an eviction affect someone’s life?

Eviction causes a family to lose their home. They often are also expelled from their
community and their children have to switch schools. Families regularly lose their
possessions, too, which are piled on the sidewalk or placed in storage, only to be reclaimed
after paying a fee. A legal eviction comes with a court record, which can prevent families
from relocating to decent housing in a safe neighborhood, because many landlords screen
for recent evictions. Studies also show that eviction causes job loss, as the stressful and
drawn-out process of being forcibly expelled from a home causes people to make mistakes
at work and lose their job. Eviction also has been shown to affect people's mental health:
one study found that mothers who experienced eviction reported higher rates of depression
two years after their move. The evidence strongly indicates that eviction is not just a
condition of poverty, it is a cause of it.

What is the households threatened rate and how did you calculate it?

An eviction filing does not necessarily mean that the threatened household leaves its home.
A common practice is what is known as “serial filing,” where a landlord issues a series of
eviction filings against a single household.

We created the households threatened rate so that we can clearly identify how many
households annually receive at least one eviction filing. When calculating this rate, we looked
at the number of households receiving an eviction filing per 100 renter households. The
eviction filing rate (the number of filings per 100 renter households) is still available in our
database, and this will measure the total of evictions filed, no matter how many happened
to the same tenants.

We can use information in our case records to identify when a household receives multiple
eviction filings in a given year. By counting the number of households who ever received a
filing in a given year, we can calculate the households threatened rate. The eviction filing
rate will always be higher than the households threatened rate.
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About The Data

This report uses data from a variety of sources. While our primary eviction data were
collected manually from courts across the country, we also collected proprietary data from
private vendors. Because some areas are missing data over time in the courts and/or
proprietary data, we used statistical models to “fill in the gaps” with modeled estimates. For
more details on our data sources and modeled estimates, see our methodological report.

For further information, visit evictionlab.org
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Abstract 

 
Homelessness is arguably the most extreme hardship associated with poverty in the United 
States, yet people experiencing homelessness are excluded from official poverty statistics and 
much of the extreme poverty literature. This paper provides the most detailed and accurate 
portrait to date of the level and persistence of material disadvantage faced by the U.S. homeless 
population, including the first national estimates of income, employment, and safety net 
participation based on administrative data. We link restricted-use microdata identifying those 
recorded as homeless during the 2010 Census to longitudinal tax records and administrative data 
on the Supplemental Nutrition Assistance Program (SNAP), Medicare, Medicaid, Disability 
Insurance (DI), Supplemental Security Income (SSI), veterans’ benefits, housing assistance, and 
mortality. We find that nearly half of these adults had formal employment in the year they were 
observed as homeless, one-quarter received disability assistance, and more than 85 percent were 
reached by at least one safety net program, primarily SNAP. Incomes are persistently low for the 
decade surrounding an observed period of homelessness, suggesting that homelessness tends to 
arise in the context of long-term, severe deprivation rather than large and sudden losses of 
income. As our findings illustrate, most people appear to experience homelessness because they 
are very poor despite being connected to the labor market and safety net, with persistently low 
incomes leaving them vulnerable to loss of housing when met with even modest disruptions to 
life circumstances. 
 
*Authors can be contacted at the following email addresses: Bruce D. Meyer (meyer1@uchicago.edu); Angela Wyse 
(awyse@uchicago.edu); Gillian Meyer (gplmeyer@wharton.upenn.edu), Alexa Grunwaldt 
(alexa.grunwaldt@yale.edu), Derek Wu (derek.wu@virginia.edu). This paper is released to inform interested parties 
of research and to encourage discussion. The Census Bureau has reviewed this data product for unauthorized 
disclosure of confidential information and has approved the disclosure avoidance practices applies to this release, 
authorization number CBDRB-FY2022-CES005-015. We thank the U.S. Census Bureau for their support, as well as 
John Abowd, Mark Asiala, George Carter, James Christy, Dennis Culhane, Kevin Deardorff, Conor Dougherty, 
Ingrid Gould Ellen, Anne Fletcher, Katie Genadek, Tatiana Homonoff, Kristin Kerns, William Koerber, Margot 
Kushel, Larry Locklear, Tim Marshall, Brian McKenzie, Brendan O’Flaherty, James Pugh, Trudi Renwick, Annette 
Riorday, Nan Roman, William Snow, Eddie Thomas, Matthew Turner, and John Voorheis for providing feedback 
and answering our questions. Ilina Logani and Mandana Vakil provided excellent research assistance. We appreciate 
the financial support of the Alfred P. Sloan Foundation, the Russell Sage Foundation, the Charles Koch Foundation, 
the Menard Family Foundation, and the American Enterprise Institute. Wyse thanks the National Institute on Aging 
for their support.  

U-21534 
Ex.DAO-266 
Page 1 of 90

mailto:meyer1@uchicago.eduA
mailto:awyse@uchicago.edu
mailto:alexa.grunwaldt@yale.edu
mailto:derek.wu@virginia.edu


1 

1. Introduction 
Homelessness is an inordinately severe hardship. A long history of qualitative research and 

abundant anecdotal evidence suggests that people go to great lengths to avoid becoming homeless 

when confronted with an unfortunate turn of events like a job loss, health crisis, eviction, or 

relationship dispute, leaving only those with the fewest resources – those without savings or credit 

to afford temporary lodging, those without the possibility of emergency assistance from friends 

and family, those with mental health or substance abuse conditions that impair decision-making – 

to end up on the streets or in a homeless shelter. As Peter Rossi (1989) wrote in his seminal work 

Down and Out in America: The Origins of Homelessness, homelessness is “the most aggravated 

state of a more prevalent problem, extreme poverty.” 

Yet while the association between homelessness and severe economic disadvantage is 

apparent in a general sense, obtaining a detailed and accurate picture of the material circumstances 

of people who have experienced this hardship in the U.S. has proved challenging. Without a fixed 

address, such individuals are largely excluded from the household surveys that typically inform 

our understanding of poverty and well-being in the United States, and they have consequently been 

understudied in the extreme poverty literature. The most recent national survey to examine this 

population’s income and program receipt, the National Survey of Homeless Assistance Providers 

and Clients (NSHAPC), dates back nearly three decades to 1996 (Burt 2001). Recent studies 

linking administrative homeless shelter and employment records have offered important insights 

but are limited to a handful of cities and a single income source, earnings (Metraux et al. 2018; 

Wachter, Schnorr, and Riesch 2020). Numerous ethnographic studies and geographically narrow 

surveys offer nuanced and detailed information on the material well-being of the individuals they 

represent, but their results may not generalize beyond those settings and they lack longitudinal 

information.  These surveys also rely on self-reports that even when obtained from rigorously 

tested surveys of the housed have been shown to be substantially biased (Meyer, Mok, and Sullivan 

2015). 

Understanding the income and safety net participation of people who have experienced 

homelessness is crucial for the design and targeting of policy interventions. Such knowledge can, 

for example, indicate the degree of income-related deprivation that puts someone at risk of 

homelessness, which can in turn improve the targeting of prevention efforts, shed light on the size 

of the at-risk population, and inform the scale of interventions needed to significantly reduce 
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aggregate homelessness. Understanding the persistence or transience of deprivation can also direct 

policymakers towards the most appropriate prevention strategies, which might consist of measures 

aimed at raising permanent incomes, reducing housing costs, or mitigating income volatility. 

This paper advances our understanding of the conditions in which homelessness arises by 

providing the most detailed and accurate portrait to date of income and safety net participation for 

the U.S. homeless population. Our sample consists of 140,000 adults recorded as sheltered and 

unsheltered homeless in the 2010 Census, by far the largest, most representative sample ever used 

to study these questions. We link these individuals to administrative tax and program records to 

provide the first national calculation of formal employment, income, and safety net participation 

for this population. We compare these outcomes to a demographically comparable sample of the 

housed poor and examine how pathways to homelessness appear to differ by sheltered status, race, 

gender, Hispanic ethnicity, and geography. We demonstrate the robustness of our findings to 

different linkage methods and alternative samples, including samples of the sheltered homeless 

population from the American Community Survey (ACS) and several cities’ Homeless 

Management Information System (HMIS) shelter-use databases. 

Our approach benefits not only from large samples that are designed to represent national 

homelessness patterns, but also from a wealth of accurate income and safety net information from 

administrative records. Using confidential personal identification keys, we link individuals 

experiencing homelessness to Internal Revenue Service (IRS) microdata on taxable income and 

employment from Forms 1040, W-2s, and 1099-Rs, as well as data on numerous state and federal 

safety net programs, including the Supplemental Nutrition Assistance Program (SNAP, formerly 

food stamps), Medicaid, Medicare, Temporary Assistance for Needy Families (TANF) and General 

Assistance (GA), Supplemental Security Income (SSI), Social Security Disability Insurance (DI), 

rental assistance from the Department of Housing and Urban Development (HUD), and service-

connected disability payments from the Department of Veterans Affairs (VA). We account for 

mortality in our analyses using Social Security Administration (SSA) records of death dates. 

We learn that the modern-day U.S. homeless population is surprisingly well-connected to 

formal employment and the safety net, in contrast to earlier years’ depictions of individuals 

“unconnected to the world of work” with “no safety net of entitlements” (Rossi 1989). Nearly all 

sheltered homeless adults in our sample (97 percent) and the vast majority of unsheltered homeless 

adults (93 percent) were formally employed or enrolled in at least one safety net program in 2010, 
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the year they were observed as homeless. We also find that a substantial share of the homeless 

population is drawn from the ranks of the working poor: about half of those in shelters and 40 

percent of those at unsheltered locations had formal employment in 2010. Their median annual 

earnings were about $8,300, however, suggesting low-wage, sporadic work. We find SNAP receipt 

to be especially high, reaching about 77 percent of all adults in our sample in 2010. Connections 

to work and the safety net coexist with deep poverty for this population, however. The median 

value of our most comprehensive resource measure, which adds to cash income the value of in-

kind transfers from SNAP and HUD, was $7,500 for those in shelters and $5,500 for those 

experiencing unsheltered homelessness in 2010. In other words, people experience homelessness 

not because they are estranged from formal income and programs, but because they are very poor 

despite being highly connected to work and the safety net. 

Turning to longitudinal patterns, our calculations reveal persistent, severe deprivation, with 

incomes remaining low for the decade surrounding an observed period of homelessness. Median 

annual income, including in-kind transfers, never exceeded $10,000 for the sheltered homeless and 

$8,000 for the unsheltered homeless in the decade surrounding 2010. We observe only a small dip 

in employment and earnings relative to the long-term trend preceding an observed period of 

homelessness, suggesting that employment and earnings shocks are not the predominant 

precipitating event for most spells of homelessness. Reliance on the safety net was also persistently 

high over the ten years of our study, although receipt of SNAP and TANF/GA – benefits typically 

understood to be temporary – peaked in the year observed as homeless, perhaps due in part to 

service providers’ and homeless shelters’ efforts to facilitate enrollment in these programs. We see 

a long-term pattern of declining employment that is accompanied by increasing enrollment in 

disability programs, with receipt of SSI or DI increasing from 19 to 34 percent for the sheltered 

homeless and 29 to 40 percent for the unsheltered homeless between 2010 and 2016. These 

longitudinal patterns suggest that homelessness tends to arise in the context of severe long-term 

deprivation, alongside steadily declining employment and increasing disability assistance receipt, 

rather than large shocks to income. Put differently, people experiencing homelessness are not just 

enduring an exceptionally difficult year – they are enduring an exceptionally difficult decade, and 

perhaps in many cases, an exceptionally difficult life.  

Our analyses reveal a high degree of similarity between the material circumstances of 

people recorded in homeless shelters during the Census and poor housed individuals who share 
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their demographic profile. This poor housed comparison group consists of unmarried individuals 

who are predominantly male (70 percent), between the ages of 40 and 59 (69 percent), and 

disproportionately Black (39 percent) relative to the overall population. These individuals had a 

median income, including the value of in-kind transfers, of about $9,900 in 2010, only about 

$2,000 higher than the median of $7,500 among those who were in homeless shelters during the 

Census. By some measures, the housed poor appear to be somewhat more deprived than the 

sheltered homeless sample: they were slightly less likely to be employed in 2005 through 2010 

and slightly more likely to receive SSI in 2010. These results underscore the dire economic 

circumstances faced by this segment of the housed poor population, a group that tends to be 

neglected in policy discussions on poverty relative to single mothers and children. In this way, our 

paper complements Meyer et al. (2021)’s work on extreme poverty in the U.S., which finds that 

after accounting for misreporting of income and program receipt in surveys, the only households 

who cannot be ruled out as being extremely poor are those consisting of a single, childless adults. 

Our findings suggest that this overlooked segment of the population, which appears to be 

exceptionally vulnerable to homelessness and likely other severe hardships as well, may merit 

more attention in national discussions of poverty alleviation. 

Our findings help explain several patterns that have emerged in the recent literature on 

homelessness prevention. Prior work has emphasized the exceptional difficulty of identifying 

people who are most likely to become homeless and targeting prevention programs towards them, 

a finding that is consistent with our observation of substantial overlap between the economic 

circumstances of people in homeless shelters and the housed poor who share their demographic 

profile (O’Flaherty 2011; Shinn et al. 2013; Von Wachter et al. 2021). Even detailed and accurate 

information about someone’s long-term trajectory of income and safety net participation are 

unlikely to yield useful predictors of homelessness.  

At the same time, several experimental and quasi-experimental studies have found that 

providing small emergency payments to people at risk of losing housing, often on the order of one 

month’s rent or less, can significantly reduce their probability of entering a shelter (Rolston et al. 

2013; Evans, Sullivan, and Wallskog 2016; Phillips and Sullivan 2023). The effectiveness of such 

emergency assistance programs accords with our finding that homelessness tends to arise in the 

context of persistent, severe deprivation rather than major disruptions to income: just as a small 

loss of resources may be enough to trigger a spell of homelessness for those with the most 
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precarious circumstances, a small boost to income may be enough to prevent it. Yet our results also 

underscore the likely continued vulnerability to homelessness of those who receive small, one-

time payments through emergency assistance programs. Indeed, these prior studies have found that 

the effect of emergency financial assistance on shelter entry attenuates over time, suggesting that 

some of the people for whom a spell of homelessness was initially averted eventually end up 

homeless – an outcome that is consistent with the persistent deprivation documented in this paper. 

A small-scale payment may be enough to prevent a singular instance of homelessness, but it is 

unlikely to make a dent in the long-term deprivation that leaves people vulnerable to the loss of 

housing. 

These analyses shine new light on a highly disadvantaged segment of the U.S. population, 

those for whom extreme poverty can mean extreme vulnerability to homelessness when met with 

even modest disruptions to their life circumstances. The rest of the paper proceeds as follows. 

Section 2 discusses prior work on the income and safety net participation of homeless individuals. 

Section 3 describes our data, Section 4 describes our methodology, and Section 5 presents our 

main results, as well as analyses of heterogeneity by demographic characteristics and geography. 

Section 6 analyzes the robustness of our findings to alternative data sources, sample definitions, 

and linkage methods and presents extensions, including an analysis of demographic and income 

misreporting in household surveys. Section 7 compares our findings to prior work and Section 8 

concludes. 

2. Connections to Prior Work 
Concerted efforts to learn about the income, employment, and safety net participation of 

people experiencing homelessness in the U.S. began in the 1980s, when an alarming and highly 

visible rise in homelessness drew renewed attention from researchers and the broader public. Rossi 

(1989) reviewed this early literature in his seminal ethnographic work, with an emphasis on his 

own surveys of Chicago’s homeless population, which were innovative in their efforts to obtain 

representative samples. These early studies depicted an extremely deprived and disconnected 

population, heavily reliant on donations of meals and clothing and informal income from activities 

like panhandling and peddling. Rossi’s surveys found that just one in four homeless Chicagoans 

received food stamps and that one in three had been employed in the previous month. Interviewees 

reported mean monthly income equivalent to about $375 in 2018 dollars, or $4,500 in a year. 
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The 1996 National Survey of Homeless Assistance Providers and Clients (NSHAPC) built 

on this early work to provide the first – and, until the present study, the only – estimates of the 

income, employment, and safety net participation using a sample designed to be representative of 

the entire U.S. homeless population (Burt, Martha R 1989; Burt et al. 1999). The NSHAPC, which 

was carried out by the Census Bureau on behalf of numerous federal agencies, collected detailed 

information from 4,200 users of homeless services around the country to learn about their 

characteristics, material well-being, health, and many other aspects of their life circumstances. 

This survey painted a picture of deprivation in the U.S. homeless population that was somewhat 

less grim than Rossi’s but nevertheless dire. Survey respondents reported average monthly income 

of $590 in 2018 dollars, corresponding to annual income of $7,080, slightly less than half of the 

corresponding federal poverty threshold for a single individual from that year. Forty-four percent 

reported having worked in the previous month, and 37 percent said they received food stamps. 

NSHAPC also estimated the receipt of SSI (11 percent), Medicaid (30 percent), and General 

Assistance (GA) plus Aid to Dependent Families with Children (AFDC, the precursor to TANF) 

(19 percent). Taken together, about 40 percent of those experiencing homelessness received at least 

one benefit according to this survey. 

While NSHAPC remains the most recent national survey of the U.S. homeless population, 

two studies have since revisited the question of employment among people experiencing 

homelessness using administrative data by linking individuals from Homeless Management 

Information System (HMIS) databases to data on employment and earnings (Metraux et al. 2018, 

Von Wachter et al. 2020). Linked administrative data permit longitudinal analyses and provide 

more accurate information on employment and earnings, which are frequently misreported in 

surveys and perhaps especially so for those experiencing homelessness, as we show in Section 5.  

These two studies suggest somewhat lower employment than NSHAPC, although their 

estimates are at the annual and quarterly level and therefore not directly comparable to NSHAPC’s 

monthly estimate. They also offer some evidence of disruptions to employment and earnings 

preceding homelessness. Metraux et al. (2018) find that about 42 percent of adults in New York 

City homeless shelters received wage income in the year they first enrolled in a shelter, a drop of 

about 6 percentage points relative to average employment over rates the preceding decade. They 

also observe an average $3,000 drop in mean earnings conditional on working relative to the 

preceding decade. Von Wachter et al. (2020) estimate that just 29 percent of Los Angeles shelter 
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users were employed in the year before shelter enrollment, although this share may be biased 

towards zero because it is based only on California state earnings records. They observe very little 

drop in employment in the year preceding the first shelter enrollment in the full sample, although 

mean earnings do fall among those who work. While these studies produced new insights into the 

level and longitudinal patterns of employment in this population, their findings are limited to 

homeless shelter users New York and Los Angeles and may not generalize nationally or to those 

experiencing unsheltered homelessness. Moreover, these studies examine just one income source 

(earnings) and therefore provide a limited view of individuals’ financial resources. 

In this paper, we advance this literature by providing the most comprehensive, accurate, 

and detailed calculation of the income, employment, and safety net participation for the U.S. 

homeless population to date. We build upon prior work by using national samples of the homeless 

population, including those residing outside of homeless shelters, and linking these individuals to 

administrative records that encompass a more comprehensive set of income sources. 

Administrative data allow us to obtain more detailed and accurate information on income and 

safety net receipt than in the NSHAPC and other surveys, including longitudinal patterns. In 

Section 7, we compare our results in detail to the studies described in this section and how these 

findings advance and revise our understanding of the level and persistence of deprivation faced by 

the U.S. homeless population relative to prior work. 

3. Data 
3.1 2010 Census Data on the U.S. Homeless Population 

Our main sample of analysis consists of people who were recorded as experiencing 

sheltered and unsheltered homelessness during the 2010 Census. The Census collected information 

on this population through its Service-Based Enumeration (SBE) operation on March 29-31, 2010. 

SBE enumerators interviewed individuals in homeless shelters, users of soup kitchens and mobile 

food vans, and people spending the night at pre-identified outdoor locations known as targeted 

non-sheltered outdoor locations (TNSOLs), such as vehicle and tent encampments.1 Because 

people using soup kitchens and food vans were only included in the homeless count if they did not 

indicate a valid residential or shelter address, we classify people enumerated at those locations as 

 
1 The SBE did not include people residing in domestic violence shelters. These individuals were included in the Census 
through a different counting operation and are not identified even in restricted-use data due to privacy concerns, so 
we do not include them in our study. 
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“unsheltered homeless” in our study. Our Census homeless sample therefore consists of a cross-

section people who were experiencing literal homelessness in early 2010 – i.e., people residing in 

homeless shelters and those with a primary nighttime residence not meant for human habitation. 

In Section 4, we discuss the merits of this definition of homelessness relative to other definitions, 

for example those that include people who are “doubling up” or involuntarily sharing housing. 

The Census built its list of service providers and outdoor locations for the SBE through a 

series of research and validation operations, including internet research, queries to local 

government officials, advocacy organization, and other local partners, and numerous advance visit 

and validation operations (Russell and Barrett 2013). Enumerators across the country received 

several days of uniform training that included a sensitivity component to teach them how to 

approach people experiencing homelessness and how to work with people suffering from 

psychological health concerns. At many locations, the Census engaged local “culture facilitators” 

to aid in interviewing people experiencing unsheltered homelessness. In principle, enumerators 

aimed to collect names and dates of birth from all interviewees. In practice, given the bustling 

nature of service locations and the fact that many individuals were sleeping during the outdoor 

counting operation, many individuals were enumerated by sight without providing this personal 

information. We discuss the implications of such nonresponse and our methods of accounting for 

the resulting non-linkage in Section 4. 

Meyer, Wyse, and Corinth (2023)establish the broad coverage and reliability of the 2010 

Census as a source of data on the U.S. homeless population, estimating that more than 90 percent 

of people residing in homeless shelters (as these facilities are defined by HUD) were included in 

its count. However, these individuals were at times classified as residing in housing or other types 

of congregate facilities due largely to ambiguities in the definition of a homeless shelter.2 The 

completeness of the Census’s unsheltered count is less certain, but the similarity of unsheltered 

estimates between the Census and HUD’s point-in-time (PIT) count – despite substantial 

differences in the sources’ methodologies – suggests that the Census covered this population 

reasonably well. 

 
2 We test the robustness of our findings to differences between the Census and PIT definitions of a homeless shelter 
in Section 6 by comparing results based on Census sheltered homeless in Los Angeles and Houston to those based 
on HMIS sheltered homeless samples in these cities, with the definition of a homeless shelter in these latter sources 
aligning closely with HUD’s definition. 
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3.2 American Community Survey (ACS) Data on the Sheltered Homeless 

We use additional data on the sheltered homeless population from the ACS to test the 

robustness of our findings to different samples, linkage methods, and years. The ACS interviews 

about 2,500 to 3,500 people in homeless shelters each year but excludes people experiencing 

unsheltered homelessness. Its shelter list is based on the most recent Census, with limited updates 

during the intercensal period. Unlike the Census, which collects only basic demographic 

characteristics, the ACS collects a wealth of information about shelter users’ characteristics, 

geographic mobility, physical and cognitive difficulties, and self-reported income and program 

receipt. (B. D. Meyer, Wyse, et al. 2021)provide a detailed description of these outcomes for 

sheltered homeless individuals interviewed in the 2006-2018 ACS. Despite offering large, 

nationally representative samples of the sheltered homeless population, the ACS has been 

underused to study this population in the past because shelter users are not identified in public-use 

versions of the data.  

3.3 Homeless Management Information System (HMIS) Data 

In addition to the Census and ACS, we obtain administrative data on people experiencing 

sheltered homelessness from Homeless Management Information System (HMIS) databases from 

Los Angeles (2004-2014), Houston (2004-2015), and Chicago (2014-2019). These databases 

contain individual records of homeless shelter entries and exits covering a large share of these 

cities’ sheltered homeless populations. All federally funded shelters are required to track clients’ 

program use in HMIS and many others elect to do so.  

Although HMIS data are limited geographically, they confer several advantages for 

examining heterogeneity and checking the robustness of results based on homeless samples from 

the Census and ACS. Unlike the Census and ACS, the HMIS data classify individuals into families  

and can thus be used to examine heterogeneity by family type that is often emphasized in the 

literature. Moreover, HMIS-recorded shelter entry and exit dates permit analyses of income and 

program receipt relative to individuals’ first observed shelter enrollment. This allows us to compare 

results based on different temporal conceptions of the homeless population (e.g., those who were 

homeless at a point in time versus those with a first shelter enrollment during a period). Finally, 

because shelter administrators record the Social Security Numbers (SSNs) of clients in the HMIS, 

these data can be assigned linkage keys at higher rates than the Census and ACS, which rely only 

on name, date of birth, gender, and geographic location to assign linkage keys. We leverage these 

U-21534 
Ex.DAO-266 

Page 10 of 90



10 

high linkage rates to examine whether or not incomplete linkage leads to bias in the  results based 

on Census and ACS samples (Section 6). 

3.4 Administrative Records on Incomes and Program Receipt 

We link homeless individuals from the Census, ACS, and HMIS to an extensive collection 

of administrative records on formal income, employment, and safety net participation from federal 

and state agencies. We obtain information on taxable sources of money income from Internal 

Revenue Service (IRS) Forms 1040s, W-2s, and 1099-Rs.3 These records track the universe of 

formal employment (specifically wages) in the entire United States, with Form 1040 providing 

information for people who file taxes and Form W-2 adding wage amounts for those who do not. 

We have further information on retirement distributions from Form 1099-R. We obtain information 

on food assistance from five states’ Supplemental Nutrition Assistance Program (SNAP) 

enrollment records and on cash assistance from New York State’s Temporary Assistance for Needy 

Families (TANF)/General Assistance (GA) enrollment records.4 We obtain national administrative 

data on housing assistance from the Department of Housing and Urban Development (HUD)’s 

Public and Indian Housing Information Center (PIC) and Tenant Rental Assistance Certification 

System (TRACS) files, which cover nearly all public and subsidized housing assistance programs 

under this agency’s jurisdiction. We utilize Medicare and Medicaid enrollment records from the 

Centers for Medicare and Medicaid Services (CMS). We also obtain data on three sources of 

disability benefits: the Veterans Benefit Administration’s USVETS data on service-connected 

disability compensation, a universe file on receipt of Supplemental Security Income (SSI), and an 

indicator for Disability Insurance (DI) receipt in Medicare records. Finally, we obtain birth and 

death dates from the Social Security Administration (SSA)’s Numident file to account for mortality 

when calculating income and program receipt. 

These datasets cover most formal sources of income and the most important means-tested 

safety net programs in the United States. Formal income sources not covered by these data include 

DI amounts, Unemployment Insurance (UI) among people who do not file 1040s, and workers’ 

compensation. We also emphasize that our data are limited to formal income and do not include 

income from informal employment or private transfers. Transfers from family, friends, and private 

 
3 IRS 1040 records are available for 2003-2015, W2s for 2005-2016, and 1099-Rs for 2003-2015. 
4 The states and years for which we have SNAP data are the following: Illinois (2009-2016), Indiana (2004-2016), 
New York (2007-2016), New Jersey (2007-2016), and Tennessee (2004-2016). 
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charity – which could consist of cash assistance or in-kind transfers via housing, food, clothing, or 

other goods – are undoubtedly important for many people experiencing homelessness but are 

outside the scope of the present analysis. 

4. Methods 

4.1 Defining Homelessness 

The Census homeless population consists of people experiencing what HUD defines as 

“literal homelessness.” People are literally homeless if they have “a primary nighttime residence 

that is a public or private place not designed for or ordinarily used as a regular sleeping 

accommodation for human beings” or if they are living in “a supervised publicly or privately 

operated shelter designated to provide temporary living arrangements” (HUD 2012).5 As 

documented in Meyer, Wyse, and Corinth (2023), the Census definition of a homeless shelter 

differs in several straightforward ways from HUD’s definition, with the latter including people in 

domestic violence shelters, those in hotel and motel beds funded by homeless service providers, 

and people sleeping in non-shelter facilities with temporary homeless accommodations. The 

Census also appears to have classified some HUD-designated shelters, particularly those where 

individuals can reside for extended periods of time, as housing units or other types of congregate 

facilities rather than homeless shelters. In Section 6, we test the robustness of our findings to 

HUD’s broader definition of a homeless shelter by comparing results based on the Census’s 

homeless population to those residing in HMIS shelters, which follow the HUD definition. 

Literal homelessness does not include people residing in low-quality or shared housing or 

with tenuous attachment to their current residence. While such living arrangements reflect 

housing-related hardship in many cases and may indicate heightened risk of homelessness, we 

limit our attention in this paper to those experiencing literal homelessness for several reasons. 

First, literal homelessness typically indicates a degree of housing-related hardship that exceeds 

that associated with precarious or shared housing, as evidenced by individuals’ revealed preference 

for such accommodations over literal homelessness. Moreover, it is not clear that shared housing 

reflects hardship in most cases, as is well-documented in the household formation literature (e.g., 

 
5 For programmatic purposes, HUD also classifies among the “literally homeless” people exiting certain institutions, 
such as prisons and hospitals, where they have resided for 90 days if they were residing in a homeless shelter or at 
unsheltered locations immediately before entering the institution. Our definition does not include such individuals. 
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Browning, Chiappori, and Weiss 2014). The data requirements needed to identify those individuals 

for whom shared or low-quality housing represents hardship as extreme as literal homelessness 

also far exceed the information available in household surveys and administrative data. Meyer et 

al. (2023) provides further discussion of the merits and data limitations associated with different 

definitions of homelessness. 

4.2 Constructing Homeless and Housed Comparison Samples 

We limit our samples to people who were between the ages of 25 and 59 in 2010 and keep 

only those assigned an anonymized unique identifier by the Census Bureau’s linkage software. 

Our primary homeless samples consist of 89,500 linked individuals who were residing in homeless 

shelters during the Census (the sheltered homeless) and 49,500 linked individuals who were 

counted at soup kitchens, food vans, or overnight at outdoor locations and indicated no valid usual 

address elsewhere (the unsheltered homeless). We also calculate key outcomes for two comparison 

groups of housed adults drawn from the first six months of the 2010 ACS. Our main comparison 

sample consists of 55,000 housed, unmarried individuals with self-reported incomes below the 

federal poverty threshold. To permit more direct comparisons, we reweight these individuals’ 

demographic characteristics to align with those of the pooled sheltered and unsheltered homeless 

sample. We also calculate key outcomes for the 994,000-person ACS sample of housed individuals 

surveyed during the first six months of the 2010. 

While most of our results are calculated for the entire U.S. population (excluding U.S. 

territories), our SNAP and TANF/General Assistance administrative records cover only a subset of 

the U.S. As a result, we impose geographic restrictions for analyses of these outcomes or measures 

that incorporate their values, such as the share of people receiving at least one benefit and the value 

of income including in-kind transfers. For such outcome measures, we restrict the sample in year 

t to people who in 2010 lived in a state for which we have data in year t. In Section 6, we estimate 

the magnitude of bias in longitudinal SNAP receipt patterns that arises due to migration between 

states for which we do and do not have administrative data. 

4.3 Linking Across Datasets 

We link datasets at the individual level using Protected Identification Keys (PIKs), unique 

anonymized identifiers assigned by the Census Bureau’s Personal Identification Verification 

System (PVS). This software assigns linkage keys by matching the personal information provided 

to Census enumerators – including name, date of birth, and gender – against a reference file based 
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on Social Security Administration (SSA) records. In the restricted 2010 Census microdata, this 

software assigns a linkage key to 69 percent of people in homeless shelters, 42 percent of those 

counted at food vans and soup kitchens, and 17 percent of those counted at outdoor locations, or 

TNSOLs. According to the Census’s evaluation report on the homeless counting operation, the 

main proximate reason for this non-linkage is that enumerators did not collect sufficient personal 

information from these individuals, either because the subjects were sleeping, deemed not 

“approachable,” or because the bustling nature of many service locations prevented them from 

collecting complete information (Russell and Barrett 2013). 

Incomplete linkage could create bias in our income and safety net calculations if the 

outcomes of unlinked individuals differ systematically from linked individuals. We address this 

concern by applying inverse probability weights to linked individuals, where these weights are 

obtained by estimating a probit model of linkage status on age, race, gender, Hispanic origin, state, 

and homeless location type. The key assumption is that non-linkage no longer biases analyses of 

outcomes conditional on these observed characteristics. Given low linkage rates and the limited 

characteristics available in the Census for our probability model, however, we test the robustness 

of our findings to alternate linkage methods using sheltered homeless samples from ACS and 

HMIS data. The ACS’s rich set of covariates, which include self-reported measures of income and 

program receipt, allow us to estimate a more detailed inverse probability weighting model on these 

data and compare our findings to those based on the Census’s more limited model. We also 

compare findings based on the Census homeless samples to those based on HMIS data, where 

linkage rates are about 90 percent across cities and years because most records contain SSNs. 

Despite these robustness checks, we remain concerned that linkage may be non-random 

with respect to outcomes of interest in the population counted at TNSOLs, even conditional on the 

covariates in our probability model. The Census’s SBE evaluation report indicates that 

nonresponse appeared to be “most serious” at these locations, where most residents were “asleep 

and/or covered up” during their overnight counting operation (Russell and Barrett 2013). We 

therefore exclude people counted at TNSOLs from our main analyses but include them in 

robustness checks in Section 6. 
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5. Results 
 This section contains our main results. We start by providing summary statistics of our 

homeless samples and comparison groups, before showing how employment, income, and 

program participation evolve in the years preceding and following an observed period of 

homelessness during the 2010 Census.6 We next discuss comparisons in key outcomes between 

those who are homeless and the demographically comparable sample of the single housed poor 

population. The last set of results describe differences by gender and family status, race and 

ethnicity, and geography and discuss potential reasons for these differences. 

5.1 Characteristics of the Homeless and Housed Comparisons Samples 

Table 1 presents descriptive statistics for the Census homeless samples and ACS housed 

comparison groups used in our main analyses. Relative to housed adults (Column 4), sheltered 

(Column 1) and unsheltered (Column 2) homeless individuals are much more likely to be male (67 

and 74 percent, respectively, compared to 49 percent of the overall housed) and much more likely 

to be Black (40 and 38 percent, compared to 13 percent). They are similarly likely to be Hispanic 

(14 and 15 percent, compared to 15 percent) and are slightly older (43.5 and 44.4 years old, on 

average, compared to 42.4), conditional on being between the ages of 25-59 in 2010.  

As noted in Section 4, we reweight the single housed poor sample to match the distribution 

of demographic characteristics in the pooled sheltered and unsheltered homeless samples. The 

characteristics of the single housed poor indicated in Column 3 are therefore equal to a weighted 

average of the characteristics in Columns 1 and 2 by construction. This reweighting ensures that 

any subsequent comparisons are not confounded by demographic differences between those 

experiencing homelessness and single poor housed individuals. Such comparisons should be 

interpreted as between those experiencing homelessness and a demographically comparable 

segment of the single housed poor population, i.e., a segment that is more likely to be male, Black, 

and in their 40s and 50s than the typical single housed person living in poverty in the United States. 

 
6 We inflation-adjust all amounts to 2018 dollars using the Chained Consumer Price Index for All Urban Consumers 
(C-CPI-U) and report individual income and program receipt at the annual level. The notes on Appendix Tables A1-
A7 contain detailed information about the definitions and methodology underlying income and program receipt 
measures. 
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5.2 Employment, Income, and Safety Net Participation in the Year Observed as Homeless 

We begin by summarizing levels of employment, safety net participation, and material 

deprivation in the year individuals were observed as homeless, before turning to a discussion of 

longitudinal patterns of income, employment and earnings, disability program receipt, and receipt 

of other benefits in the years preceding and following an observed period of homelessness. Key 

results are indicated in Tables 2a and 2b.7 

Connections to Formal Employment and the Safety Net 

Figure 1a displays the share of the Census homeless population and single housed poor 

comparison group receiving various benefits and earnings in 2010. We find that homeless 

individuals are highly connected to formal employment and the safety net, with 97 percent of those 

in shelters and 93 percent of those at unsheltered locations receiving at least one government 

benefit and/or having been formally employed in 2010. The vast majority received at least one 

safety net benefit (89 percent of the sheltered and 80 percent of the unsheltered), and about 53 

percent of sheltered homeless individuals and 40 percent of unsheltered homeless individuals had 

formal employment, albeit with low earnings (a median of $8,300 among workers) that suggest 

sporadic and/or part-time work at very low wages.8  

Receipt of all non-disability benefits was higher among people experiencing sheltered 

rather than unsheltered homelessness, but this latter group was more likely to receive disability 

benefits from SSI or DI. About 83 percent of those in homeless shelters and 70 percent of those at 

unsheltered locations received SNAP in the year they were observed as homeless. Nearly half of 

this population was enrolled in Medicaid, and receipt of TANF and General Assistance was high 

(58 percent) among homeless shelter users in New York, where we have access to these data. A 

moderate share received disability benefits in 2010, with a respective 14 and 21 percent of the 

sheltered and unsheltered homeless receiving SSI, 9 and 14 percent receiving DI, and 3 and 2 

percent receiving service-connected disability payments from the VA. A small share (10 percent 

of the sheltered and 9 percent of the unsheltered) received HUD housing assistance for at least 

some portion of 2010, although the mean months of receipt drop in 2010 relative to surrounding 

 
7 Detailed additional results are available in Appendix Tables A1-A7. 
8 For comparison, a full year of work at the federal minimum wage of $7.25 corresponds to about $15,000 of annual 
earnings. 
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years, suggesting disruptions in housing benefit receipt that are consistent with having been 

homeless for some portion of that year. 

Income and the Value of In-Kind Transfers 

We also calculate the median and 75th percentile of our most comprehensive resource 

measure, money income plus in-kind transfers, for our homeless and housed comparison samples 

in 2010 (Figure 1b). This income measure includes most sources of taxable income reported on 

1040s or in W-2s and 1099-Rs, as well as (non-taxable) cash transfers from SSI and VA payments 

and the value of in-kind transfers from SNAP and HUD. Despite the high degree of connection to 

employment and the safety net indicated in Figure 1a, we find that people experiencing 

homelessness have extremely low incomes, indicating severe material deprivation. The median 

value of income including in-kind transfers was about $5,500 for the unsheltered homeless and 

$7,500 for the sheltered homeless in 2010. These annual incomes fall well below the official 

poverty threshold of about $12,000 for a single-person household, despite including the value of 

in-kind transfers that are not included when calculating official poverty status.9  

At the same time, we note that material deprivation would be even more extreme in this 

population without certain safety net programs. For example, median income falls to about $750 

for those in shelters and to $0 for the unsheltered homeless population when we deduct the value 

of transfers from SSI, SNAP, and housing assistance (Appendix Tables A3-A4). The safety net 

appears to provide crucial assistance to many people experiencing homelessness. 

Comparisons to the Single Housed Poor 

Figures 1a and 1b also allow us to compare the material circumstances of those 

experiencing homelessness and single housed poor individuals who share their demographic 

profile. We find that single housed poor individuals are less connected to formal employment and 

the safety net, with just 89 percent being employed and/or receiving at least one benefit in 2010, 

compared to 93 and 97 percent in the homeless samples. Among the single housed poor, the share 

with formal earnings (48 percent) falls between that of the sheltered homeless (52 percent) and 

unsheltered homeless samples (40 percent), with the median value of earnings conditional on 

 
9 We reference the 2018 federal poverty threshold because we measure incomes in 2018 dollars. Although we compare 
income to the poverty threshold for a single individual, we note that some people in our samples, particularly those 
recorded in homeless shelters in the Census, were likely accompanied by children and would hence be subject to even 
higher poverty thresholds. 
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working being about $12,200, compared to $8,300 among homeless individuals with formal 

employment. W-2 records offer suggestive evidence of slightly elevated employment instability in 

the homeless population, with sheltered and unsheltered homeless workers both having an average 

of 1.6 distinct jobs (as proxied for by the number of W-2 forms) in 2009, compared to 1.4 among 

the single housed poor (Appendix Tables A3-A5). The single housed poor are less likely to receive 

SNAP, TANF/GA, Medicaid, and VA disability benefits than those experiencing homelessness, but 

are more likely to receive housing assistance. They receive DI at similar rates to unsheltered 

homeless individuals, and their receipt of SSI falls (16 percent) falls between receipt rates for the 

sheltered homeless (14 percent) and unsheltered homeless samples (21 percent).  

Turning to comparisons of the median and 75th percentiles of income including the value 

of in-kind transfers in Figure 1b, we observe a striking degree of similarity between those 

experiencing homelessness and single housed poor individuals who share their demographic 

profile. The median single housed poor individual had about $9,900 in income after in-kind 

transfers in 2010, only $2,400 higher than the median sheltered homeless individual. There is also 

a substantial amount of overlap between these samples’ income distributions. At least one-quarter 

of those experiencing homelessness had higher incomes than most single housed poor adults: the 

75th percentiles of income for the unsheltered and sheltered homeless were about $14,300 and 

$15,100, respectively, compared to the median value of $9,900 for the single housed poor. In other 

words, those experiencing homelessness, particularly sheltered homelessness, look very much like 

single housed poor adults who share their demographic profile in terms of their incomes, 

employment, and safety net participation. 

5.3 Longitudinal Patterns of Employment, Income, and Safety Net Participation 

Persistence of Deprivation 

 Moving beyond static levels of deprivation, Figure 2 examines longitudinal patterns in 

median income including the value of in-kind transfers from SNAP and HUD between 2005 and 

2016. The solid lines indicate the value of income from all sources except SSI, which we only 

incorporate starting in 2010 (as reflected in the dashed lines) when administrative SSI records 

become available to us. This figure illustrates the stark persistence of material deprivation for this 

population, with incomes remaining very low over the four years prior to and six years after an 

observed period of homelessness. We find little evidence of major disruptions to income in the 

years leading up to 2010, a finding that contrasts with anecdotal narratives emphasizing major and 
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abrupt deteriorations in material circumstances preceding homelessness. This figure illustrates our 

key finding that people experiencing homelessness appear to be enduring not just a difficult year 

or two, but rather a decade or more of exceptional material hardship. 

Longitudinal Patterns of Earnings and Employment 

 We next turn to longitudinal patterns of employment (Figure 3a) and median earnings 

among those who are employed (Figure 3b) to examine the magnitude of disruptions to these 

outcomes relative to their long-term trend in the years preceding and following an observed period 

of homelessness.10 All homeless and housed comparison groups see a pattern of declining 

employment between 2005 and 2016, consistent with aging, but the proportional decline in 

employment is greatest for the unsheltered homeless (39 percent), followed by the sheltered 

homeless (30 percent), single housed poor (20 percent), and the overall housed population (7 

percent). 

Because we condition on being observed as homeless or poor in early 2010, we might 

expect any loss of earnings that led to homelessness or poverty to appear in 2009 tax records. 

Indeed, we observe a drop in employment and earnings in 2009 for the homeless and single housed 

poor groups relative to their long-term trends, but the magnitude of this drop is small. Conditional 

on working, the earnings of sheltered homeless workers are about $1,500 to $1,700 lower in 2009 

relative to the two surrounding years, and for unsheltered homeless workers it is $500 to $1,000 

lower. These disruptions are modest relative to the overall trend of declining employment between 

2005 and 2016 and are similar in magnitude to the drop in earnings and employment observed 

among the single housed poor. 

Longitudinal Patterns of Safety Net Participation 

Looking longitudinally at enrollment in disability programs, we find that receipt of SSI 

(Figure 4a) and DI (Figure 4b) tends to be increasing for our homeless and housed poor samples 

in the years surrounding an observed period of homelessness or poverty, but the rate of increase 

differs across groups, increasing most quickly for the sheltered homeless, followed by the 

unsheltered, and then the single housed poor. SSI receipt in the sheltered homeless population 

surpasses that of the single housed poor in 2011 and continues to grow, while SSI receipt in the 

 
10 In addition to the single housed poor comparison group, this figure also includes a series for the overall housed 
population to help distinguish longitudinal patterns among the homeless and single housed poor from secular trends 
in employment for this age cohort during this period, which includes the Great Recession. 
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single housed poor population remains nearly level at around 16-17 percent. Accelerating 

disability program receipt for those experiencing homelessness could either indicate that the onset 

of disability is associated with the onset of homelessness or that the experience of homelessness 

causes new disabilities to arise. Alternatively, it could mean that people become connected to 

disability programs for which they already qualified while they are experiencing homelessness, 

perhaps due to concerted efforts by the Social Security Administration (SSA) to increase access to 

SSI and DI among eligible people experiencing homelessness. 

Figures 5a and 5b display longitudinal patterns in the receipt of other safety net programs 

among sheltered and unsheltered homeless individuals, respectively, between 2003 and 2016. 

Patterns differ across benefits, with receipt of SNAP and TANF/GA – benefits typically understood 

to be temporary – peaking in the year observed as homeless relative to surrounding years. These 

peaks occur for both the sheltered and unsheltered homeless but are more pronounced in the 

sheltered homeless population.11 Medicaid receipt increases steadily through 2013 for both groups, 

before increasing sharply in 2014 after many states expanded eligibility under the Affordable Care 

Act (ACA). Receipt of HUD housing benefits appears to dip slightly in 2009 for the sheltered 

homeless population before increasing through 2016, but the overall level of housing assistance 

receipt remains low (below 20 percent) for both groups over this entire period. 

We find that people who were residing in homeless shelters during the 2010 Census have 

persistently higher rates of enrollment in non-disability safety net programs than those who were 

experiencing unsheltered homelessness, despite facing somewhat lower material deprivation 

overall, as indicated by their higher incomes.12 This pattern appears to reflect, at least in part, 

differences in family structure between these groups, because adults with accompanying children 

are more likely to reside in shelters than at unsheltered locations and also to qualify for safety net 

programs. Different rates of program receipt could also reflect selection into sheltered or 

unsheltered status related to one’s underlying propensity to use services, as we might expect that 

people who elect to use shelters – essentially a safety net service – will be more likely to take up 

other safety net programs, as well. 

 
11 Some of this peak could be due to migration between states for which we do and do not have SNAP data. We 
examine the potential for such bias in Section 6, with those analyses suggesting that migration is likely only a minimal 
source of bias. 
12 The unsheltered homeless are more likely than the sheltered homeless to be enrolled in Medicare, but this is largely 
because eligibility for DI entails Medicare eligibility (in most cases after a two-year qualifying period). 
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In addition to demographic heterogeneity and selection, sheltered homeless individuals 

may have higher program receipt because shelters facilitate the enrollment in and continued receipt 

of safety net benefits. We investigate this potential explanation for shelter users’ higher program 

receipt using HMIS data, which unlike the Census indicate precise dates of shelter entry and exit. 

Figure 6 displays monthly SNAP enrollment among Chicago HMIS users relative to their first 

observed shelter entry.13 SNAP enrollment remains steady at about 46 percent over the two years 

prior to shelter entry, before abruptly increasing to nearly 60 percent in the month of first observed 

shelter entry. Receipt peaks at 63 percent in the third month after shelter entry, before declining to 

about 51 percent after a year has passed. While not necessarily indicating a causal relationship, 

these results are highly suggestive that homeless shelters play a role in connecting their clients to 

the safety net. They also suggest that connections to the safety net deteriorate in the months 

following initial shelter entry, perhaps as people leave shelters and maintaining enrollment 

becomes more difficult. 

5.4 Differences Across Demographic Groups and by Geography 

 Having discussed static and longitudinal patterns in economic conditions for the overall 

homeless population, we now turn to heterogeneity across policy-relevant sub-groups defined by 

gender and family status (i.e., the absence or presence of accompanying children), race and 

ethnicity, and geography (i.e., California, New York, and the rest of the U.S.).14 

Family Status and Gender 

We first examine heterogeneity in in longitudinal patterns of income and safety net 

participation by gender. In the year they were observed as homeless, women were more likely to 

be employed (Figure 7a) and had higher earnings conditional on working (Figure 7b) than men 

with the same sheltered status. Longitudinal patterns also differed by gender, with men 

experiencing larger and apparently more persistent disruptions to employment and earnings 

surrounding an observed period of homelessness. Sheltered homeless women also about 6 

percentage points more likely to receive any benefit than sheltered homeless men in 2010, while 

unsheltered homeless women were 3 percentage points more likely to receive benefits than their 

unsheltered male counterparts. 

 
13 See Appendix Table A8. 
14 See Appendix Tables A9-A12. 
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Differences by gender are likely closely associated with differences in family status, a 

dimension of heterogeneity emphasized in much of the homelessness literature, including HUD’s 

annual national reports on homelessness. Data from HUD’s 2023 report that about 40 percent of 

sheltered homeless adult women had accompanying children, compared to just 10 percent of 

sheltered homeless adult men (HUD 2023).15 Differences in income by gender could reflect higher 

cost of maintaining housing when children are present, leading women to be unable to afford 

housing even at higher levels of income. Similarly, higher benefit receipt among homeless women 

could reflect the greater ease of qualifying in households where children are present. 

While Census and ACS data do not report household structure for those experiencing 

homelessness, we investigate heterogeneity by family status using cross-sections of individuals 

indicated as being enrolled in HMIS shelters in Los Angeles and Houston on March 30 of 2012 

and 2013.16 Adults in both types of households experience a drop in employment similar in 

magnitude to the drop among the Census homeless, but employment rates for those without 

children continue to decline after an observed period of homelessness, while employment among 

adults with accompanying children recovers almost to its initial level, consistent with gender-based 

differences described above (Figure 8). 

In summary, our findings suggest that homeless women are more connected to employment 

and the safety net than men who share their sheltered status, and that homelessness appears to be 

associated with smaller disruptions to employment for women than for men. These patterns are 

mirrored in analyses of heterogeneity by family status, with women more likely to be in families 

with accompanying children. 

Race and Hispanic Ethnicity 

We next turn to analyzing differences across race (Figure 9a) and Hispanic ethnicity (Figure 

9b). Compared to white individuals of the same sheltered status, Black individuals experiencing 

homelessness had higher rates of employment and benefit receipt, including disability benefits. 

 
15 The HUD reports do not contain separate cross-tabulation of gender and family status for adults and children, 
which are needed to estimate the share of women and men with accompanying children. The reports do, however, 
include cross-tabulations of gender and family status and age and family status. We assume that children are equally 
likely to be male and female and subtract these estimated counts from the overall cross-tabulations by gender and 
family status to obtain the necessary cross-tabulation of gender and family status among homeless adults. 
16 We use 2012 and 2013 reference years, rather than 2010, because we are more confident in the quality of HMIS 
shelter entry and exit date reporting in these years, for reasons explained in Meyer et al. (2023). We condition our 
sample on shelter enrollment on March 30 because this date aligns with the mid-point of the Census’s homeless 
counting operation and hence ensures that our results are robust to any seasonal heterogeneity in shelter enrollment. 
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Hispanic homeless individuals had higher employment and lower disability program receipt than 

non-Hispanics with the same sheltered status. Overall benefit receipt was higher for sheltered 

homeless Hispanics than for sheltered homeless non-Hispanics, but the reverse was true among 

the unsheltered homeless, with Hispanics having lower overall benefit receipt than non-Hispanics.  

Heterogeneity by race is of particular policy interest because people who are Black tend to 

be overrepresented among those who experience homelessness relative to their share in the broader 

population in poverty, raising concerns about equity. Meyer et al. (2021) find using the ACS that 

47 percent of people in homeless shelters are Black, compared to 30 percent of single housed poor 

adults. Differences in income and program receipt by race may suggest differences in the 

predominant pathway to homelessness across groups. As suggested by gender-based differences, 

it is possible that homeless individuals who are Black appear to be somewhat less deprived than 

those who are white due to differences in the cost of maintaining housing. This cost could be 

higher, on average, for Black individuals due to housing market discrimination, racial disparities 

in the criminal justice system, or due to differences in the availability of resources in one’s family 

and social network to help insure against homelessness. 

California, New York, and Other States 

Policy discussions on homelessness in the U.S. often center on two states: California, 

which is home to the largest unsheltered homeless population, and New York, which is home to 

the largest sheltered homeless population. We therefore examine income and safety net 

participation in these states separately and compare them to those experiencing homelessness in 

the rest of the country. As shown in Figure 10a, employment rates are lowest in California (47 

percent among the sheltered, 35 percent among the unsheltered), followed by New York (50 

percent among the sheltered, 37 percent among the unsheltered) and all other states (53 percent 

among the sheltered, 42 percent among the unsheltered). At the same time, Figure 10b 

demonstrates that median earnings among homeless workers in California and New York (about 

$10,000 to $11,000) are somewhat higher than those in other states (about $7,500), a difference 

that could once again reflect differential housing costs by state. We also observe slightly higher 

rates of disability program receipt in California and New York relative to other states (Figure 11c). 

In summary, although we find somewhat lower employment and higher disability program receipt 

in New York and California, these differences are relatively small and suggest a high degree of 
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similarity in the material circumstances of people experiencing homelessness across the United 

States as a whole. 

6. Extensions and Robustness Checks 
This section contains extensions of our main analyses and robustness checks. We begin by 

examining the accuracy of self-reported income and benefit measures and demographic 

characteristics among those surveyed in homeless shelters in the ACS and housed comparison 

groups. Our next sets of analyses check the robustness of key findings to alternative temporal 

conceptions of homelessness (i.e., we compare results based on samples of those with a first shelter 

enrollment in a year to samples of those enrolled in homeless shelters at a point in time) and to 

different data sources and years (i.e., we compare results based on those recorded as homeless in 

the Census to results based on those enrolled in HMIS shelters and those surveyed in homeless 

shelters in the ACS). Our final set of analyses test the robustness of our findings to alternative 

Census samples designed to address potential bias from non-linkage, misclassification, and the 

incomplete geographic coverage of our SNAP datasets. 

6.1 Misreporting of Income, Benefit Receipt, and Characteristics in the ACS 

Household surveys suffer from widespread underreporting of income and safety net benefit 

receipt, and self-reported measures may be especially inaccurate among those with very low and 

very high incomes (B. D. Meyer, Mok, and Sullivan 2015; Bollinger et al. 2019). Misreporting of 

income and program receipt among those experiencing homelessness is of particular interest 

because nearly all existing work on these outcomes relies on self-reported measures. This section 

examines the extent to which income, benefit receipt, and demographic characteristics are 

misreported in the ACS’s sheltered homeless samples, as well as housed comparison groups. In 

doing so, we illustrate the importance of administrative data and provide estimates that may help 

researchers and service providers to interpret findings in surveys of this population. 

We start by assessing the misreporting of date of birth, place of birth, gender, and 

citizenship status in the 2011-2018 ACS (Table 3a). We take characteristics indicated in Social 

Security Administration (SSA)’s Numident file to represent the truth and calculate the share of 

individuals reporting a different response in the survey. People experiencing homelessness are 

slightly more likely to misreport the exact day, month, or year of their birth, but only a small share 

(3.5 percent) report a date of birth that is three or more years away from the true date. These shares 
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are similar to the misreporting rate for this characteristic among the single housed poor (4 percent) 

and overall housed populations (3.7 percent). In addition, homeless individuals are slightly more 

likely to misreport their state or country of birth (7.4 percent) than the single housed poor (5.1 

percent) and overall housed populations (4.9 percent), but they are less likely to misreport their 

gender. Citizenship misreporting rates are similar (3 to 3.7 percent) for all three groups. In 

summary, the demographic information provided by people experiencing homelessness appears to 

be generally quite reliable and only slightly less accurate than the information provided by housed 

individuals. 

We next summarize the misreporting of wage and salary income, SNAP, Medicaid, and 

Medicare in the 2011-2016 ACS, where we take values from administrative datasets to be the truth 

(Table 3b).17 Among those experiencing homelessness, 43.2 percent of wage earners fail to report 

any wages in the survey, which is higher than the corresponding false negative rates for the single 

housed poor (28 percent) and overall housed population (7.7 percent).18 Among true SNAP 

recipients, individuals experiencing homelessness are slightly more likely to falsely report no 

receipt (20.5 percent) than the single housed poor (15.8 percent), but less likely to do so than the 

overall housed population (29 percent). On the other hand, false positive rates for SNAP receipt 

are substantially higher in the homeless sample than in the single housed poor and overall housed 

populations (30.7 percent, compared to 6.3 percent and 1.2 percent). The three groups have similar 

(and low) rates of false positives and false negatives for Medicare receipt. Finally, for Medicaid 

receipt, those experiencing homelessness have slightly lower false negative rates (16.5 percent, 

compared to 18.6 and 27.6 percent of the single housed poor and overall housed) but substantially 

higher false positive rates (20.4 percent, compared to 13.2 and 3.7 percent).  

In summary, we find that people experiencing homelessness are slightly more likely than 

the housed population to underreport certain sources of income and benefits (e.g., wage and salary 

income, SNAP) but may be less likely to underreport receipt of other benefits (e.g., Medicaid). At 

the same time, the overreporting of program receipt (e.g., SNAP and Medicaid) appears to be a 

 
17 We limit the sample to ACS data through 2016 for income and safety net misreporting analyses because these are 
the years for which we have access to administrative data. 
18 We note that our administrative earnings data indicate only formal wage and salary income, so false negative rates 
should be interpreted as false negatives for formal wage and salary income. Because people may report informal 
income in the survey that would not be recorded in the tax data, false positive rates should be interpreted with more 
caution. 
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greater concern for this population, perhaps reflecting misunderstanding about these programs vis-

a-vis other types of food and medical assistance that they may receive.  

6.2 Income and Program Receipt Relative to First Shelter Enrollment 

One limitation of the Census and ACS homeless data is that they do not indicate the start 

and end dates for spells of homelessness. Assuming these dates are uniformly distributed 

throughout the year, cross-sectional samples of the homeless population like those in the Census 

and ACS should, on average, include individuals midway through their spells, but we cannot 

identify the date of homelessness onset, nor can we examine heterogeneity in income and program 

receipt by the length of time spent homeless. Knowing the exact date of homelessness onset could 

help differentiate disruptions to income, employment, and safety net receipt that precede 

homelessness and those that occur after one becomes homeless. Prior work has also emphasized 

differences in the life circumstances of people displaying patterns of chronic homelessness 

(remaining homeless for extended periods of time, typically while struggling with behavioral 

health or substance abuse conditions), episodic homelessness (frequently cycling in and out of 

homelessness), and transitional homelessness (having just one or a few short spells) (Kuhn and 

Culhane 1998). We therefore wish to learn whether income and program receipt in a cross-sectional 

sample of the homeless population differs from that of samples of people who were ever homeless 

during a period of time. The former sample will contain a larger share of people who are homeless 

for extended periods of time than the latter. 

Specifically, we leverage shelter entry and exit dates in HMIS data to compare income and 

program receipt in a cross-section of the homeless population and a sample of people with first 

shelter enrollments in a year. The first sample, which aligns with the Census’s temporal conception 

of homelessness, consists of people who were enrolled in Los Angeles and Houston shelters on 

March 30 of 2012 or 2013.19 The second consists of people with a first observed shelter enrollment 

in 2012 or 2013 and aligns with HMIS-based samples used in key prior studies, thereby facilitating 

comparisons with prior work (e.g., Metraux et al. 2018, Von Wachter et al. 2020). 

In Los Angeles, both the level and longitudinal patterns of employment (Figure 11a) and 

disability program receipt (Figure 11b) were similar across the two temporal conceptions of the 

 
19 We use 2012 and 2013 for these analyses, rather than the Census year of 2010, to ensure that we have several years 
of preceding high-quality HMIS data, which in turn increases our likelihood of having identified an individual’s first 
shelter enrollment. See Meyer et al. (2023) for a discussion of HMIS data quality improvements over time. 
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homeless population, differing by only about 0 to 4 percentage points across years. In Houston, 

people in the cross-sectional sample had higher employment rates (by about 3 to 9 percentage 

points) and lower disability program receipt (by about 5 to 8 percentage points) than those with a 

first enrollment in the same year. These patterns may be related to gender and family status, which 

differ substantially across samples: the latter sample has a larger share of women (50 versus 39 

percent) and adults with accompanying children (19 versus 14 percent). As in Los Angeles, 

however, longitudinal patterns in employment and disability program receipt appear similar for 

the two samples in Houston.  

Our findings suggest that using a sample of people with first shelter enrollments in a year 

rather than a cross-section of those experiencing homelessness at a point in time makes little 

difference for interpreting longitudinal patterns of income and program receipt, although levels of 

these outcomes may vary, particularly when characteristics differ substantially between the two 

temporal conceptions of the homeless population. 

6.3 Comparing Census, HMIS, and ACS Sheltered Homeless Samples 

We next compare income and program receipt for the Census sheltered homeless samples 

in Los Angeles and Houston to samples drawn from HMIS records in those cities. Meyer et al. 

(2023) highlight ambiguities in the definition of a homeless shelter that lead the Census to classify 

some HMIS facilities as conventional housing or other types of group quarters rather than 

homeless shelters. For example, the Census appears to have classified many transitional shelters, 

where people experiencing homelessness can reside for up to two years under a formal tenancy 

agreement, as conventional housing rather than homelessness shelters. Given these definitional 

differences, and because HMIS data form the basis for HUD’s widely cited point-in-time estimates 

and are often used in the literature, we compare results based on otherwise comparable samples of 

the sheltered homeless population drawn from Census and HMIS datasets. These analyses also 

serve as a check on our methods to account for non-linkage because the majority of HMIS records 

contain Social Security numbers, leading to much higher linkage rates (about 90 percent in most 

years in Los Angeles and 96 percent in most years in Houston) than in the Census.20 

 
20 Following Meyer et al. (2023), we exclude from the Los Angeles sample people whose HMIS-recorded exit dates 
appear to be erroneous, i.e., those with exit dates of March 31, 2010 (the date of an apparent administrative closure of 
numerous spells with missing exit dates), as well as those who still had open spells on March 30 despite being enrolled 
in Los Angeles’s Winter Shelter Program, which ended on March 15. 
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Figures 12a and 12b illustrate employment and disability benefit receipt for the Census 

sheltered homeless from Los Angeles and Houston and for HMIS shelter users with entry and exit 

dates indicating enrollment during the Census’s homeless counting operation in those cities. In Los 

Angeles, both the levels and longitudinal patterns of employment and disability program receipt 

were similar for the two samples, with employment differing by at most 4 percentage points and 

disability program receipt differing by at most 3 percentage points across years. In Houston, the 

HMIS sample had notably higher employment (by about 7 to 10 percentage points) and lower 

disability program receipt (by about 9 to 13 percentage points) than the Census sample, although 

the longitudinal patterns were similar in the two samples.  

The prevalence of transitional housing offers one proxy for the degree of misalignment 

between the Census and HMIS shelter definitions and may help explain the similarity of Census- 

and HMIS-based results in Los Angeles and their differences in Houston. In Los Angeles, only 

one-quarter of the HMIS sample was enrolled in transitional housing, compared to about two-

thirds of the Houston sample. In other words, the levels of income and program receipt appear to 

be sensitive to ambiguities in the definition of a homeless shelter, but longitudinal patterns appear 

robust to these differences. Nationally, the share of all homeless shelter beds that are in transitional 

housing falls between the shares in Los Angeles and Houston, at about 50 percent in 2010 (U.S. 

Department of Housing and Urban Development 2010). We might therefore expect our national 

estimates based on the Census sheltered homeless samples to indicate levels of income and 

program receipt that are slightly lower than one might obtain if using national HMIS data. Our 

findings suggest, however, that the Census definition of a homeless shelter identifies a somewhat 

more deprived segment of the population than the HMIS definition. 

6.4 Robustness to Alternative ACS and Census Samples 

We describe further checks on our findings’ robustness to alternative samples, linkage 

methods, and years in detail in Appendix A. Our main findings are robust to the use of sheltered 

homeless samples from the 2010-2014 ACS, suggesting that the patterns we observe generalize 

beyond those who were homeless in 2010. Comparisons between Census and ACS samples also 

support the validity of our use of inverse probability weights to adjust for non-linkage in the Census 

because the ACS has higher linkage rates due to more complete personal information and because 

the ACS’s inverse probability weighting model includes a wealth of additional predictors relative 

to the Census, including self-reported income and benefit receipt. We also find that key results are 
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robust to the inclusion of those counted during the Census’s overnight enumeration at unsheltered 

locations (a group we excluded from main analyses due to their exceptionally low linkage rate of 

17 percent) and to the exclusion of people who were counted at both homeless locations and in 

housing during the Census (a group which might be thought to include individuals who were 

misclassified as homeless when they were in fact housed). Finally, we address concerns over 

potential bias in longitudinal SNAP receipt arising from migration by calculating longitudinal 

SNAP receipt using a subset of the Census homeless population that we consider less likely to 

have moved states in the years surrounding 2010. The peak in SNAP receipt in 2010 from our main 

analyses is somewhat attenuated in this migration-adjusted sample, but remains notable, 

suggesting that only a small share of this peak reflects bias due to migration between states for 

which we do and do not have SNAP enrollment data. 

7. Comparisons to Past Work 
We compare our findings to three key prior studies on the income, employment, and safety 

net participation of the U.S. homeless population: the NSHAPC survey, Metraux et al. (2018), and 

Von Wachter et al. (2020). The NSHAPC survey interviewed a random sample of 4,200 users of 

homeless services in 1996, including people who were homeless at the time of the interview and 

some who had recently been homeless (Burt et al. 2001). Its advantages lie in its nationally 

representative nature and detailed measures of self-reported income and program receipt, but three 

decades have passed since this survey was conducted. More recently, Metraux et al. (2018) base 

their analyses on a sample of 161,000 New York shelter users with first observed HMIS 

enrollments in 1990-2002 and Von Wachter et al. (2020)’s sample consists of 137,000 Los Angeles 

shelter users with first observed HMIS enrollments in 2010-2018. Metraux et al. (2018) link their 

sample to Social Security Administration (SSA) earnings data and Von Wachter et al. (2020) link 

their sample to California Unemployment Insurance (UI) wage records. These studies benefit from 

large samples and accurate earnings data but are limited to a single income source (earnings – and 

only in-state wages in the latter study), do not include people who are unsheltered homeless, and 

may not generalize outside of the cities in which they were conducted. 

Table 4 summarizes the main findings from these studies alongside the most comparable 

estimates available in our study. They include estimates for the pooled Census sheltered and 

unsheltered in Column (1) to facilitate comparisons with NSHAPC and estimates for the sheltered 
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homeless only in Column (3) to facilitate comparisons with Metraux et al. (2018) and Von Wachter 

et al. (2020). We also indicate employment rates and Medicaid receipt for single adults and those 

in families (from our pooled Los Angeles and Houston HMIS samples) to compare differences by 

family status to the results in prior work. We report all dollar amounts in 2018 dollars. While we 

have so far emphasized percentiles of income in this study, in this section we report mean income 

amounts to align estimates based on the Census homeless with prior studies’ results. 

Our estimates of formal income and earnings in the year observed as homeless exceed the 

estimates in prior studies. Mean pre-tax cash income for the pooled Census sheltered and 

unsheltered homeless, including the value of SSI payments, is about $10,900, nearly $4,000 greater 

than the $7,100 average income reported in NSHAPC.21 We also calculate mean annual earnings 

among workers to be nearly $6,000 higher than in Metraux et al. (2018) and $3,500 higher than in 

Von Wachter et al. (2020), differences that could reflect the studies’ different timeframes, 

geographic coverage, or sample selection. We also find higher rates of employment in the sheltered 

homeless population than those suggested by Metraux et al. (2018) and Von Wachter et al. (2020). 

Fifty-two percent of the Census sheltered homeless were employed in the year observed as 

homeless, compared to just 42 percent of shelter users in Metraux et al. (2018) and 29 percent of 

those in Von Wachter et al. (2020). Low employment rates in this latter study may in part reflect 

the incomplete coverage of their earnings data, which consist of Unemployment Insurance (UI) 

wage records exclusively from California.  

Comparisons with prior work also suggest a reversal in employment rates between single 

homeless adults and homeless adults with partners or children over the past three decades. Both 

NSHAPC and Metraux et al. (2018), studies that relied primarily on homeless samples from the 

1990s, found substantially higher employment among unaccompanied adults than those with 

partners or children, with the first group being predominantly male and the latter group consisting 

primarily of single mothers. In contrast, our estimates based on 2012-2013 HMIS data from Los 

Angeles and Houston and Von Wachter et al. (2020)’s estimates based on Los Angeles HMIS data 

from 2010-2018 indicate substantially higher employment for adults in families than for 

unaccompanied adults. The reversal in employment rates by family status between the 1990s and 

 
21 In New York, where we have access to TANF/GA data, we estimate mean pre-tax cash income including these cash 
benefits to be about $12,700. We note, however, that New York’s cash assistance programs tend to be more generous 
than in other states. 
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2010s may reflect well-established patterns of increasing labor supply among single mothers since 

the 1990s. Prior studies have shown that this trend in the broader low-income population appears 

to be driven primarily by the Earned Income Tax Credit (EITC) and other tax changes, but also in 

part by cuts to welfare benefits and similar programs (Meyer and Rosenbaum 2001, Grogger 

2003). 

Finally, we compare safety net participation in our study to that reported in the NSHAPC.22 

Pooling the sheltered and unsheltered Census samples, we estimate that about 86 percent of those 

experiencing homelessness in 2010 received at least one benefit that year, including about 77 

percent of people who received SNAP. In NSHAPC, just 40 percent of those experiencing 

homelessness reported receiving at least one benefit, including 37 percent receiving SNAP. We 

find higher receipt rates for all benefits: 24 percent were enrolled in SSI (compared to 11 percent 

in NSHAPC), 46 percent were enrolled in Medicaid (compared to 30 percent in NSHAPC), and 

48 percent were enrolled in in TANF or GA in New York (compared to 19 percent of the U.S. 

homeless population enrolled in in AFDC in NSHAPC). Some of these differences may be driven 

by the underreporting of benefit receipt in the survey, but our findings in Section 5 suggest that 

such misreporting – while undoubtedly present – is unlikely to be of sufficient magnitude to 

explain such large differences. Furthermore, our annual measures of benefit receipt are higher by 

construction than NSHAPC’s contemporaneous receipt measures, but such timeframe 

misalignment is unlikely to explain all of the differences we observe. Higher program receipt in 

the 2010 Census homeless population appears to reflect, at least in part, a true increase in 

connections to the safety net for this population since the 1990s. 

In summary, our analyses are qualitatively consistent with past studies in demonstrating 

the dire economic circumstances of people experiencing homelessness. At the same time, we show 

that these individuals have somewhat greater incomes, employment, and connections to the safety 

net than previously understood. Differences between our estimates and those in prior work likely 

reflect some combination of true changes over time – including an apparent rise in employment 

among homeless mothers and increasing program receipt in recent decades – as well as the 

improvements to accuracy that come from using administrative data rather than self-reported 

outcomes, as has been well-established in the broader literature on poverty measurement (e.g., 

 
22 A caveat is that the NSHAPC reports contemporaneous program receipt at the time of interview, while our estimates 
indicate program receipt at any point in the calendar year. 

U-21534 
Ex.DAO-266 

Page 31 of 90



31 

Meyer, Mok, and Sullivan 2015). At the same time, we caution that these findings do not 

necessarily mean that this population is less deprived than previously thought. Homelessness itself 

is an unambiguous indicator of severe deprivation, so there can be no doubt that people 

experiencing homelessness are severely deprived. Rather, these comparisons further underscore 

that people experience homelessness because they are very poor despite being connected to formal 

work and the safety net, not because they are disconnected from these sources of income. 

8. Conclusions  
This paper provides the most detailed and accurate description to date of the level and 

persistence of material deprivation among people experiencing homelessness in the United States, 

including the first-ever national estimates of income, employment, and safety net participation 

based on administrative data. We find that this population is highly connected to work and the 

safety net, with nearly all sheltered homeless adults (97 percent) and the vast majority of 

unsheltered homeless adults (93 percent) having received at least one benefit or been formally 

employed in the year they were observed as homeless. Pooling together the sheltered and 

unsheltered samples, we find that half of these individuals (46 percent) had formal employment in 

the year they were observed as homeless, more than three-quarters received food assistance from 

SNAP (77 percent), and many were enrolled in Medicaid (43 percent) or received disability 

assistance through SSI or DI (24 percent). At the same time, formal incomes were very low: the 

median annual value of our most comprehensive resource measure – cash income plus the value 

of in-kind transfers from SNAP and HUD – was just $7,500 for the sheltered homeless and $5,500 

for the unsheltered homeless in 2010. As these findings illustrate, people with very low incomes 

remain vulnerable to homelessness even when they are connected to formal labor markets and the 

social safety net. Conversely, connecting people to formal employment and these social safety net 

programs are unlikely to be sufficient policies for preventing or reducing homelessness. 

Our longitudinal analyses suggest that deprivation is highly persistent in this population, 

with little change in median incomes over the four years prior to and six years after an individual 

is observed as homeless in 2010. Employment declines steadily between 2005 and 2016, with only 

a small and transitory drop relative to this long-term trend in the years preceding an observed 

period of homelessness in 2010. Long-term declines in employment are accompanied by 

increasing disability program receipt, with enrollment in SSI or DI increasing from 24 to 37 percent 
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between 2010 and 2016. Taken together, these results suggest that homelessness tends to arise in 

the context of long-term, severe deprivation, including declining employment and increasing 

disability program receipt, rather than large and sudden losses of employment or benefit income. 

Put differently, our results suggest that extremely low permanent incomes translate into heightened 

vulnerability to homelessness, leaving individuals with few resources to buffer against the loss of 

housing when met with even a relatively modest disruption to their income or life circumstances. 

Perhaps surprisingly, we observe a high degree of similarity in the material circumstances 

of people experiencing sheltered homelessness and unmarried poor individuals who are housed 

but share their demographic profile (i.e., disproportionately male, Black, and in their 40s and 50s). 

Both groups have persistently very low incomes and high benefit receipt. Although median annual 

incomes are higher among the housed poor, there is substantial overlap between these groups’ 

income distributions, with at least a quarter of sheltered homeless adults having incomes that 

exceed the median income in the housed poor comparison group. Adults in our sheltered homeless 

sample even had slightly higher rates of employment than the single housed poor in the years 

leading up to 2010. These analyses highlight the severe income-related deprivation faced by this 

segment of the housed population, a group that tends to receive less attention in academic and 

policy discussions about poverty alleviation than single mothers and children. 

At the same time, substantial overlap in the economic circumstances of sheltered homeless 

and housed poor individuals raises the question of what factors, unobserved in our data, cause 

some individuals to become homeless while others remain housed. With only about 600,000 people 

experiencing literal homelessness in the U.S. at a point in time (Meyer et al. 2023), homelessness 

remains a rare event even among those who are very poor. Differences in permanent incomes and 

connections to formal work and the safety net do not appear to be the predominant factors 

distinguishing those who experience homelessness from the single housed poor. Alternative 

explanations may center on the role of behavioral health conditions and substance abuse disorders, 

the strength of social ties and affluence of one’s social network, and the bad luck of experiencing 

non-income shocks to life circumstances. Understanding what non-income factors raise or lower 

an individual’s probability of becoming homeless can shed light on the most effective prevention 

measures and inform the targeting of such interventions. Extreme poverty appears to be just one 

part of the broader puzzle of what put someone at risk of homelessness. 
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An important caveat on our longitudinal analyses is that we describe patterns in the central 

tendencies of income, employment, and safety net participation in the U.S. homeless population 

over time, but we do not examine individual dynamics in these outcomes. This approach yields 

useful summary measures of the level of deprivation in this population and how this level changes 

on average across years, but it does not allow us to describe individual-level variability in these 

outcomes. In future work, we plan to examine individual income dynamics surrounding an 

observed period of homelessness to characterize the extent of income volatility associated with 

homelessness and to understand heterogeneity in dynamic patterns. These analyses will shed light 

on whether policies aimed at increasing permanent incomes (or, equivalently, lowering housing 

costs) or policies aimed at reducing the volatility of income (or, equivalently, reducing the 

volatility of housing costs) will be more effective prevention measures. 

Another limitation of our study is that we do not observe the duration of spells of 

homelessness for those in our Census samples. HUD’s best estimates, which are based on surveys 

of likely uneven quality conducted by local service providers, suggest that only about one-quarter 

of people who are literally homeless at a point in time face extended or repeated long-term spells 

of homelessness (U.S. Department of Housing and Urban Development 2022). In other words, we 

expect most people in our Census sample to have been housed for much of the decade surrounding 

2010. Yet our findings do not suggest that 2010 was major aberration in these individuals’ long-

term economic trajectories; they face similar levels of material deprivation even in years where we 

expect most of them to have been housed. Moreover, our analyses using HMIS data demonstrate 

the remarkable robustness of key findings to the use of samples designed to include a smaller share 

of those with longer or more frequent spells of homelessness. Literal homelessness is a severe 

hardship that rightly draws widespread concern, but the context of persistent, extreme poverty 

within which homelessness arises – poverty that is less visible than literal homelessness, and hence 

less likely to capture the attention of policymakers – may be just as alarming and deserving of 

humanitarian concern. 

 This paper adds to an emerging portrait of the life circumstances of people who experience 

homelessness in the United States based on large, national samples linked to administrative data. 

Recent work has documented the substantially elevated mortality risk associated with 

homelessness (Meyer, Wyse, and Logani 2023), and ongoing analyses seek to understand homeless 

individuals’ patterns of housing status transitions, migration histories, and the effects of safety net 
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programs on health and wellbeing. These pathbreaking analyses are informing efforts to 

understand the causes and consequences of homelessness and to identify the most effective 

strategies for improving the lives of this exceptionally deprived and ill-understood segment of the 

U.S. population. 
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10. Tables 

Sheltered 
Homeless

Unsheltered 
Homeless

Single 
Housed Poor

Overall 
Housed

(1) (2) (3) (4)
Age (mean) 43.48 44.43 43.85 42.35
Age 25-29 0.11 0.09 0.10 0.14
Age 30-39 0.22 0.20 0.21 0.27
Age 40-49 0.34 0.36 0.35 0.30
Age 50-59 0.33 0.35 0.34 0.29
Male 0.67 0.74 0.70 0.49
White 0.49 0.52 0.50 0.76
Black 0.40 0.38 0.39 0.13
Other race 0.04 0.04 0.10 0.11
Hispanic 0.14 0.15 0.15 0.15
Sample Size 89,500 49,500 55,000 994,000
Population 128,400 118,200 4,846,000 72,270,000
Share Assigned Linkage Key (PIK) 0.69 0.42 0.86 0.91
Sources: 2010 Census, 2010 ACS

(Ages 25-59 in 2010)

Notes: Homeless and housed samples as defined in the text.

Table 1: Characteristics of Census Homeless and Housed Comparison Groups 
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Homeless Single Housed 
Poor

Overall Housed Homeless Single Housed 
Poor

Overall Housed

2011-2016** 2011-2016 2011-2016 2011-2016** 2011-2016 2011-2016
Outcome Sample Mean or Rate Mean or Rate Mean or Rate Mean or Rate Mean or Rate Mean or Rate
Survey>0, Administrative=0 Full population 0.044 0.050 0.048 0.049 0.024 0.010

(0.006) (0.001) (0.000) (0.006) (0.000) (0.000)
Survey=0, Administrative>0 Full population 0.177 0.123 0.055 0.172 0.097 0.054

(0.013) (0.001) (0.000) (0.009) (0.001) (0.000)
Survey>0, Administrative>0 Full population 0.234 0.317 0.664 0.668 0.516 0.131

(0.013) (0.001) (0.000) (0.012) (0.002) (0.000)
Survey=0, Administrative=0 Full population 0.545 0.510 0.233 0.111 0.363 0.805

(0.016) (0.002) (0.000) (0.008) (0.001) (0.000)
False Negative Rate Administrative>0 0.432 0.280 0.077 0.205 0.158 0.290

(0.025) (0.002) (0.000) (0.011) (0.002) (0.001)
False Positive Rate Administrative=0 0.075 0.089 0.172 0.307 0.063 0.012

(0.010) (0.001) (0.001) (0.031) (0.001) (0.000)
Administrative Receipt Rate Full population 0.411 0.440 0.719 0.840 0.613 0.185

(0.016) (0.002) (0.000) (0.010) (0.001) (0.000)
Survey Receipt Rate Full population 0.278 0.367 0.712 0.717 0.541 0.141

(0.014) (0.002) (0.000) (0.011) (0.002) (0.000)
Mean Reported  ($) Survey>0 $9,235 $8,414 $50,250

($519) ($31) ($52)
Mean True ($) Administrative>0 $7,980 $11,120 $48,250

($1,059) ($105) ($108)
Mean True ($) Survey>0, Administrative>0 $7,929 $11,550 $50,880

($524) ($87) ($113)
Mean Absolute Misreport ($) Survey>0, Administrative>0 $5,598 $5,316 $12,190

($468) ($79) ($98)
Observations 1,900 173,000 2,833,000 3,300 181,000 1,933,000

Homeless Single Housed 
Poor

Overall Housed Homeless Single Housed 
Poor

Overall Housed

Outcome Sample 2011-2016** 2011-2016 2011-2016 2011-2016** 2011-2016 2011-2016
Mean or Rate Mean or Rate Mean or Rate Mean or Rate Mean or Rate Mean or Rate

Survey>0, Administrative=0 Full population 0.096 0.072 0.033 0.022 0.018 0.007
(0.005) (0.000) (0.000) (0.002) (0.000) (0.000)

Survey=0, Administrative>0 Full population 0.087 0.085 0.032 0.033 0.034 0.015
(0.004) (0.000) (0.000) (0.002) (0.000) (0.000)

Survey>0, Administrative>0 Full population 0.440 0.372 0.084 0.045 0.072 0.031
(0.008) (0.001) (0.000) (0.003) (0.000) (0.000)

Survey=0, Administrative=0 Full population 0.377 0.472 0.851 0.901 0.875 0.947
(0.008) (0.001) (0.000) (0.004) (0.000) (0.000)

False Negative Rate Administrative>0 0.165 0.186 0.276 0.424 0.320 0.330
(0.008) (0.001) (0.001) (0.022) (0.002) (0.001)

False Positive Rate Administrative=0 0.204 0.132 0.037 0.023 0.021 0.007
(0.009) (0.001) (0.000) (0.002) (0.000) (0.000)

Administrative Receipt Rate Full population 0.527 0.456 0.117 0.078 0.107 0.047
(0.008) (0.001) (0.000) (0.003) (0.000) (0.000)

Survey Receipt Rate Full population 0.536 0.443 0.117 0.066 0.091 0.038
(0.008) (0.001) (0.000) (0.003) (0.000) (0.000)

Observations 8,200 708,000 10,660,000 12,500 1,015,000 15,840,000

** Reference period: 2010-2016

* Reference period: 2005-2010

Table 3b: Share of Individuals Misreporting Income and Receipt: 2011-2018 ACS
Wage and Salary Income SNAP

Sources: 2006-2017 ACS, 2006-2016 IRS 1040 Datasets, 2006-2016 IRS W-2 Datasets, Illinois 2009-2016 SNAP Datasets, Indiana 2005-2016 SNAP Datasets, New Jersey 2007-
2016 SNAP Datasets, New York 2007-2016 SNAP Datasets, Tennessee 2005-2016 SNAP Datasets, various states' Medicaid data, CMS Medicare 2008-2016 Datasets

Notes: Sample is PIKed ACS respondents ages 18-64. Sample is limited to those who respondeded to the ACS survey in January or December, and imputed whole person 
observations are not included. Observations are weighted by the product of IPW weights and ACS person weights, and observations where wage and salary income are allocated are 
excluded. Wage and salary income is calculated from administrative datasets as the sum of wage and salary income (both taxable and deferred) across W-2s. Those with negative 
survey values for wage and salary income are assumed to have reported a wage and salary income of $0. Mean wage and dollar misreport amounts are reported in January 1, 2018 
dollars.  Standard errors are robust.

Medicaid Medicare
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A. Appendix: Additional Robustness Checks 
This section contains additional analyses to test the robustness of our findings to alternative 

samples, linkage methods, and years through a series of additional analyses using alternative 

Census and ACS homeless samples. 

A.1 Income and Program Receipt using the ACS Sheltered Homeless Sample 

 We first calculate longitudinal employment and disability program receipt for sheltered 

homeless samples drawn from the 2010-2014 ACS and compare these results to the 2010 Census 

homeless. These analyses allow us to see whether homeless samples from years other than 2010 

exhibit the same patterns. They also provide an additional check on whether our inverse probably 

weighting procedure in the Census leads to a representative sample, because the ACS permits us 

to estimate the probability of linkage using a wealth of additional predictors beyond the limited 

demographic characteristics available in the Census, including self-reported income and benefit 

measures that are highly correlated with our administrative outcomes of interest. Figures A1 and 

A2 (Table A15) show that our findings are robust to the use of ACS sheltered homeless samples. 

Both the levels and longitudinal patterns of employment and disability program receipt track 

closely in the two samples, bolstering the generality of our results beyond 2010 and supporting the 

validity of our approach to adjusting for non-linkage in the Census. 

A.2 Robustness to Alternative Samples of the Census Homeless 

We also calculate employment and benefit receipt for a version of the Census unsheltered 

homeless sample that includes those counted at outdoor locations (TNSOLs) and also for a version 

of the sheltered and unsheltered homeless Census samples that excludes people who were recorded 

in housing units as well as being counted as homeless in the 2010 Census. The first analysis serves 

as a check on our decision to omit this group from our main results due to low linkage rates and 

concerns about non-randomness of linkage conditional on observed characteristics. The second 

analysis accounts for the finding in Meyer et al. (2023) that about 40 percent of the unsheltered 

population and 20 percent of those in shelters were also counted as housed in the Census, raising 

concerns about misclassification of housed people as homeless. Figures A3-A6 (Tables A16 and 

A17) contain these results.  

Our findings are robust to these alternative sample choices. Despite concerns about low 

linkage rates for people at TNSOLs, the decision to exclude these individuals appears to have little 
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effect on our results. We also note that people who were double counted during the Census appear 

slightly more likely to be employed and slightly less likely receive benefits, differences which may 

reflect a small degree of misclassification but which could alternatively reflect heterogeneity in 

these outcomes between people with more or fewer connections to housed friends or family. 

A.3 Potential Bias in Longitudinal SNAP Receipt from Migration 

Our final robustness check examines possible downward bias in SNAP receipt that may 

arise due to migration between states for which we do and do not have SNAP records. People 

residing in SNAP states in 2010 who resided in other states for which we do not have these records 

would necessarily be indicated as non-recipients in those other years in our analyses. To explore 

this possibility, we link the 2010 Census homeless population to the 2000 Census to identify 

individuals who lived in the same states in both years, a subset that we consider less likely to have 

migrated than the typical homeless person. Figure A7 (Table A18) displays the results from this 

analysis. As expected, the peak in SNAP receipt surrounding 2010 is mitigated somewhat in the 

migration-adjusted sample, but the qualitative pattern of sharply increasing SNAP receipt 

preceding 2010 and somewhat decreasing SNAP receipt after 2010 remains intact. Our findings 

are similar when we examine migration-adjusted SNAP receipt in the unsheltered homeless and 

single housed poor samples, suggesting that the peak in SNAP receipt in the year observed as 

homeless is a real phenomenon, not the result of bias due to incomplete coverage of SNAP datasets. 
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Glossary of Terms to Affordable Housing
Administrative Processes & Streamlining: Contains procedures by which developers receive permission to develop
affordable housing. It includes the process for obtaining zoning changes, building permits, and occupancy permits. The
topic also refers to receiving approvals from each government agency involved in the development process, as well as
any required public hearings or citizen meetings. It includes both the pre-construction planning activities and the review
activities that occur during construction.

Reference: www.huduser.org/rbc/categories.html

Affordable Housing: Affordable housing is generally defined as housing on which the occupant is paying no more than
30 percent of gross income for housing costs, including utilities.

Reference: www.hud.gov

Building and Housing Codes: State and local ordinances that prescribe certain minimum standards for construction,
rehabilitation, or occupancy of affordable housing. It also relates to the acceptance or rejection of new building designs,
materials, or technology intended to reduce the cost of affordable housing.

Reference: www.huduser.org/rbc/categories.html

Fair Housing and Neighborhood Deconcentration: This category refers to state and local laws that prohibit
discrimination based on race, color, religion, sex, handicap, familial status, and national origin. It also refers to actions
taken by state and local governments to enforce or evade these laws.

Reference: www.huduser.org/rbc/categories.html

Fees and Dedications: This category contains state and local requirements for the payment of fees, dedication of
property, or installation of infrastructure to meet the increased demand on public services that result from a particular
development.

Reference: www.huduser.org/rbc/categories.html

Housing Authority: Housing authorities are public corporations with boards appointed by the local government. Their
mission is to provide affordable housing to low- and moderate-income people. In addition to public housing, housing
authorities also provide other types of subsidized housing.

Reference: http://www.phada.org/ha_list.php

Impact Fees: Impact fees are imposed to charge the owners of newly developed properties for the "impact" the new
development will have on the community. Fees can be used for such things as transportation improvements, new parks,
and expansion of schools. Impact fees are not used to maintain existing facilities, but instead are used to create new
facilities in proportion to the number of new developments in the area.

Reference: www.answers.com

Inclusionary Zoning: Usually practiced in urban areas, is planning communities and developments that will provide
housing to all income brackets. Inclusionary zoning ordinances often require any new housing construction to include a
set percentage of affordable housing units.

The positive aspects of Inclusionary zoning include the production of affordable housing at little cost to local
government, the creation of income-integrated communities, and the lessening of sprawl. Negative aspects of
inclusionary zoning may include shifting the cost of providing affordable housing, segmenting the upwardly mobile poor,
and inducing growth.

Reference: www.answers.com

Land Trusts: A trust created to effectuate a real estate ownership arrangement in which the trustee holds legal and
equitable title to the property subject to the provisions of a trust agreement setting out the rights of the beneficiaries
whose interests in the trust are declared to be personal property.

Reference: www.answers.com
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Low income Housing Tax Credit: Many for-profit and nonprofit-developed rental properties use these federal income
tax credits. The Washington State Housing Finance Commission allocates these credits to developers to build or fix up
low-income housing. Large corporations, institutions, pension funds, and insurance companies invest in the housing as
a method to gain the tax credits and reduce their income tax obligations. These apartments serve residents below 60%
of median income and must accept Section 8 vouchers.

Reference: www.phada.org/ha_list.php

Market Rate Rent: The prevailing monthly cost for rental housing. It is set by the landlord without restrictions.

Reference: www.phada.org/ha_list.php

Median Income: This is a statistical number set at the level where half of all households have income above it and half
below it. The U.S. Department of Housing and Urban Development Regional Economist calculates and publishes this
median income data annually in the Federal Register.

Reference: www.phada.org/ha_list.php

Nonprofit Housing: Nonprofit housing is developed by nonprofit corporations with a community board of directors and
mission. Most housing developed by nonprofit housing developers is affordable with rents or prices below market-rate.
Income generated from the housing is put back into the mission of the organization, rather than being distributed to
stockholders or individual investors as would be the case in for-profit housing.

Reference: www.phada.org/ha_list.php

Nonprofit Housing Developer: A nonprofit organization with a mission that involves the creation, preservation,
renovation, operation or maintenance of affordable housing.

Reference: www.phada.org/ha_list.php

Operating Subsidy: This is a type of subsidy going to property owners to reduce the management, maintenance and
utility costs of housing. It is needed for projects housing extremely low-income residents who can't afford rents
covering the actual costs of housing.

Reference: www.phada.org/ha_list.php

Planning & Growth Restrictions: This refers to barriers and solutions included relate to the process of developing a
comprehensive land use plan and the restrictions placed on future development based on a map of the community. The
topic also covers activities such as smart growth programs, sewer and building permit moratoriums, or requirements for
fiscal impact studies.

Reference: www.huduser.org/rbc/categories.html

Rent Controls: Defined as state and local government actions that restrict rent increases or service fee charges to
tenants.

Reference: www.huduser.org/rbc/categories.html

Redevelopment/ Infill: This refers to the rules under which abandoned or underused property is redeveloped. This
topic includes inner city redevelopment, single lot infill, and brownfields redevelopment, as well as the process for
obtaining the state and local government authorization to proceed with such work.

Reference: www.huduser.org/rbc/categories.html

Section 8 Housing: Many Section 8 contracts have expired or will expire soon, and the property owners must now
decide whether to renew their contract or leave the program ("opt out"). Most of these contracts are now renewed on a
one-year basis. Projects with high risk of opting out typically have rents set by the Section 8 contract below the
prevailing market rents for comparable units. Owners thus have an incentive to leave the program and convert their
property to private market rentals.

Reference: www.huduser.org/rbc/categories.html Section 8 Vouchers: This federal program is administered by the
local housing authority. Eligible tenants receive vouchers they can use to help them pay for apartments in the private
market.

Reference: www.huduser.org/rbc/categories.html

State and Local Tax Policies: Barriers and solutions which impact housing affordability, and include laws related to
property taxes, tax assessments, transfer taxes, and sales taxes on building materials. It also refers to tax abatements
or concessions and homestead exemptions.

Reference: www.huduser.org/rbc/categories.html

U-21534 
Ex.DAO-267 
Page 2 of 3



Subsidized Housing: A generic term covering all federal, state or local government programs that reduce the cost of
housing for low- and moderate-income residents. Housing can be subsidized in numerous ways—giving tenants a rent
voucher, helping homebuyers with downpayment assistance, reducing the interest on a mortgage, providing deferred
loans to help developers acquire and develop property, giving tax credits to encourage investment in low- and
moderate-income housing, authorizing tax-exempt bond authority to finance the housing, providing ongoing assistance
to reduce the operating costs of housing and others. Public housing, project-based Section 8, Section 8 vouchers, tax
credits, the State Housing Trust Fund, and Seattle Housing Levy programs are all examples of subsidized housing.
Subsidized housing can range from apartments for families to senior housing high-rises. Subsidized simply means that
rents are reduced because of a particular government program. It has nothing to do with the quality, location or type of
housing. In fact, a number of Seattle's subsidized housing developments have received local and national design
awards.

Reference: http://www.phada.org/ha_list.php

Zoning, Land Development, Construction and Subdivision Regulations: Rules and regulations that affect the use
of land. It also contains rules and regulations that permit an owner to divide his land into smaller tracts. These activities
include barriers, such as exclusionary zoning, as well as solutions, such as bonus density zoning. It also includes private
restrictions on the use of property, such as deed restrictions.

Reference: www.huduser.org/rbc/categories.html

 
Content Archived: August 18, 2011
 

FOIA Privacy Web Policies and Important Links

U.S. Department of Housing and Urban Development
451 7th Street S.W.

Washington, DC 20410
Telephone: (202) 708-1112 TTY: (202) 708-1455
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P U B L I C  H E A LT H

Nitrogen dioxide exposure, health outcomes, and 
associated demographic disparities due to gas and 
propane combustion by U.S. stoves
Yannai Kashtan1, Metta Nicholson1, Colin J. Finnegan1, Zutao Ouyang1, Anchal Garg1,  
Eric D. Lebel2, Sebastian T. Rowland2, Drew R. Michanowicz2, Janet Herrera3,  
Kari C. Nadeau4, Robert B. Jackson1,5*

Gas and propane stoves emit nitrogen dioxide (NO2) pollution indoors, but the exposures of different U.S. demo-
graphic groups are unknown. We estimate NO2 exposure and health consequences using emissions and concentra-
tion measurements from >100 homes, a room-specific indoor air quality model, epidemiological risk parameters, 
and statistical sampling of housing characteristics and occupant behavior. Gas and propane stoves increase long-
term NO2 exposure 4.0 parts per billion volume on average across the United States, 75% of the World Health Orga-
nization’s exposure guideline. This increased exposure likely causes ~50,000 cases of current pediatric asthma from 
long-term NO2 exposure alone. Short-term NO2 exposure from typical gas stove use frequently exceeds both World 
Health Organization and U.S. Environmental Protection Agency benchmarks. People living in residences <800 ft2 
in size incur four times more long-term NO2 exposure than people in residences >3000 ft2 in size; American Indian/
Alaska Native and Black and Hispanic/Latino households incur 60 and 20% more NO2 exposure, respectively, than 
the national average.

INTRODUCTION
Gas stoves are used in approximately 50 million U.S. homes (1) and 
millions more worldwide (2, 3). Gas and propane combustion in 
stoves emits hazardous air pollutants, including nitrogen dioxide 
(NO2), benzene (C6H6), carbon monoxide (CO), formaldehyde 
(H2CO), and ultrafine particles (4–12). Nitrogen dioxide and ben-
zene emissions are of particular concern, as typical gas stove use 
can elevate indoor concentrations of these pollutants above health 
benchmarks (5, 6, 8, 10, 11). Long-term exposure (averaged over a 
year) to NO2 has been linked to increased incidence and exacerba-
tion of pediatric asthma (13–16), incidence and mortality from 
chronic obstructive pulmonary disease (COPD) (17–19), and inci-
dences of lung cancer, preterm birth, and diabetes mellitus (20). 
Given the abundance of gas and propane stoves and the dangers of 
additional NO2 exposure generally, quantifying the burden of NO2 
exposures and health outcomes from gas and propane combustion 
by stoves is needed for assessing public safety.

Previous studies estimating disease burdens attributable to com-
bustion by gas stoves have limitations that reduce their abilities to 
assess exposure as a function of different behaviors or across different 
socioeconomic, racial, or ethnic groups. First, constraining estimates 
of indoor NO2 exposure from direct measurements of indoor con-
centrations is challenging because the data are sparse and because 
observed concentrations can fluctuate with ventilation and stove use 
(21, 22). Second, studies that correlate health outcomes with the pres-
ence or absence of a gas stove (rather than with direct pollutant expo-
sure) typically do not capture large differences in housing size and 
layout, ventilation, or behavior that may substantively affect exposure 

across groups (23–25), hindering investigations of health disparities 
mediated through such factors. Existing meta-analyses calculating 
odds ratios (ORs) of specific health outcomes associated with gas 
stoves have relied either on correlations between measured indoor 
NO2 concentrations and health outcomes, as opposed to directly 
quantifying NO2 exposure, or have used the presence of gas stoves as 
a proxy for NO2 exposure (16, 26).

Gaps in current epidemiological knowledge can be addressed 
using detailed assessments of the population-wide distribution of 
long-term (year-averaged) and short-term (hour-averaged) NO2 
exposure attributable to combustion by natural gas (which is com-
posed of >90% methane) and propane stoves. Previous studies have 
quantified NO2 emission rates from gas stoves (6, 10, 27) but not, to 
our knowledge, from propane stoves. Previous studies (5, 8, 10, 
28–31) have also measured the resulting indoor NO2 concentra-
tions in a handful of residences representing a single building type 
or a local geography. Models have focused either on individual 
buildings (32–34) or on a specific, local geography (35) or, if en-
compassing a broader geography, have omitted variation in cooking 
and occupancy patterns (36). The two previous studies that assessed 
exposure in multiple building types relied on models that treat 
residences as open boxes that lacked interior walls rather than as 
homes with discrete rooms and hallways (35, 36); hence, these 
single-zone models do not capture higher short-term exposures 
while people are cooking or spending additional time in the kitchen.

We constructed a population-level model of NO2 exposure from 
combustion by gas and propane stoves using the National Institute 
of Standards and Technology’s (NIST’s) CONTAM multizone in-
door air quality model (37) and our field measurements of NO2 
emission rates from gas and propane stoves. We ran the model on 
more than 31,100 combinations of input variables whose distribu-
tions and weights we obtained from our field measurements com-
bined with published datasets for the U.S. housing stock and relevant 
behaviors of the U.S. population (see Materials and Methods). This 
model allowed us to estimate NO2 exposure attributable to gas and 
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propane stoves stratified by various environmental, behavioral, and 
demographic parameters, including residence size and layout, time 
spent with windows open, frequency of range hood use, range hood 
capture efficiency, and time spent in the kitchen and other rooms. 
We also updated previously published (10) NO2 emission rates from 
gas stoves with field measurements of 50 additional homes (over 70 
total homes when including measurements of propane and electric 
stoves), bedroom NO2 concentrations in six houses for 8 hours dur-
ing and following stove use, and NO2 emission rates from propane 
stoves. We validated the CONTAM model by comparing our mod-
eled and measured NO2 concentrations in a set of 18 test houses of 
various sizes and floorplans, in each case directly measuring NO2 
concentrations in multiple rooms before, during, and––for several 
hours, at least––after gas and propane stove use ended.

Using the validated CONTAM model, we estimated long- and 
short-term NO2 exposure attributable to combustion by gas and 
propane stoves for the U.S. population overall and in subpopula-
tions, including various income levels and racial/ethnic groups (see 
Materials and Methods). We then used well-established epidemio-
logical relationships (26, 38) for NO2 exposure to estimate the excess 
cases of pediatric asthma and adult mortality attributable to long-
term NO2 exposure from gas and propane stoves. We compare our 
results against estimates of pediatric asthma burden attributable to 
gas stoves overall (16).

RESULTS
Agreement between the CONTAM model and measured 
NO2 concentrations
We assessed the performance of our indoor air model by compar-
ing its outputs against NO2 measurements in 18 test residences 
before, during, and after gas stove use. These residences ranged in 
size from 280 to 1650 ft2 (25 to 150 m2). They included both apart-
ments and single- and multistory detached homes in the following 
locations: San Francisco Bay Area, CA; Los Angeles, CA; Bakers-
field, CA; Denver, CO; Houston, TX; New York City, NY; and 
Washington, DC. We included scenarios with windows open and 
closed and with an outside-venting range hood both on and off. 
We observed close agreement between modeled and actual NO2 
concentrations (r2 = 0.64, slope = 0.89, SE of slope = 0.11, P ≪ 
0.01; see Fig. 1 for plots of the largest and smallest test residences; 
see fig. S1A for a regression of modeled versus actual concentra-
tions and fig.  S1B for boxplots summarizing all measured resi-
dences). The model results showed no evidence of systematic bias 
relative to measurements as assessed statistically (fig.  S1 and 
table S1). Without an outside-venting range hood on and with ei-
ther one burner or one burner and one oven on, concentrations in 
over half of the kitchens, living rooms, and bedrooms tested ex-
ceeded the Environmental Protection Agency’s (EPA’s) 1-hour am-
bient exposure benchmark of 100 parts per billion volume (ppbv) 
(39) and the World Health Organization’s (WHO’s) 1-hour (i.e., 
short-term) exposure guideline of 200 μg/m3 (~100 ppbv) (40). 
Surveys show that range hoods are used only 15 to 39% of the 
time (41, 42).

Nitrogen dioxide emission factors from propane stoves and 
updated emission factors for gas stoves
Nitrogen dioxide emissions occurred only with fossil fuel use and 
scaled linearly with the amount of fuel burned, as assessed by CO2 

emissions, across 10 propane and 50 natural gas stoves (Fig. 2 and 
fig. S3A; r2 = 0.61 for gas and 0.70 for propane; P ≪ 0.01 for each). 
In contrast to the results for fossil fuel combustion, all 7 induction 
and 12 electric coil and radiant stoves that we measured had zero 
NO2 emissions (i.e., emissions were statistically indistinguishable 
from zero; see Fig. 2 and table S3).

NO2 emissions from propane and gas combustion were statisti-
cally identical when normalized per joule of fuel burned (table S2). 
Because NO2 forms in flames as a function of temperature (43) 
and the adiabatic flame temperatures of methane and propane dif-
fer by less than 1% (44), it is unsurprising that gas and propane 
burners emitted the same amount of NO2 per joule of fuel burned.

Estimates of NO2 emission factors calculated from the 50 gas 
stoves measured newly in this work were statistically identical to 
the emission factors measured previously for 32 gas stoves by 
Lebel et  al. (10). Combining data from this work with the data 
from Lebel et al., we calculated median NO2 emission factors for 
gas stoves to be 8.7 [95% confidence interval (CI): 8.2, 9.3] ng J−1 
for gas burners on high and 8.2 [95% CI: 7.5, 9.2] ng J−1 for burn-
ers on low. See fig. S3B and table S3 for emission rates and emis-
sion factors per joule for all burner and oven types measured. We 
used results from the pooled set of 82 burners in our modeling.

NO2 concentrations in bedrooms and with range hoods on
Bedroom NO2 concentrations tested during oven use, with inte-
rior doors open and the range hood off exceeded the U.S. EPA’s 
1-hour ambient benchmark (39) and the WHO’s 1-hour exposure 
guideline (40) within 25 min in half the homes we tested (three of 
six homes). In two test cases, bedroom NO2 levels remained above 
health-based guidelines for 2 to 3 hours after the oven was turned 
off (houses 1 and 2; Fig. 3A). We found that an outside-venting 
range hood reduced peak NO2 concentrations in some cases 
(Fig. 3B) but that some outside-venting range hoods are ineffec-
tive at reducing NO2 concentrations (Fig. 3C). Across a subset of 
five randomly selected homes, we found that outside-venting 
hoods reduced hour-averaged kitchen NO2 concentrations by be-
tween 10 and 70% (mean reduction in concentration  =  35%, 
n = 5; fig. S15). This result is consistent with prior work assessing 
the efficacy of installed range hoods, which found that most hoods 
operating in homes have capture efficiencies well below 70% (45, 
46). Our measurements both with and without hoods on further 
support our model’s finding that gas and propane stove use in-
creases long- and short-term NO2 exposures (see below).

Modeled long- and short-term NO2 exposure
We estimated long- and short-term NO2 exposure attributable 
to gas and propane stoves by combining our measured NO2 emis-
sions data with published housing characteristics and with pub-
lished statistical distributions of resident use patterns. These 
variables included how much time a person spent cooking, how 
much gas was burned (i.e., how many burners/ovens were used 
plus cooking duration), time spent with windows open, percent-
age of cooking time with the range hood on, and capture effi-
ciency of the range hood used—all applied in a multizone indoor 
air quality model (see Materials and Methods). We calculated 
CIs using a Monte Carlo method (see Materials and Methods). 
See the “Definitions” section for more details on how we calcu-
lated long-term (year-averaged) and short-term (hour-averaged) 
exposures.
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Based on our results, gas and propane stoves in the United States 
elevate long- and short-term NO2 exposure substantially. We esti-
mate that U.S. median gas and propane stove use increases long-
term NO2 exposure by 4.0 [95% CI: 2.4, 6.1] ppbv. Maximum daily 
hour-averaged exposure to NO2 from median gas and propane 
stove use in the United States exceeds 200 μg/m3 (~100 ppbv), the 
WHO’s 1-hour indoor exposure guideline (40), on 12 [95% CI: 4, 
24] days of the year (3.3% of days), averaged across the population. 
Home cooks who are in the 95th percentile of stove use encounter 
~110 days per year exceeding 200 μg/m2 (see below).

These long- and short-term stove-attributable exposures are 
large relative to common health benchmarks. For instance, the 
4.0 ppbv of stove-attributable long-term exposure comprises 

75% of the WHO’s annual NO2 exposure guideline (47) (Fig. 4) 
and 50% of the U.S.-averaged outdoor NO2 concentration (48) 
in 2021. In addition to exceeding the WHO 1-hour exposure 
guideline, stove-attributable exposures would also exceed the 
U.S. EPA’s outdoor standard of no more than 2% of days with 
maximum NO2 concentrations exceeding 100 ppbv (39) if this 
standard were applied indoors (fig. S5). Although the U.S. EPA 
does not currently regulate indoor air pollution (39), Canada 
does—its hour-averaged indoor NO2 standard is 170 μg/m3 
[~90-ppbv NO2], slightly lower than the WHO standard (40, 49).

Long- and short-term exposure burdens from combustion by 
gas and propane stoves are unequally distributed across the 
U.S. population. Gas and propane stoves increase the long-term 

DC

A B

Fig. 1. Measured and modeled NO2 concentrations in two test residences. (“V3” on the left and “V5” on the right). NO2 concentrations measured (black points) and 
modeled (blue lines) in the (A) kitchen and (C) bedroom (farthest from the kitchen) of a 900-ft2 (85-m2) house, “V3,” and in the (B) kitchen and (D) bedroom of a 1500-ft2 
(140-m2) house, “V5” (see table S2 for metrics for each house). “Background” (“Bknd”) represents NO2 concentrations in a given room before lighting the stove, “On” repre-
sents concentrations with one stove burner on high and the oven set to 350°F (175°C), and “Off” represents concentrations after turning off the stove burner and oven. 
“Time elapsed” represents hours since lighting the burner and oven. The white background demarcates the interval in which the burner and oven were in use. The hori-
zontal black line represents the highest concentrations measured in each room, time-averaged over 1 hour. The solid horizontal red line represents the U.S. Environmental 
Protection Agency’s (EPA’s) 1-hour ambient exposure benchmark of 100 ppbv (39) and the World Health Organization’s (WHO’s) 1-hour exposure guideline of 200 μg/m3 
(~100 ppbv) (40). A range hood was not used in the tests shown here, though we tested the CONTAM model with a range hood on and window open. See fig. S2 for 
analogous plots and fig. S1 for summary plots of all tests including tests with range hoods on and windows open. The correlation coefficients (r) and fractional biases of 
the modeled concentrations are reported for each room and for all rooms together (see table S1).
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BA

Fig. 2. Mean and median NO2 emissions by fuel type. Emissions reported in milligrams of NO2 per hour by fuel type (electric induction, electric coil/radiant, gas, and 
propane) for burners on high (A) and for ovens set to 350°F (175°C) (B). The red points are median values, the bar heights are mean values, and the black error bars are the 
95% CIs of the mean (calculated using a bootstrap method as described in the methods).

A

B C

Fig. 3. Timecourses of NO2 concentrations in bedrooms during and after oven use. (A) NO2 concentrations (parts per billion volume) measured in bedrooms furthest 
from kitchens with the oven set to 475°F (245°C) for 1.5 hours and then turned off for 3.5 to 6.5 hours to mimic a common “bread-baking” scenario. Air-sampling hoses in 
houses 2, 3, 4, 5, and 6 were placed in the farthest bedrooms ~8 m down the hall from the kitchen; the sampling hose in house 1 was also in the farthest bedroom, but it 
was only ~4 m from the kitchen. (B) NO2 concentrations measured in the kitchen of house 4 with the oven set to 475°F for 1 hour with the house’s outside-venting hood 
off (dark brown) and on (orange), and (C) NO2 concentrations measured in the kitchen of house 6 with three burners on high and the oven set to 350°F (175°C), corre-
sponding with a higher-use scenario in the RECS database, for 1 hour with the house’s outside-venting hood on (orange) and, for comparison, off (dark brown). The red 
horizontal line represents the U.S. EPA’s 1-hour ambient concentration benchmark of 100 ppbv (39) and the WHO’s 1-hour exposure guideline of 200 μg/m3 (~100 ppbv) 
(40); the horizontal dashed line near the bottom of the plot represents the WHO’s long-term exposure guideline of 10 μg/m3 (60).
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NO2 burden of people living in residences <800 ft2 (75 m2) in size 
by 8.6 [95% CI: 5.1, 13] ppbv, more than four times the exposure 
of people living in residences >3000 ft2 (280 m2) in size (2.0 [95% 
CI: 1.2, 3.0] ppbv; Fig. 4A). Short-term exposures are also sub-
stantially higher for people living in smaller residences; people 
living in residences <800 ft2 experience more than nine times as 
many days with 100-ppbv exceedances as people living in resi-
dences >3000 ft2 in size (fig. S5A).

The relationship between increased exposure and smaller resi-
dence size also drives disparities in exposure burden borne by 
different U.S. subpopulations. For instance, people in households 
making <$10,000 per year, as recorded by the Residential Energy 
Consumption Survey (RECS) (1), are exposed to 6.3 [95% CI: 3.7, 
9.5]–ppbv long-term NO2 from gas and propane stoves. This ad-
ditional exposure is more than twice that of people in households 
making >$150,000 per year (Fig. 4B). Short-term exposures follow 
the same pattern of increased risk for poorer residents; people in 
households making <$10,000 per year are exposed to three times 
as many days with 100-ppbv exceedances as people in households 
making >$150,000 per year (fig. S5B).

Racial and ethnic disparities arise in exposures attributable to gas 
and propane combustion from stoves, as well. Using RECS’ racial/
ethnic categories, we found that people in households with Ameri-
can Indian/Alaska Native respondents experience the highest stove-
attributable long-term NO2 exposure (6.8 [95% CI: 4.0, 10.0] ppbv), 
followed by Hispanic/Latino and Black households (5.0 [95% CI: 

2.9, 7.3] and 4.9 [95% CI: 2.9, 7.2] ppbv, respectively). These expo-
sure levels represent 60, 20, and 20% more than the average 
U.S. stove-attributable exposure, respectively, and, for all three 
groups, exceed WHO’s total annual exposure benchmark just from 
using a gas stove—before including any contribution from outdoor 
air pollution (47). Households with white (3.9 [95% CI: 2.3, 5.9] 
ppbv) and Asian (3.9 [95% CI: 2.3, 5.7] ppbv) respondents experi-
enced the lowest stove-attributable long-term NO2 exposures of 
all racial/ethnic groups identified in the RECS database (Fig.  4C; 
P < 0.01 for pairwise group comparison of white and Asian expo-
sures versus Black, Hispanic/Latino, and American Indian/Alaska 
Native exposures). Short-term exposures follow the same outcomes 
as long-term exposures; people in households with Hispanic/Latino, 
Black, and American Indian/Alaska Native respondents experience 
between 40 and 100% more days with 100-ppbv exceedances than 
the national average (fig. S5C). The racial and ethnic disparities 
we observed are primarily influenced by differences in average resi-
dence sizes: 29, 23, and 23% of American Indian/Alaska Native, His-
panic/Latino, and Black respondents, respectively, live in residences 
<800 ft2 in size, whereas only 12 and 20% of white and Asian re-
spondents do, respectively (1).

Both long- and short-term NO2 stove-attributable exposures are 
strongly affected by behavioral factors, including the duration and 
intensity of stove use (i.e., how much gas is burned), range hood use 
and window opening, and time spent in the kitchen. The dominant 
factor predicting NO2 exposure in our analysis was the total amount 

A

C

B

D

Fig. 4. Additional long-term NO2 exposure attributable to combustion by gas and propane stoves in the United States. NO2 exposure stratified by: (A) Home size 
(ft2). 800 ft2, 75 m2; 800–1500 ft2, 75–140 m2; 1500–3000 ft2, 140–280 m2; >3000 ft2, >280 m2. (B) RECS respondent household income (US$ per year; k, $1000). (C) Amount 
of gas or propane stove use as a percentile in the population as measured by burner minutes and oven minutes (proportional to total enthalpy of gas or propane burned; 
see Materials and Methods). (D) Race/ethnicity self-reported to RECS. The racial and ethnic categories identified by RECS include (1): His/Lat, Hispanic or Latino; AI/AN, 
American Indian or Alaska Native; NH/PI, Native Hawaiian or Pacific Islander; Mult., multiracial. In each panel, “Total” refers to the average across the U.S. population. The 
red horizontal line in each plot is the WHO’s annual NO2 guideline (47). Error bars represent 95% CIs calculated using a Monte Carlo method (see Materials and Methods).
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of gas or propane burned. People in residences in the 95th percentile 
of duration of burner and oven use (corresponding with two burn-
ers on medium for 30 min daily in the morning, and four on me-
dium for 30 min and the oven set to 350°F (175°C) for roughly 
2.25 hours in the evening) (41) were exposed to 3 times more than 
the average long-term stove-attributable NO2 and 25 times more 
than people in households in the 5th percentile of burner and oven 
use (i.e., one burner on medium for 5 min daily in the morning and 
two on for 5 min in the evening with no oven used; Fig. 4D). Short-
term exposures follow the same trend: People in houses in the 95th 
percentile of duration of burner and oven use experience 110 [95% 
CI: 50, 170] days per year with a 100-ppbv exceedance while people 
in the 5th percentile typically experience zero (fig. S5D). See data S1 
for numerical values and Materials and Methods for a more detailed 
description of the distribution of burner and oven use.

Model sensitivity
We assessed the sensitivity of the CONTAM model combined with 
our exposure calculations by altering parameters systematically and 
estimating the effects of parameter changes on long- and short-term 
NO2 exposure risk. We varied the levels of each input parameter 
from the 5th to 95th percentiles (or minimum to maximum values, 
if distribution statistics were unavailable), holding all other param-
eters constant at their default values (see table  S7). Our analysis 
showed that long-term NO2 exposure was most sensitive to dura-
tion and intensity of gas stove use (as measured by total burner min-
utes and oven minutes, which are proportional to enthalpy of gas or 
propane burned; see Materials and Methods).

The next-most important behavioral factors in determining 
exposure (after the amount of fuel burned) were mechanical and 
natural ventilation and time spent in the kitchen. People who lack 
an outside-venting hood or who do not use their hoods are exposed 
to 25% more long-term stove-attributable NO2 than average. Mean-
while, people with a 75% capture efficiency outside-venting hood 
who use it every time they cook are exposed to 70% less long-term 
stove-attributable NO2 than average. The effect on long-term 

stove-attributable NO2 of opening and closing windows (one win-
dow modeled in the kitchen and at least three additional win-
dows, opened or closed all at once; see Materials and Methods) was 
comparable to the average benefit of using a range hood (Fig. 5).

However, opening a window was far less helpful in reducing 
short-term exposures, measured by days per year with a 1-hour 
averaged NO2 exposure >100 ppbv. Whereas people who leave 
their windows closed are exposed to nine times more long-term 
NO2 than people who leave their windows open, people who leave 
their windows closed are exposed to only 1.5 times more days per 
year with a 100-ppbv exceedance (compare the relative sizes of the 
burnt orange bars in Fig. 5, A and B).

Prevalence and economic burden of stove-attributable 
adverse health outcomes
Combining data from the 2020 RECS (1) with the 2024 meta-
analysis of Puzzolo et al. (26) of the association between pediatric 
asthma and gas stoves, we estimate that gas and propane stoves in 
the United States are responsible for 200 [95% CI: −20, 410] thou-
sand current cases of pediatric asthma. Our central estimate repre-
sents roughly 10% the number of pediatric asthma cases attributable 
to pollution from all road traffic (50). Following the calculation of 
Nurmagambetov et al. (51), applying the EPA’s value of a statistical 
life (VSL) to asthma-induced deaths and combining this cost with 
asthma-related medical costs yields an annual societal cost of gas 
and propane stoves of $1 (0, 2) billion. Our estimate of pediatric 
asthma population-attributable fraction (PAF) (see Table  1) is 
smaller than but statistically indistinguishable from that reported 
by Gruenwald et al. (24), who relied on an older meta-analysis (16).

Our estimate of long-term NO2 exposure attributable to gas stoves 
allows us to address what portion of pediatric asthma attributed to 
gas stoves overall may be due specifically to long-term NO2 exposure. 
Our central estimate for pediatric asthma attributable to long-term 
NO2 exposure from stoves (Table 1) is ~25% of the estimate for stoves 
overall. This discrepancy may be due to several potential factors. 
These may include (i) that the majority of stove-attributable pediatric 

BA

Fig. 5. Sensitivity analysis of exposure estimates. Modeled increase in (A) long-term NO2 exposure (parts per billion volume) and (B) days with 1-hour 100-ppbv 
exceedances attributable to gas and propane stoves at median values of model input parameters and at high and low ends of the observed distributions. The black hori-
zontal line in each panel indicates the modeled exposure (A) and exceedances (B) assuming default input values of all parameters (see table S7). The blue vertical range 
at the left of each panel spans the 90% CI of the median (from 5th to 95th percentiles; see Materials and Methods). Light orange ranges span central estimates of exposure 
corresponding with maximum and minimum reasonable use cases for mechanical ventilation (based on surveys and direct measurements; see Materials and Methods). 
Green ranges span central estimates of exposure corresponding with values modeled between the 5th and 95th percentiles of joules of gas or propane burned. Burnt 
orange ranges span central estimates of exposures corresponding with the maximum and minimum reasonable use cases for window opening (based on surveys, see 
Materials and Methods). Lilac ranges to the right span values modeled for 5th to 95th percentiles of kitchen occupancy. “CI” and “CE” stand for confidence interval and 
capture efficiency, respectively.
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asthma cases are due to additional factors such as short-term NO2 
exposure and other gas stove pollutants; (ii) that estimates of pediat-
ric asthma attributable to stoves do not fully account for confounding 
variables and could be too high; and (iii) that our model underesti-
mated the true long-term NO2 exposure attributable to gas and pro-
pane stoves (see limitations discussed in our conclusion and in our 
methods).

Exposure to NO2 outdoors has been associated with statistically 
significant increases in all-cause adult mortality, though quantifying 
its direct effect is challenging because of potential confounding with 
exposure to co-occurring outdoor pollutants such as particulate 
matter in automobile exhaust and other combustion sources (38, 52, 
53). Assuming that meta-analyses of outdoor NO2 and all-cause 
adult mortality may be applied to long-term exposure to indoor 
NO2, our analysis suggests that long-term NO2 exposure from gas 
and propane stoves in the United States may be responsible for up to 
19,000 [95% CI: 8500, 34,000] deaths annually—0.67 (0.29, 1.2)% of 
total U.S. adult deaths—or roughly 40% the number of deaths at-
tributable to secondhand smoke (54). Applying the U.S. EPA’s VSL 
(55) to each death yields an annual societal cost of gas and propane 
stoves of $250 (75, 480) billion (data S2), or approximately $4500 
per year per U.S. household with a gas or propane stove, based on 
2020 RECS data (1). These estimates likely overestimate the health 
and cost burdens attributable to NO2 because of additional pollut-
ants found in traffic-related air pollution. However, they also under-
estimate health and cost burdens because our estimates account 
for only long-term NO2 exposures and not short-term exposures 
to high concentrations, which routinely exceeded 100 ppbv in our 
measurements (see Figs. 1 and 3). Better disambiguation between 
the effects of NO2 and PM2.5 as well as more studies on short-term 
NO2 effects are needed to constrain NO2 mortality estimates.

DISCUSSION
Gas stoves are common globally and in U.S. homes. Emissions from 
gas and propane stove combustion degrade indoor air quality (3, 10, 
40, 56, 57) and are associated with adverse health outcomes that 
include pediatric asthma and hospitalizations (23–25, 52, 58, 59). 
We report updated field estimates of NO2 emission rates for gas 
stoves and previously unreported emission rates of NO2 from pro-
pane stoves. We combined our emissions measurements with the 
NIST’s CONTAM indoor air model and other published datasets; in 

doing so, we produced a population-level estimate of the distribu-
tion of NO2 exposure and health outcomes attributable to gas and 
propane stoves as a function of specific behaviors and for different 
income and race and ethnicity groups (see Materials and Methods).

Consistent with previous research (10, 24, 25), we find that com-
bustion from gas and propane stoves represents a major source of 
long- and short-term NO2 exposure that can exceed U.S. and WHO 
guidelines just by using a stove, independent of any outdoor NO2 
exposures. Demographic detail provided by the RECS (1) and the 
precision afforded by the multizone CONTAM model (37) allowed 
us to extend previous research to the entire United States and to 
exposures in specific rooms, estimating both short- and long-term 
exposure as a function of behavioral and demographic variables 
such as gas and propane stove use, time spent in the kitchen and 
other rooms, and the income and race of occupants. Our findings 
also quantified the importance of gas and propane stove use (i.e., 
joules burned) compared with ventilation and occupancy in deter-
mining indoor NO2 exposure. We also found that housing size 
greatly influences exposure. Differences in housing size partly drive 
income-based and racial disparities in stove-attributable NO2 expo-
sure, though there are other potentially relevant factors not captured 
by our model, such as social differences in cooking and ventilation 
behavior and differences in the time spent indoors and outdoors.

Our estimated health consequences of gas and propane stove use 
are large. We found that gas and propane stoves may contribute up 
to 19,000 adult deaths annually in the United States. We also esti-
mated that long-term NO2 exposure from gas and propane stoves is 
responsible for approximately 50,000 current cases of pediatric asth-
ma. In addition, the total number of current pediatric asthma cases 
attributable to pollution from gas and propane stoves is likely closer 
to 200,000. That number of cases is approximately 10% of pediatric 
asthma attributable to pollution from road traffic and corresponds 
with a societal cost of roughly $1 billion annually.

Additional research could enhance future estimates of adverse 
health outcomes associated with gas and propane stoves. First, we 
assessed only one pollutant, NO2, in this exposure assessment. Be-
cause gas stoves also emit carbon monoxide (CO), benzene, formal-
dehyde, and ultrafine particles (7, 9–11), which are linked to adverse 
health outcomes beyond asthma (40), our estimates of disease bur-
den and societal cost almost certainly underestimate the full health 
consequences of combustion from gas and propane stoves. Second, 
the granularity of our modeling was limited by the availability of 

Table 1. Pediatric asthma outcomes attributable to long-term exposure to NO2 pollution from gas and propane stoves. Modeled population attributable 
fraction (PAF) and annual burden attributable to the presence of gas and propane stoves (i.e., as a function of having a gas stove independent of any exposure 
estimate) and to long-term NO2 exposure from gas and propane stoves in the United States. The right-most column reports the odds ratio (OR) used to calculate 
the asthma burden attributable to gas stoves overall (26) and the relative risk (RR) per 15-ppb increase in annual indoor NO2 exposure used to calculate the 
asthma burden attributable to NO2 exposure (16). Parenthetical numbers indicate 95% CIs calculated using a Monte Carlo method (see Materials and Methods) 
or, for OR and RRs, come from values reported in the literature (16, 26). See data S2 and S3 and fig. S6 for a breakdown by individual U.S. states and for gas and 
propane stove prevalence by state (1).

Attribution Pediatric asthma PAF Modeled current pediatric asthma 
burden (thousand cases)

Pediatric asthma OR or RR

Presence or absence of gas stove 3.8 [0.0, 8.0] % 180 [−20, 380] 1.09 [0.99, 1.19] (OR)

Presence or absence of propane stove 0.36 [0.00, 0.75] % 17 [−2, 36] 1.09 [0.99, 1.19] (OR)

Long-term NO2 from gas stoves 0.91 [−1.33, 3.0] % 43 [−63, 142] 1.09 [0.91, 1.31] (RR per 15 ppb)

Long-term NO2 from propane stoves 0.09 [−0.13, 0.0.29] % 4 [−6, 14] 1.09 [0.91, 1.31] (RR per 15 ppb)
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data on burner and range hood use for different geographies and 
demographic groups. Gathering and incorporating these data into 
an exposure model may produce a more precise estimate of socio-
economic and racial disparities in gas stove-attributable NO2 expo-
sure. Third, our study’s quantification of all-cause mortality was 
limited by potential confounding of NO2 with other coproduced 
pollutants outdoors. Future work focusing on the effect of indoor 
NO2 on mortality, COPD, or other adverse health outcomes would 
enable modeling of the stove-attributable component of these dis-
eases. Fourth, our study did not estimate the health effects of our 
measured short-term exposure to high NO2 concentrations. High-
quality epidemiological studies assessing the health effects of short-
term NO2 exposure would allow the results of this study and future 
work to be used to model adverse health outcomes associated with 
short-term stove-attributable NO2. Fifth, our study relied on data 
for the United States only; incorporating behavioral and housing 
stock data from outside the United States would expand the scope of 
exposure estimates to other countries and continents. To address 
this shortcoming, we are undertaking indoor pollution measure-
ments associated with gas stoves in countries that include Australia, 
the United Kingdom, the Netherlands, Italy, and China.

Although successful policies have reduced sources of air pollut-
ants such as NO2 in the United States (48), indoor air quality re-
mains largely unmeasured and unregulated (39). Our research 
shows that pollution from gas and propane stoves disproportion-
ately affects lower-income people and racial and ethnic minorities 
and that gas and propane stoves are responsible for substantial pedi-
atric asthma and adult mortality. Our results also highlight the im-
portance of including indoor sources of air pollution in future 
policies designed to protect people from pollutants such as NO2, 
benzene, and carbon monoxide.

MATERIALS AND METHODS
Definitions
We defined a “cooktop” as a flat surface with two to six individual 
cooking elements and “burners” as cooking elements using a gas or 
propane flame. We defined gas, propane, and electric ovens as en-
closed spaces heated by gas, propane, or electricity, respectively. We 
defined a “stove” (also called a “range”) as a freestanding unit that 
contains both a cooktop and an oven. We defined an “outside-venting 
range hood” as an exhaust fan located directly above a stove, cook-
top, or oven that sends kitchen air outdoors. We defined a “recircu-
lating range hood” as a range hood that returns exhaust air to the 
kitchen rather than venting it outside.

Throughout the paper we used the term “concentration” for its 
accessibility in place of the more strictly correct term “molar mixing 
ratios.” We assumed a temperature of 25°C and a pressure of 1 atm 
when converting between true concentrations and molar mixing 
ratios, which yields the conversion 1-ppbv NO2 = 1.89 μg m−3 NO2. 
We also used a conversion of 1-ppbv NO2 = 1.89 μg m−3 to convert 
relative risks (RR) reported in units of micrograms per cubic meter 
to units of parts per billion volume.

We used CONTAM, a multizone indoor air model developed by 
the NIST, to model indoor NO2 concentrations (37). We validated 
the model by comparing its predictions against measured NO2 con-
centrations in a set of 18 test residences referred to as “validation 
residences” or “validation homes.” We then used the validated model 
to estimate NO2 concentrations in a set of other residence footprints 

(detached houses, duplexes and multiplexes, mobile homes, and 
apartments) for which we lacked measured NO2 data. We refer to 
these as the “model residences” or “model homes.”

We define “long-term” exposures in terms of parts per billion vol-
ume of NO2 exposure averaged over a year and “short-term” expo-
sures in terms of the number of days per year on which daily maximum 
hour-averaged NO2 exposure exceeds 200 μg/m3 (~100 ppbv), the 
WHO hour-averaged NO2 standard (60).

We used commonly accepted definitions of epidemiological 
terms: (38, 61) “population attributable fraction” (PAF) is the frac-
tion of cases of a health outcome in a population attributable to an 
exposure; “odds ratio” (OR) is the ratio of the odds that a health 
outcome will occur given an exposure to the odds that the same 
health outcome will occur without the exposure; “relative risk” (RR) 
is the ratio of the probability of a health outcome in the exposed 
population divided by the probability in the unexposed population; 
“incidence” is the number of new cases of a disease per time interval 
(1 year, unless stated otherwise); “prevalence” is the total number of 
active cases of the disease in the population at a given time; and 
“burden” is the number of health outcomes (either at a given time or 
per unit time) attributable to an exposure.

Instrumentation
We measured NO2 concentrations using a Teledyne T200P analyzer. 
We measured CO2 and N2O concentrations using an Aeris carbon 
dioxide/nitrous oxide MIRA Ultra Mobile LDS analyzer and mea-
sured CH4 and C2H6 using an Aeris methane/ethane MIRA Ultra 
Mobile LDS analyzer. The calibrations of the analyzers were checked 
weekly and whenever transported.

Site selection
We measured NO2 emission rates from 50 gas, 11 propane, and 14 
electric stoves in 20 counties in California, Colorado, Texas, New York, 
and Washington, D.C. between January 2022 and July 2023 (fig. S7). 
Our measurements included 24 gas, 9 propane, and 14 electric stoves 
for which we previously reported benzene emission factors (11) (see 
table S4 for a summary of the characteristics of stoves we sampled and 
table S3 for a comparison against other published emission rates). Our 
set of sample residences also included a range of kitchen sizes (15 to 
150 m3) in private houses, apartments, and several Airbnb rentals, 
where we could measure longer uninterrupted time courses. We se-
lected residences through online participant sign-up pages and neigh-
borhood and community associations. We performed CONTAM 
validations tests (see below) on an 18-home subset of our sample, 
whose open floor area (excluding closed-off rooms and garages) 
varied in size from 250 to 1650 ft2 and included 10 detached houses 
and eight apartments in three U.S. states (table S3).

Emission rate calculations and statistics
We calculated NO2 and CO2 emission rates from gas and propane 
combustion by measuring the increase in NO2 concentration through 
time in sealed kitchens of known volumes, an approach analogous to 
that used in our previous work to measure NOx, methane, and ben-
zene emission factors from stoves (10, 11). We converted measured 
concentrations into emission rates using Eq. 1

f =
Vk

t − t0
(Ct − Co + Σn

i=1
(Cti

− Cbkg)(e
−λ(ti−t(i−1)) − 1) (1)
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where ti is the timestamp of the ith datapoint, t0 is the initial time, f 
is the mean gas emission rate over the course of a measurement (in 
volume per time), Vk is the kitchen volume, λ is the kitchen cham-
ber’s air exchange constant (in reciprocal time), n is the number of 
gas concentration datapoints (typically 12) collected in a given mea-
surement period, Cti is the gas concentration at time ti (in parts per 
billion volume), and C0 is the concentration inside the chamber at 
the start of the measurement, and Cbkg is the background gas con-
centration outside the kitchen chamber (see the “Correction for air 
exchange” section, below). We assume that Cb is equal to the gas 
concentration we measure inside the kitchen immediately after air-
ing it out with fresh outdoor air. We converted volumetric emission 
rates into gravimetric emission rates using the temperature mea-
sured in the kitchen.

We measured the energy output from gas burners and ovens us-
ing the flow rate of CO2 and the enthalpy of combustion of methane 
to calculate the joules (J) of energy emitted per unit time.

We calculated the kitchen volume (Vk) and air exchange con-
stant (λ) using 300- to 500-ml injections of a known volume of ei-
ther ethane (C2H6) or nitrous oxide (N2O) as a dilution tracer, 
using fans to mix the kitchen air, a method validated by Lebel et al. 
(the slope of laser-measured versus tracer gas–measured room vol-
ume is 1.1 [95% CI: 0.9, 1.3]; adjusted r2 = 0.91) (10). The estimated 
kitchen volume is the injected tracer gas volume divided by the 
peak tracer gas concentration immediately following injection, and 
the air exchange constant is the tracer gas’s decay constant through 
time after the peak concentration (see the “Correction for air ex-
change” section, below).

We calculated mean and median 95% CIs of emission rates 
from a 25,000 replicate bootstrap sample set (62, 63) using a 
method described by Lebel et al. and by Kashtan et al. (10, 11): We 
generated each replicate sample in the bootstrap by randomly 
sampling with replacement the set of emission factors in question 
to form a random sample of equal size to the set of emission fac-
tors in question. For instance, the bootstrap gas burners on high 
consisted of 25,000 replicates of size 50, generated by randomly 
sampling (with replacement) the set of 50 emission rates for gas 
burners on high. We then calculated 95% CIs for the means and 
medians of these bootstraps (62, 63). We calculated statistical sig-
nificance between gas and propane stove emissions using the two-
sided Mann-Whitney U test (also known as the Wilcoxon rank 
sum test).

Our method for measuring NO2 emission factors was the same 
as that used in Kashtan et al. to measure benzene, and similar to 
that used by Lebel et al., to measure methane and NO2. We sampled 
kitchen air approximately 1.5 m off the ground using a 7 liter min−1 
pump drawing air through a polytetrafluoroethylene (PTFE) hose 
attached to our analyzers outside the sampling area. Where neces-
sary to estimate emissions factors (but never when measuring con-
centrations), we created enclosed kitchen partitions by closing the 
kitchen’s doors and windows, closing off open spaces with plastic, 
and placing fans in each kitchen to mix the air (being careful not to 
disturb the flame). We measured NO2 concentration in the closed 
chamber for at least 15 min before igniting the stove to verify that no 
other sources or sinks were present (see fig. S8A).

The 5- to 8-hour time course NO2 concentrations reported in the 
“NO2 concentrations in bedrooms and with range hoods on” section 
were measured using no plastic partitions anywhere and with all in-
terior doors open in six different houses. To avoid mixing the air, we 

did not use fans or other means of active air circulation during these 
concentration-based time courses. In all six houses for which we did 
the 8-hour time courses, we set the oven to 475°F (245°C), a tem-
perature commonly used to bake bread, for 1.5 hours with the hood 
off. We continued monitoring NO2 concentrations for 3.5 to 6.5 
additional hours in the farthest bedroom from the kitchen after 
turning the oven off.

Correction for air exchange
Because it is impossible to seal kitchens perfectly, we corrected for 
air exchange between the chamber and the air outside the chamber. 
We calculated the air exchange constant for each kitchen by inject-
ing 300- to 500-ml volumes of ethane or nitrous oxide and measur-
ing changes in concentration through time as described in Materials 
and Methods and in Lebel et al. (10).

Kitchen volume is calculated using Eq. 2

where Vk is the kitchen volume, Vi is the volume of injected tracer 
(ethane or nitrous oxide), and Ctracer_peak is the peak ethane concen-
tration following injection.

The concentration of the tracer, ethane or nitrous oxide, after 
injection follows an exponential decay attributable to air exchange 
and is described by Eq. 3

where Ctracer,t is the concentration of the tracer at time t, Ctracer,b is 
the background concentration of the tracer, Ctracer,0 is the concentra-
tion of the tracer in the kitchen before injection (typically very close 
to background), t is time, and λ is the air exchange constant.

Rearranging, we can calculate the air exchange constant λ us-
ing Eq. 4

Then, the corrected gas concentration Ĉg,t for the ith datapoint 
collected is given by Eq. 5

where ti is the time of the ith datapoint, Ĉti
 is the corrected gas con-

centration at time ti, Cbkg is the background gas concentration out-
side the kitchen chamber, Cti

 is the true gas concentration at time 
ti, and C0 is the initial gas concentration in the chamber (usually 
almost the same as Cbkg).

The flow rate of the gas can then by calculated using the linear 
model given by Eq. 6

where f is the gas flow rate (expressed as volume per time) and t0 is 
the initial time.

We used Eq.  6 to calculate flow rates for CH4, and CO2. This 
method is the same as that used by Lebel et al. (10).

Vk =
Vi

Ctracer_peak
(2)

Ctracer,t − Ctracer,b = Ctracer,0e
−λt (3)

λ =

ln
(

Ctracer,0

Ctracer,t −Ctracer,b

)

t
(4)

Ĉti
= Cti

+ Σn
i=1

(Cti
− Cbkg)(e

−λ(ti−t(i−1)) − 1) (5)

f =
Vk(Ĉt −C0)

t− t0

=
Vk

t− t0

(Ct −C0+Σn

i=1
(Cti

−Cbkg)(e
−λ(ti−t(i−1))−1)

(6)
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Modeling population-level exposures and health risks
We used CONTAM to model indoor NO2 concentrations resulting 
from gas and propane stove use under different conditions. All quan-
tities not measured, such as wall and door leakage areas and wind 
pressure profiles, used the default values in the ASHRAE Handbook-
Fundamentals based on a house’s age and height (64). We assumed a 
previously reported (32) NO2 decay rate of −2.4 × 10−4 s−1.

Validation of the CONTAM multizone model
We validated our CONTAM model by comparing measured and 
modeled NO2 concentrations in 18 test houses. In each test house, 
we measured the NO2 emission rate of a specific combination of 
burners and oven on known settings using the methods described 
above (see table S2). After fully airing out the house, we then mea-
sured the NO2 concentrations in one to four different rooms (in-
cluding at least the kitchen and another room or, in studio-style 
apartments, a single zone representing a combined kitchen/living 
space) for 40 min to an hour with the given burner/oven combina-
tion on and for another 1 to 3 hours with all burners and oven 
off. Note that the 18 1-hour–and–40-min– to 4-hour CONTAM 
validation measurements are distinct from the 6 8-hour bedroom 
measurements.

For validation measurements, all internal doors in residences 
were left open. In several instances, we measured both with win-
dows open and closed and with an outside-venting range hood on or 
off. Because we had only one Teledyne NO2 analyzer, we sampled 
sequentially from each room in question using a valve system to 
cycle between rooms so as not to disturb the sampling hoses or to 
have to enter the rooms (see fig. S8B).

After obtaining time-resolved concentration measurements, we 
modeled NO2 concentrations in each residence using CONTAM. We 
constructed each residence in CONTAM based on laser distance 
measurements (see table S2 for a summary of home sizes and char-
acteristics). We modeled each room as a single zone, except for hall-
ways which we represented using two to four zones, depending on 
length. In each validation house, we inputted into CONTAM the 
NO2 emission rate we measured from the burner/oven combination 
being tested. We also inputted into CONTAM weather profiles [ob-
tained from OpenWeather Marketplace; (65)], corresponding with 
the address and time-period of each validation measurement.

Because interior airflow is strongly influenced by temperature 
gradients, time-resolved temperature gradients in multiple zones of 
each residence were required to accurately model NO2 concentra-
tions attributable to stoves. We measured temperature profiles of 
each room in 11 of the 18 validation homes (see fig. S9 for CONTAM 
floorplans of each of the 11 homes) and observed strong overall 
agreement between modeled and measured NO2 concentrations in 
the 11 houses for which we have temperature data (see Results).

We could not scale such a time-resolved model to the entire 
U.S. housing stock because internal temperature profiles are variable 
and we thus could not use house-specific time-resolved temperature 
gradients as inputs in our nationwide model. To extend our model, 
we also verified that we could replace airflow due to temperature 
variation with a fixed-bidirectional airflow at each open door and 
still accurately predict kitchen, living room, and bedroom NO2 con-
centrations averaged across several residences.

We considered a range of different bidirectional flow values 
between 300 and 1300 m3/hour and found empirically that setting 
bidirectional flow to 1000 m3/hour [590 cfm; within the range of 

turbulent flow rates observed in real interior doorways; (66)] mini-
mized the error between averaged measured and modeled hour-
averaged and day-averaged concentrations (see table S5; figs. S4 and 
S10 show results for different bidirectional flow rates; day-averaged 
concentrations extrapolated from measured and modeled values at 
the end of the measurement period using a decay rate of −2.4 × 
10−4 s−1). We calculated error as 100% ×

Measured−Modeled

Measured
.

NO2 exposure calculations using CONTAM
We used CONTAM to model time-resolved NO2 concentrations un-
der different scenarios in each of the 7632 residences with gas, pro-
pane, and mixed-fuel stoves included in the United States Energy 
Information Administration’s 2020 RECS. The 2020 RECS is a sur-
vey of 18,500 households in all 50 states and the District of Columbia 
that reports information on participants’ energy use, housing char-
acteristics, and demographics, and which assigns each participating 
household a representation weight such that results may be extrapo-
lated to the entire U.S. population (1).

We combined our CONTAM modeling with the RECS data by 
assigning each RECS household to 1 of 24 distinct CONTAM floor-
plans that most resembled the RECS household in question based 
on housing type, floor area, number of stories, presence or absence 
of a forced air system, and home age. We selected the 24 floorplans 
from a pool of 209 residences constructed in CONTAM by Persily 
et  al. (67) to represent the U.S. housing stock. The 24 floor plans 
represent diverse yet common types of homes that encompass the 
characteristics of the 7632 RECS residences (see fig. S11 for an as-
signment flowchart and table S6 for a summary of the 24 floorplans). 
We represented with a single floorplan homes that only differed 
from one another in factors out of the scope of this study (e.g., foun-
dation type and room types). We assigned RECS residences to our 
set of floorplans according to, in order of decreasing prioritization, 
type of home, floor area, number of stories, presence or absence of a 
forced air system, and home age.

We left each model floorplan unchanged except for the follow-
ing: because windows were not included in the default floorplans in 
CONTAM, we added one National Fenestration Research Council 
standard window (1.2 m × 1.5 m or 4 ft × 5 ft) to an exterior wall in 
every bedroom, living room, and kitchen (68); as discussed above, 
to simulate indoor air transport we replaced each modeled open 
door with bidirectional flow at a rate of 1000 m3/hour (590 cfm); 
because we adjust the modeled NO2 emission rate to account for 
outside-venting range hoods (for instance, we model a 50% capture 
efficiency outside-venting hood by reducing the emission rate by 
50%), we removed modeled range hoods in floorplans that had 
them so as not to double-count range hoods. We left central forced-
air systems unchanged and assigned their schedule on the basis of 
modeled ambient temperature (see table S7).

We captured a range of behaviors and environments by assigning 
a weighted distribution of scenarios to each RECS household. We 
used prior surveys and direct measurement studies to select three or 
four distinct values for each of six parameters: range hood use, stove 
use, window use, ambient temperature, windspeed, and occupancy, 
for a total of 4 × 3 × 3 × 4 × 3 × 3 = 1296 combined scenarios for 
each floorplan. We modeled each scenario for each of the 24 CONTAM 
floorplans and then calculated peak 1-hour–averaged and day-
averaged NO2 concentrations associated with each scenario. On the 
basis of existing data on each parameter and on the number of heat-
ing degree days and cooling degree days expected for the specific 
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location of each RECS residence, we assigned relative weights for 
each of the 1296 modeled scenarios for each RECS residence. The 
weights of each value are presented in table S7. We also performed a 
sensitivity analysis on all six parameters (see Results).

We calculated the distribution of national long-term NO2 expo-
sure burden by iterating through all 7632 RECS representative resi-
dences with gas or propane stoves and for each residence calculating 
the weighted mean of the 1296 modeled day-averaged NO2 expo-
sures. We then multiplied this mean by the residence’s weight in the 
RECS database and normalized for total number of residences rep-
resented in the RECS database. We calculated the distribution of the 
percentage of days with 1-hour–averaged NO2 exposure exceeding 
100 ppbv in an analogous fashion: for each RECS residence, we cal-
culated the percentage of modeled exposure days with a 100-ppbv 
exceedance, then multiplied the value by the given residence’s weight 
and normalized for total number of residences represented by RECS.

Estimation of pediatric asthma attributable to gas and 
propane stoves overall and to NO2 exposure from gas and 
propane stoves
We estimated the PAF of asthma incidence attributable to the use of 
gas and propane stoves compared with the use of electric stoves using 
ORs reported by Puzzolo et al. (26), who conducted a meta-analysis 
featuring multiyear, multicohort, geographically diverse studies. Be-
cause Puzzolo et al. did not report ORs or RRs per unit of indoor 
NO2, we estimated the PAF of asthma incidence due to long-term 
NO2 exposure from gas and propane stoves using Lin et al.’s 2013 
estimate (16), which also featured multiyear, multicohort, geographi-
cally diverse studies focusing exclusively on indoor NO2. Following 
Gruenwald et al. (24), we used ORs in place of RRs, as pediatric asth-
ma affects less than 10% of the U.S. child population (69).

To our knowledge, there are no meta-analyses assessing the effect 
of indoor NO2 on mortality. To estimate the PAF of deaths attribut-
able to long-term NO2 exposure from gas and propane stoves, we 
thus used the RRs reported by a meta-analysis featuring multiyear, 
multicohort, geographically diverse studies of ambient NO2 (38). Po-
tential confounding with other coproduced ambient pollutants, such 
as particulate matter, increases the uncertainty of our mortality cal-
culations. While Buonocore et al. used the RR for all-cause mortality 
associated with NO2 reported by Faustini et al.’s 2014 meta-analysis 
(70), we instead opted for an RR reported in a newer meta-analysis 
by Atkinson et al. (38), which exclusively incorporated cohort stud-
ies (1.02 [95% CI: 1.01, 1.03] per 10 μg/m3 increment in long-term 
NO2 concentration, smaller than Faustini et al.’s value of 1.04 [95% 
CI: 1.02, 1.06] per 10 μg/m3).

Consistent with prior epidemiological work assessing the influ-
ence of long-term NO2 exposure on respiratory diseases (15, 71, 72), 
we assumed a log-linear concentration-response function and cal-
culated health outcome burdens as

where values are summed over all n = 7632 RECS residence types 
with gas or propane ranges or cooktops in the RECS database, Bur-
den is the number of adverse health outcomes (death or pediatric 
asthma) attributable to NO2 from stoves, Incg is the current inci-
dence rate of the adverse health outcome in question in the geogra-
phy in question, Pn is the number of people living in the nth 
household, Wn is the number of households the nth RECS household 

represents in the U.S. housing stock, β is the concentration response 
factor (calculated as ln(RR)

Δc
 ), which is assumed to be constant, and Δcn 

is the median year-averaged gas-stove-attributable NO2 exposure 
in the nth residence. We calculated burden separately for pediatric 
asthma and adult mortality using the appropriate Pn, based on child 
and adult occupancy of RECS houses.

We calculated pediatric asthma burden using a U.S. pediatric 
asthma incidence rate averaged between 2006 and 2008 (12.5 cases 
per 1000 children) (69) multiplied by the current U.S. population 
under 18. We used state-by-state incidence of pediatric asthma from 
the U.S. Centers for Disease Control and Prevention from 2021 (73), 
the most recent date for which data stratified by state were available. 
We calculated state-stratified asthma rates only in states for which 
the incidence rate was reported.

Because the total population covered by the RECs database (62 
million children, 239 million adults) is slightly lower than today’s 
U.S. population (258 million adults and 73 million children) (74), 
likely because of occupancy data that is older than the most recent 
U.S. census, we proportionally adjusted our calculated burdens to 
match the current U.S. adult and child population

Following Mansournia (75), we calculated PAFs from calculated 
burdens and baseline incidence of deaths and pediatric asthma as

where Incidence is the number of new deaths or pediatric asthma 
cases per year in the geography in question. When calculating 
PAFs for individual states, we used state-specific incidence esti-
mates, and when calculating national PAFs, we used national inci-
dence estimates.

Because the uncertainty in RRs may be correlated with uncer-
tainty in exposure, we conservatively assumed a wide uncertainty in 
PAFs. Rather than add fractional errors of RR and Δcn in quadra-
ture, we calculated our lower uncertainty bound using the lower 
bound of each reported RR and of each Δcn estimate we calculated. 
We performed the analogous calculation for upper bounds.

Following Buonocore et al. (61), we calculated the valuation of 
excess deaths using the VSL from the EPA’s BenMAP (55), $13.1 
($7.9, $18.5) million per death when adjusted to U.S. $ 2023, and the 
valuation of asthma incidence from an analysis by Nurmagambetov 
et al. (51), $5300 ($4120, $6490) per year per pediatric asthma case. 
We assumed that uncertainties in health outcome burdens and valu-
ations were independent.

Uncertainty
We calculated uncertainty in exposure and health outcomes using a 
Monte Carlo method. To calculate uncertainty in exposure, we com-
puted a Monte Carlo distribution resulting from the combination 
of three input distributions representing three key elements of the 
model: (i) measured NO2 emission factors, (ii) estimated burner 
intensities used, and (iii) the distribution of NO2 exposures mod-
eled in different CONTAM scenarios, normalized to amount of 
gas burned and weighted according to the prevalence of each sce-
nario, according to Eq. 10A and 10B

Burden = IncgΣnPn ×Wn × (1 − e−βΔcn ) (7)

Burdenadj = Burdenorig ×
Popcurrent
PopRECS

(8)

PAF =
Burden

Incidence
(9)

MCmean =mean(EF ∗ BI ∗ CE ∗WE) (10A)
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where EF, BI, and CE are randomly sampled (with replacement) val-
ues from the distributions of emission factors, burner intensities, and 
ratios of CONTAM-modeled exposures (normalized to gas burned), 
respectively, and WE is the weight corresponding to the particular 
CONTAM-modeled exposure CE selected. Because we have sparse 
data on the frequency with which people cook with burners on low, 
medium, and high (41), we assumed a normal distribution for burn-
er intensity expressed as a fraction of emissions on high (mean = 0.5; 
SD = 0.1). See the “Limitations” section for further discussion.

Each sample EF and CE contained a number of elements equal to 
the minimum number of elements in each of the included distribu-
tions. For gas, this was 390 (number of gas emission factors) and for 
propane it was 20. Because BI was drawn from a known normal dis-
tribution, each sample BI contained only one element. MCmean and 
MCmedian are the mean and median, respectively, of the product of a 
single set of X-element input samples, where X = 390 for gas and 20 
for propane. We calculated MCmean and MCmedian over 10,000 itera-
tions to form a Monte Carlo distribution of the mean and median 
and calculated 95% CIs for mean and median exposure based on the 
Monte Carlo distributions.

We calculated central-estimate, lower-bound, and upper-bound 
long-term exposure for each floorplan as the average of the central 
estimate, lower bound, and upper bound of modeled day exposures, 
respectively. We calculated short-term exposure exceedances as the 
fraction of modeled days with a maximum 1-hour average exposure 
exceeding 100 ppb and converted the fraction to days per year by 
multiplying by 365. We used the central estimate, lower bound, and 
upper bound of modeled day exposures to calculate our CI in an 
analogous fashion to long-term exposures.

We used the same method to calculate uncertainties in our esti-
mates of health outcomes and costs associated with exposure to NO2. 
This time, we combined the distribution of concentrations calculated 
by Eq. 10A with a normal distribution of RRs reported for asthma 
(16) or mortality (38), according to Eq. 11

where MChealthmean is the mean of a single result in the Monte Carlo 
distribution of health outcome risks (pediatric asthma or adult mor-
tality), RR is a relative risk value randomly sampled (with replace-
ment) from a normal distribution, according to 95% CIs provided by 
Lin et al. and Atkinson et al. (16, 38) for asthma and mortality, re-
spectively, and MCconc is a long-term exposure value randomly sam-
pled (with replacement) from the 10,000-element normal distribution 
produced by running Eq. 10A 10,000 times. We then calculated the 
95% CI of this Monte Carlo distribution. We calculated uncertainties 
in costs using the same method, this time drawing values from our 
calculated distribution of predicted health outcome burdens and 
from a distribution of per-case costs derived from uncertainties 
provided in the literature (see above).

We performed an analysis of the sensitivity of our calculated ad-
verse health outcome burdens to the choice of concentration-response 
model. We did so by calculating the estimated burden of pediatric 
asthma and adult all-cause mortality attributable to long-term NO2 
from stoves using a log-linear model, a linear model, and a log-linear 
model with a 2-ppbv no-effect threshold, three models mentioned 
in recent long-term NO2 literature (13, 15, 71, 72). In each case, we 

calculated 95% CIs using a Monte Carlo method analogous to that 
described above for the calculation of log-linear adverse health out-
come burden. The observed differences between models were modest 
and statistically indistinguishable (fig. S13).

Limitations
Our study assessed only one pollutant from gas stoves, NO2. Because 
gas stoves also emit CO, benzene, formaldehyde, and ultrafine par-
ticulate matter (7, 9–12, 76), our estimates of disease burden and 
societal cost almost certainly underestimate the full health conse-
quences of gas and propane stoves.

Results are based on measurements and assumptions through-
out the modeling chain. We can partition the modeling chain, and 
associated uncertainties and limitations, as follows:

1) NO2 emission rates of gas and propane burners and ovens.
To our knowledge, before Lebel et al., NO2 emission rates from 

gas stoves were last systematically quantified in 1985, but sum-
mary statistics were not reported. Other researchers have since 
reported emission factors per joule but not emission rates per time 
(see table  S3 for a comparison of our results and previously re-
ported emission rates and emission factors). Our modeling thus 
used emission rates measured in this work and by Lebel et al. (10). 
Our work and results from Lebel et al. (10) have constrained me-
dian NO2 emission rates from gas burners on high and ovens to 
±15% (see table S3). Larger uncertainties (up to ±50% for burners 
on high) remain for propane burner and propane oven emissions 
(see table S3). Moreover, our independent estimates in this paper 
for NO2 emissions were statistically indistinguishable from those 
in Lebel et al. (see fig. S4 and table S3 for emission rates and table S8 
for a summary of uncertainties).

2) Modeled indoor NO2 concentrations from CONTAM, given a 
set of known input parameters.

We constrained uncertainties in modeled concentrations at ±18% 
(with positive values indicating an underestimate; see table S5). Our 
set of validation measurements included 18 homes and spanned a 
range of characteristics and measurement conditions. However, given 
time constraints it was impossible to validate the model on every 
combination of input parameters.

3) The population-wide distribution of burner minutes and oven 
minutes used per day, range hood use and capture efficiency, win-
dow opening schedules, outdoor temperatures, and outdoor wind-
speeds (the input parameters in step 2).

As demonstrated in our sensitivity analyses, there is a broad range 
in how frequently people use their stoves and their range hoods (and 
range hoods’ efficacy) and open their windows, and these input param-
eters can alter estimated exposure (see Fig. 4). Of these inputs, stove 
use (i.e., length of time and number and intensity of burner and oven 
usage) had the largest spread and effect on exposure estimates. To our 
knowledge, no U.S.-wide study of burner and oven use exists, so we 
relied on a direct-measurement study by Zhao et al. (41) of stove use in 
54 single family houses and 17 low-income apartments in California.

4) Other behavioral assumptions.
Apart from the behaviors listed above, there were other behaviors 

for which we lacked information. Two such behaviors that affect ex-
posure are burner intensity and interior door opening. We inferred 
burner intensity based on reported cooking behaviors (see table S7), 
but because we lack measured data, our assumption that “on” burn-
ers are set to 50% of “high” may be an over- or underestimate of NO2 
emissions. We attempted to account for this uncertainty by adding 

MCmedian =median(EF ∗ BI ∗ CE ∗WE) (10B)

MChealthmean
=mean(1 − e

ln(RR)

Δc
×MCconc ) (11)
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a  ±  10% normally distributed uncertainty to our exposure and 
health outcome estimates. We assumed that all interior doors of 
houses remain open. Compared with an assumption of more closed 
doors, our open-door assumption results in lower exposure to peo-
ple in and near the kitchen and higher exposure to others in the 
house. While this should not substantively affect our population-
averaged estimates of long-term exposure, it may lead us to underes-
timate exposure for primary cooks in a given household and to 
overestimate exposure for people who spend little time in the kitch-
en. This issue applies to both long-term and short-term exposure 
estimates but is more relevant to short-term exposures.

5) Assignment of each residence in the RECS database to a spe-
cific floorplan in CONTAM.

We assigned each residence in the RECS database to 1 of 24 
floorplans and thus were unable to perfectly match each RECS resi-
dence to a given floorplan. For example, we split apartments into 
>1000 ft2 (>90 m2) and <1000 ft2, representing the 65th percentile 
of floorspace for apartments with gas or propane stoves [the median 
is 900 ft2 (80 m2)] (1). This assignment (and analogous assignments 
for other variables) thus result in the floorspace of roughly equal 
numbers of RECS residences being over- and underestimated and 
thus should not substantively affect our population-averaged expo-
sure estimates. However, it may underestimate differences in expo-
sure due to housing size and other characteristics.

6) Conversion of exposure estimates to estimates of disease burden.
We relied on RR values from recent meta-analyses to calculate 

stove-attributable pediatric asthma and mortality (16, 26, 38). For pe-
diatric asthma, we relied on meta-analysis assessing indoor NO2 only 
(16). Because no meta-analysis has assessed indoor NO2 and mortal-
ity, to our knowledge, we calculated mortality using a meta-analysis 
on outdoor NO2. Our estimate of mortality is thus limited in its preci-
sion by potential confounding pollutants that co-occur with outdoor 
NO2, such as particulate matter, and by the variability in RRs reported 
by different studies. We applied a mortality RR of 1.02 (1.01, 1.03)) 
per 10 μg/m3 of long-term NO2 exposure derived from meta-analysis 
by Atkinson et al. (38) that included only long-term, cohort studies. 
Other meta-analyses (70, 77) have estimated higher RRs than what we 
used. For instance, a 2014 meta-analysis (70) on NO2 exposure and 
mortality used by Buonocore et al. to calculate premature deaths from 
upstream oil and gas production (61) calculated RR = 1.04 (1.02, 1.06) 
per 10 μg/m3 increase in long-term NO2. We propagated uncertainty 
bounds provided by Atkinson et al. but recognize that there is addi-
tional uncertainty and that choosing meta-analyses with broader in-
clusion criteria than used by Atkinson et  al. may have resulted in 
higher mortality estimates than those we calculated.
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STATE OF MICHIGAN 
  

BEFORE THE MICHIGAN PUBLIC SERVICE COMMISSION  
  

In the matter of the application of DTE 
ELECTRIC COMPANY for authority to 
increase its rates, amend its rate schedules 
and rules governing the distribution and 
supply of electric energy, and for 
miscellaneous accounting authority 

  
Case No. U-21534 

 
ALJ Sally Wallace 

 
   

PROOF OF SERVICE 
  

I, Mark N. Templeton, certify that an electronic copy of the Accompanying Exhibits DAO-
260 to DAO-270 (Part 2 of 4) for the Direct Testimony of Arjun Makhijani on Behalf of 
Soulardarity and We Want Green, Too was served on the following on July 26, 2024. 

 
   Name/Party  E-mail Address  

Administrative Law Judge 
Hon. Sally Wallace 

 
wallaces2@michigan.gov  

DTE Electric Company 
Jon P. Christinidis 
Paula Johnson-Bacon 
John A. Janiszewski 
Andrea E. Hayden 
Breanne K. Reitzel 

jon.christinidis@dteenergy.com    
paula.bacon@dteenergy.com  
john.janiszewski@dteenergy.com 
andrea.hayden@dteenergy.com  
breanne.reitzel@dteenergy.com  
mpscfilings@dteenergy.com  

Michigan Attorney General 
Joel King 

 
ag-enra-spec-lit@michigan.gov  
kingj38@michigan.gov  

Michigan Public Service Commission Staff  
Monica M. Stephens  
Amit T. Singh 
Heather M.S. Durian 
Michael J. Orris 
Lori Mayabb 

stephensm11@michigan.gov 
singha9@michigan.gov 
durianh@michigan.gov 
orrism@michigan.gov  
mayabbl@michigan.gov  

The City of Ann Arbor, Michigan 
Municipal Association for Utility Issues 
Valerie Jackson 
Valerie J.M. Brader 

 
 
valeriejackson@rivenoaklaw.com 
valerie@rivenoaklaw.com  

Electrify America, LLC 
Jennifer A. Morante 
Stephen Bright 

jmorante@grsm.com 
steve.bright@electrifyamerica.com 

mailto:wallaces2@michigan.gov
mailto:jon.christinidis@dteenergy.com
mailto:paula.bacon@dteenergy.com
mailto:john.janiszewski@dteenergy.com
mailto:andrea.hayden@dteenergy.com
mailto:breanne.reitzel@dteenergy.com
mailto:mpscfilings@dteenergy.com
mailto:ag-enra-spec-lit@michigan.gov
mailto:kingj38@michigan.gov
mailto:stephensm11@michigan.gov
mailto:singha9@michigan.gov
mailto:durianh@michigan.gov
mailto:orrism@michigan.gov
mailto:mayabbl@michigan.gov
mailto:valeriejackson@rivenoaklaw.com
mailto:valerie@rivenoaklaw.com
mailto:jmorante@grsm.com
mailto:steve.bright@electrifyamerica.com
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Michigan Environmental Council, Citizens 
Utility Board of Michigan, Natural 
Resources Defense Council, Sierra Club  
Christopher M. Bzdok 
Tracy Jane Andrews 
Breanna Thomas 

 
 
 
chris@tropospherelegal.com 
tjandrews@tropospherelegal.com  
breanna@envlaw.com  

Michigan Energy Innovation Business 
Council, Institute for Energy Innovation, 
Advanced Energy United, The Foundry 
Association of Michigan, and Energy 
Michigan, Inc. 
Laura A. Chappelle 
Justin K. Ooms  
Timothy J. Lundgren 

 
 
 
 
lchappelle@potomaclaw.com  
jooms@potomaclaw.com 
tlundgren@potomaclaw.com  

The Ecology Center, The Environmental 
Law & Policy Center, Union of Concerned 
Scientists, and Vote Solar 
Nicholas Wallace 
Daniel Abrams 
Alondra Estrada 
Carolyn Boyce 

 

nwallace@elpc.org                  
dabrams@elpc.org                  
aestrada@elpc.org                    
cboyce@elpc.org             
MPSCdocket@elpc.org  

The Kroger Company 
Kurt J. Boehm 
Jody Kyler Cohn 
Justin Bieber 
Michael L. Kurtz 

kboehm@bkllawfirm.com 
jkylercohn@bkllawfirm.com 
jbieber@energystrat.com  

Local 223, Utility Workers Union of 
America (UWUA), AFL-CIO 
Benjamin King 

 
bking@michworkerlaw.com  

Association of Businesses Advocating Tariff 
Equity (ABATE) 
Stephen A. Campbell 

 
scampbell@clarkhill.com 

EVgo Services, LLC 
Nikhil Vijaykar 
Michael G. Oliva 

nvijaykar@keyesfox.com 
moliva@fosterswift.com 

Great Lakes Renewable Energy Association 
(GLREA) 
Don L. Keskey 
Brian W. Coyer 

 
donkeskey@publiclawresourcecenter.com 
bwcoyer@publiclawresourcecenter.com  

International Transmission Company 
Courtney F. Kissel 
Richard J. Aaron 
Olivia R.C.A. Flower 
Hannah E. Buzolits 

 
ckissel@dykema.com 
raaron@dykema.com 
oflower@dykema.com 
hbuzolits@dykema.com  

mailto:chris@tropospherelegal.com
mailto:tjandrews@tropospherelegal.com
mailto:breanna@envlaw.com
mailto:lchappelle@potomaclaw.com
mailto:jooms@potomaclaw.com
mailto:tlundgren@potomaclaw.com
mailto:nwallace@elpc.org
mailto:dabrams@elpc.org
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Michigan Cable Telecommunications 
Association 
Sean P. Gallagher 

 
sgallagher@fraserlawfirm.com  

PROTEC (The Michigan Coalition to 
Protect the Public Rights of Way) 
Michael J. Watza 

 
mike.watza@kitch.com  

Walmart, Inc. 
Melissa M. Horne mhorne@hcc-law.com  

Soulardarity and We Want Green, Too 
Amanda Urban 
Mark Templeton 
Jacob Schuhardt 
Sam Heppell 
Madison S. Wilson 

 
t-9aurba@lawclinic.uchicago.edu   
templeton@uchicago.edu 
jschuhardt@uchicago.edu  
heppell@uchicago.edu  
madisonswilson@uchicago.edu 
aelc_mpsc@lawclinic.uchicago.edu   

 
 
The statements above are true to the best of my knowledge, information, and belief.  
              
 

UNIVERSITY OF CHICAGO LAW SCHOOL 
ABRAMS ENVIRONMENTAL LAW CLINIC 
Counsel for Soulardarity and  
We Want Green, Too  

  
Date:  July 26, 2024 

Sincerely,  

 
Mark N. Templeton, pro hac vice 
6020 S. University Avenue 
Chicago, IL 60637 
Phone: (773) 702-9611 
Email: templeton@uchicago.edu 
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mailto:templeton@uchicago.edu
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