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Health benefits and costs of filtration interventions that reduce

indoor exposure to PM2.5 during wildfires

Abstract Increases in hospital admissions and deaths are associated with
increases in outdoor air particles during wildfires. This analysis estimates the
health benefits expected if interventions had improved particle filtration in
homes in Southern California during a 10-day period of wildfire smoke
exposure. Economic benefits and intervention costs are also estimated. The six
interventions implemented in all affected houses are projected to prevent 11% to
63% of the hospital admissions and 7% to 39% of the deaths attributable to
wildfire particles. The fraction of the population with an admission attributable
to wildfire smoke is small, thus, the costs of interventions in all homes far
exceeds the economic benefits of reduced hospital admissions. However, the
estimated economic value of the prevented deaths exceed or far exceed
intervention costs for interventions that do not use portable air cleaners. For the
interventions with portable air cleaner use, mortality-related economic benefits
exceed intervention costs as long as the cost of the air cleaners, which have a
multi-year life, are not attributed to the short wildfire period. Cost effectiveness
is improved by intervening only in the homes of the elderly who experience most
of the health effects of particles from wildfires.
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Practical Implications
Practical and effective filtration interventions can reduce indoor exposure to particles from wildfires. These interven-
tions are expected to substantially reduce wildfire-related hospitalizations and deaths. Public health officials may want
to disseminate this information and recommend filtration interventions in homes when wildfires are burning, particu-
larly in homes with elderly residents. At a minimum, operating existing home air filtration systems continuously dur-
ing periods of wildfire smoke exposure is recommended.

Introduction

Wildfires are a large source or particles and gaseous air
pollutants that temporarily increase air pollutant levels
over hundreds to thousands of square miles (Con-
falonieri et al., 2007; Delfino et al., 2009; Langmann
et al., 2009; Wu et al., 2006). Numerous studies have
examined whether adverse health effects increase in
populations exposed to wildfire smoke, with systematic
reviews of the related literature provided by Kochi
et al. (2010) and Liu et al. (2015). The recently
published review of Liu et al. (2015) identified 61
related epidemiological studies. In 43 of 45 studies with
measures of respiratory morbidity as an outcome, there
were statistically significant associations of increased
respiratory morbidity with wildfire smoke exposure.

Six of 14 studies reported statistically significant
increases in cardiovascular morbidity and nine of 13
studies reported statistically significant increases in
mortality. Among the reviewed studies, the durations
and magnitudes of wildfire smoke exposure and the
size of the increased risks of adverse health effects var-
ied widely. For example, the increases in contacts with
hospitals or clinics (often hospital admissions) during
wildfires ranged from nil to well over 100% and
increases in mortality ranged from less than 1% to
approximately 50%. In general, the elderly and young
children were found to more often experience adverse
health effects.

Johnston et al. (2012) estimated that particles from
wildfires increase global death rates by 339,000 per
year; although this estimate relied on relationships of
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particle concentrations with mortality not specific to
wildfires.

Studies of the health effects of wildfires have com-
pared incidence of health outcomes during periods
with and without wildfire smoke exposure, often in
comparison to control populations with no wildfire
smoke exposure during the same time periods. Often,
the exposure metric has been dichotomous, i.e.,
exposed or not exposed to wildfire smoke. Some stud-
ies have assessed the associations of health outcomes
with particle levels during periods with and without
wildfire smoke exposure, e.g. (Delfino et al., 2009;
Kochi et al., 2010; Rappold et al., 2014) and other
studies reviewed by Liu et al. (2015).

Most of wildfire-health literature assumes that
adverse health effects are largely a consequence of
increased particle exposures. This expectation is consis-
tent with the very high concentrations of particles and
more moderate concentrations of gaseous pollutants,
although, data on gaseous pollutants from wildfires are
sparse. This expectation appears to also be driven by
the finding that particles in general urban air are a
larger source of adverse health effects than gaseous air
pollutants (EPA, 2011a) and is to a limited extent
supported by mechanistic evidence (Kim et al., 2014;
Swiston et al., 2008; Tan et al., 2000).

The adverse health effects of wildfire smoke are
expected to increase as the climate changes due to
increases in the number and severity of wildfires (Fisk,
2015). Spracklen et al. (2009) estimated that, by 2050,
climate change will cause a 54% increase in the average
area burned in the western United States.

Given the demonstrated adverse health consequences
of wildfires that are expected to increase with climate
change, information on the effectiveness of mitigation
options is needed. This article estimates the potential
health benefits and costs of improving particle filtration
in homes. The analysis is performed for a six-county
region in Southern California with substantially
increased particle concentrations during wildfires in
2003. This particular wildfire case is employed for the
evaluation because particle levels in the exposed popula-
tion have been assessed in detail (Wu et al., 2006), hos-
pital admission rates have been related quantitatively
with particle levels (Delfino et al., 2009), and effects on
mortality have been estimated (Kochi et al., 2012).

Methods

Interventions and model description

This analysis estimates the magnitude of reduced
hospital admissions and premature deaths that would
have occurred if residential indoor particle filtration
interventions had been implemented in the homes of
six Southern California counties during a wildfire in
year 2003. Mass balance models are used to estimate

the mass concentrations of particles, from outdoor air,
less than 2.5 lm in diameter (PM2.5) in homes with
and without interventions. Other mass balance models
estimate PM2.5 concentrations at non-home indoor
locations, and in vehicles. Total inhalation intake of
PM2.5 from outdoor air is calculated, accounting for
time spent in different environments and inhalation
rates. Assuming that health effects are proportional to
total PM2.5 intake, the interventions are associated
with equivalent reductions in outdoor air PM2.5 levels
during the wildfire event. These projections are used
together with published relationships between hospital
admission rates and outdoor air PM2.5 levels during
the 2003 wildfire, to estimate the fractional reductions
in hospital admissions associated with the interven-
tions. The fractional reductions in admission are
combined with data on numbers of admissions, to
estimate the avoided hospital admissions. Additionally,
the projected reductions in PM2.5 intake are used
together with a published estimate of excess deaths
from the 2003 Southern California wildfire, to estimate
the deaths prevented by the interventions. Intervention
costs and health-related financial benefits are also
estimated. Calculations are performed assuming inter-
ventions in all homes. Since a large majority of the
wildfire-related hospitalizations (Delfino et al., 2009)
and deaths (Kochi et al., 2012) associated with the
2003 Southern California wildfires occurred for resi-
dents with age greater than or equal to 65, additional
calculations were performed assuming interventions in
the 22% of homes in the study area with residents in
this age range (US Census Bureau, 2014).

The interventions reduce exposures to particles that
are generated by the wildfire and exposures to particles
from other sources. Thus, the health effects prevented
by the interventions are health effects associated with
PM2.5 from the wildfire and from other sources during
the wildfire period.

Table 1 summarizes the baseline and intervention
conditions and links interventions to baseline condi-
tions. We assume that windows are maintained closed
during the period of wildfire smoke exposure and that
the home is ventilated by air infiltration, since a very
small fraction of homes have mechanical ventilation.
In the first baseline (B1), the home has an intermit-
tently operating central forced air heating and cooling
system with a typical low-efficiency particle filter. In
the second baseline (B2), the home has no central
forced air system. Baseline case B2 may also apply to
homes with a moderate amount of use of window air
conditioners as the limited available literature indicates
low rates of PM2.5 removal by window air condition-
ers (Batterman et al., 2012; Mak et al., 2011).
Interventions i1–i5 use B1 as the reference. In interven-
tion 1 (i1), the forced air heating and air conditioning
system fan is operated continuously during the period
of wildfire smoke exposure with no change in the type
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of filter in the system. In i2, the forced-air fan is oper-
ated continuously and the filter is upgraded to a high-
efficiency filter. In i3, the filter is upgraded to a high
efficiency filter but the forced air system operates in its
normal intermittent mode. In i4, a portable air cleaner
with fan and particle filter is operated in the home dur-
ing the period of wildfire smoke exposure and the
forced air heating and air conditioning system fan
operates continuously with no filter system upgrade. In
i5, a portable fan filter unit is operated in the home
during wildfire smoke exposure, the forced air heating
and air conditioning system fan operates continuously,
and the filter in the forced-air system is upgraded to a
high efficiency filter. Intervention i6 uses B2 as the ref-
erence. In i6, a portable fan filter unit is operated in the
home during the period of wildfire smoke exposure
and the home has no forced air system with filtration.

In subsequent text, all references to indoor or in-
vehicle particle concentrations are concentrations of
particles originating from the outdoor air. For baseline
cases, the residential indoor air concentrations of
PM2.5 were estimated using Equations 1–4, based on
steady state mass balances for a well-mixed indoor air
volumes.

CB1 ¼ KB1CO ð1Þ

CB2 ¼ KB2CO ð2Þ

KB1 ¼ PkV=ðkV þ kD þ kFÞ ð3Þ

KB2 ¼ PkV=ðkV þ kDÞ ð4Þ

where CB1 and CB2 are the residential indoor PM2.5
concentrations of particles from outdoors in baseline

cases B1 and B2 without any interventions, P is the
particle penetration factor, i.e., the fraction of particles
that penetrate through the building envelope during air
infiltration (dimensionless), kV is the ventilation rate,
kD is the rate of particle removal by deposition on
indoor surfaces, and kF is the rate of particle removal
by the home’s forced air heating and air conditioning
system in the absence of an intervention. In these and
subsequent equations, particle concentration are in
units of lg/m3, and all k parameters are normalized by
the indoor volume and have units of 1/h. The parame-
ter kF is calculated from Equation 5

kF ¼ QDeL ð5Þ

where Q is the air flow rate of the forced air heating
and air conditioning system divided by the indoor vol-
ume, D is the fraction of time that the forced air fan
operates, sometimes called the duty cycle, and eL is the
PM2.5 removal efficiency of the low efficiency filter
normally used in the forced air system, i.e., unaffected
by an intervention.

Because we assume that the health effects depend on
the total inhalation intake of particles, we require esti-
mates of particle concentrations when indoors and
away from the home, e.g., when at work, school, or in
stores. We assume these buildings have air infiltration
plus continuous mechanical outdoor air ventilation
and indoor air recirculation, with the incoming out-
door air and recirculated air passing through a particle
filter. Under these conditions, the mass balance equa-
tion for the indoor concentrations of particles is:

CW ¼ KWCO ð6Þ

with

KW ¼ ðð1� eWÞkMW þ kIWPÞ=ðkIW þ kMW þ kDW

þ eWkRWÞ
ð7Þ

where CW is the indoor concentration at work, school,
or other indoor non-residential locations, eW is the
PM2.5 removal efficiency of the particle filter, kMW is
the flow rate of outdoor air supplied mechanically, kIW
is the air infiltration rate and kDW is the particle depo-
sition rate in buildings other than homes, and kRW is
the mechanical recirculation air flow rate in buildings
other than homes. The total ventilation rates in build-
ings other than homes, denoted kVW, equals the sum of
kMW and kIW, thus, we will be required to assume a
partitioning of measured values of kVW into kMW and
kIW.

The particle concentration in vehicles (CV) is
estimated as a fraction of the outdoor air
concentration, i.e.

Table 1 Baseline and intervention conditions

Baseline or
intervention
code

Reference
condition

Conditions

Forced air
system
operation

Efficiency of
filter in forced
air system

Continuously
operating
portable air
cleaner

B1 NA Intermittent Typical low No
B2 NA No forced air NA No
i1 B1 Continuous Typical low No
i2 B1 Continuous Upgraded to high No
i3 B1 Intermittent Upgraded to high No
i4 B1 Continuous Typical low Yes
i5 B1 Continuous Upgraded to high Yes
i6 B2 No forced air NA Yes
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CV ¼ KVCO ð8Þ

with KV based on empirical data.
For intervention cases i1–i6, the residential indoor

particle concentrations CN are calculated as follows

CN ¼ KNCO forN ¼ 1� 6 ð9Þ

KN ¼ PkV=ðkV þ kD þ kNÞ forN ¼ 1 to 6 ð10Þ

with kN, for N = 1 to 6, equal to the rates of particle
removal by filtration during interventions i1 through i6
respectively. Values of kN are calculated as follows

k1 ¼ QeL ð11Þ

k2 ¼ QeH ð12Þ

k3 ¼ QDeH ð13Þ

k4 ¼ QeL þQPeP ð14Þ

k5 ¼ QeH þQPeP ð15Þ

k6 ¼ QPeP ð16Þ

where eH is the PM2.5 removal efficiency of the higher
efficiency filter in the forced air system during
interventions i2, i3, and i5, Q is the air flow rate in the
forced air heating and cooling system divided by the
indoor volume, QP is the air flow rate of the portable
air cleaning system divided by indoor volume, and eP is
the PM2.5 removal efficiency of the portable air
cleaner.

The decrease in indoor PM2.5 concentration as a
consequence of interventions equals CB1 minus CN for
interventions 1 through 5 and CB2 minus C6 for
intervention 6. However, as discussed subsequently,
changes in hospital admission rates have been related
to changes in outdoor PM2.5 concentrations during a
wildfire, even though the outdoor air PM2.5 concentra-
tion is not an accurate indicator of actual total PM2.5
exposure. We assume that hospital admission rates
from wildfire smoke exposure are proportional to total
intake of PM2.5 from wildfires. PM2.5 intake in each
environment is the product of the inhalation rate,
PM2.5 concentration, and time spent in that
environment, and the total PM2.5 intake is the sum of
the PM2.5 intake when outdoors, at home, at other
indoor locations, and in vehicles. We separate time at
home into time at sleep and time at home awake,
because inhalation rates are diminished when sleeping.
Thus, for baseline cases B1 and B2, and for
interventions i1 through i6, total PM2.5 intake is

calculated as follows

IB1 ¼ COðBOTO þ BSKB1TS þ BHAKB1THA

þ BWKWTW þ BVKVTVÞ ð17Þ

IB2 ¼ COðBOTO þ BSKB2TS þ BHAKB2THA

þ BWKWTW þ BVKVTVÞ ð18Þ

IN ¼ COðBOTO þ BSKNTS þ BHAKNTHA

þ BWKWTW þ BVKVTVÞ forN
¼ 1 to 6 ð19Þ

where IB1 and IB2 are the PM2.5 intake for baseline
conditions B1 and B2; IN is the PM2.5 intake for inter-
vention N; BO, BS, BHA, BW, BV are inhalation rates
when outdoors, at home asleep, at home awake, at
work and other indoor locations, and in vehicles; and
TO, TS, THA, TW, and TV are the times spent in the
same environments.

Because hospital admission rates have been related
to outdoor air PM2.5 concentration, to estimate the
health benefits of interventions we calculate an effective
outdoor air PM2.5 concentration, designated COE, that
produces an intake for PM2.5 equal to IN. The inter-
ventions reduce PM2.5 intake by DI, where

DI ¼ IB1 � IN
¼ COðBSTS þ BHATHAÞðKB1 � KNÞ forN ¼ 1 to 5

ð20Þ

DI ¼ IB2 � IN
¼ COðBSTS þ BHATHAÞðKB2 � K6Þ forN ¼ 6:

ð21Þ

For baseline B1, applicable to i1–i5, reducing CO to
COE reduces PM2.5 intake by

DI ¼ ðBOTO þ BSKB1TS þ BHAKB1THA þ BWKWTW

þ BVKVTVÞðCO � COEÞ forN
¼ 1� 5

ð22Þ

and for baseline B2 applicable to i6, reducing CO to
COE reduces PM2.5 intake by

DI ¼ ðBOTO þ BSKB2TS þ BHAKB2THA þ BWKWTW

þ BVKVTVÞðCO � COEÞ forN
¼ 6

ð23Þ

Combining Equations 20 and 22 and solving for
COE yields
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Similarly, combining Equations 21 and 23 and
solving for COE yields

We employ measures of risk determined from
studies of the 2003 Southern California wildfire to
relate PM2.5 concentrations with adverse health
effects. Risk parameters based on the many studies of
how typical urban particle levels influence health may
not apply for wildfire periods of shorter duration with
particles that may differ physically and chemically
from typical urban air particles. Delfino et al. (2009)
evaluated the relationship of hospital admission rates
for various health outcomes, e.g., asthma, pneumonia,
with outdoor air PM2.5 concentrations during the
2003 Southern California wildfire, while controlling for
other factors. For the six-county study region, they
provide fractional increases in hospital admission rates
during the wildfire period per 10 lg/m3 increase in out-
door air PM2.5 concentrations, as well as average
PM2.5 concentrations in each county, before, during,
and after the wildfire. Using population data for each
county as reported in the 2000 Census, county-popula-
tion-weighted average PM2.5 concentrations during
wildfire and non-wildfire periods were 56.9 and
21.6 lg/m3. The fractional change in hospital admis-
sions for health outcome “j” per 10 lg/m3 change in
outdoor air PM2.5 concentration will be denoted Xj.
Thus, the fractional reductions in hospital admission
rates Rj expected from a filtration intervention are cal-
culated from the expression

Rj ¼ 0:1XjðCO � COeÞ ð26Þ

with the PM2.5 concentrations in units of micrograms
per cubic meter. For comparison, limited supplemental
calculations were also performed based on an exponen-
tial dose–response relationship, which is commonly
used for particles (Abt Associates, 2003)

Rj ¼ ExpðbDPMÞ � 1 ð26bÞ

where b is a coefficient determined from empirical data
and DPM is the change in particle concentration. For
our application, DPM was replaced by the change in
COE and b was derived from the values of Xj. in
Delfino et al. (2009).

Equation 27 is used to estimate the numbers of
prevented admissions Sj to the hospital when an

intervention is implemented,

Sj ¼ RjNj ð27Þ

where Nj is the total number of hospital admissions for
outcome j during the wildfire period with Nj calculated
as indicated subsequently in Equation 29. Delfino
et al. (2009) provided values of total admissions Aj for
their total study period which included 20 days before
the wildfire, 10 days during the wildfire, and 16 days
after the wildfire. They also provided relative rates RRj

of hospital admissions for each health outcome for
each of the three time periods, assigning a relative rate
of unity to the pre-wildfire period. Using this informa-
tion, the numbers of hospital admissions (Nj) for health
outcome j during the wildfire period were estimated as
follows

Aj ¼ 20Yj þ 10RRj;wildfireYj þ 16RRj;post�wildfireYj

ð28Þ

Nj ¼ 10RRj;wildfireYj ð29Þ

with Yj equal to the number of admissions per day for
outcome j in the pre-wildfire period.

The economic value of prevented hospital
admissions VT is calculated from the numbers of pre-
vented admissions and the unit value Uj of prevented
admissions.

VT ¼
X
j

SjUj for j ¼ 1; or for j ¼ 2� 5 ð30Þ

where j equals one for all respiratory admissions and
values of j from two to five indicate specific types of
respiratory admissions described subsequently in
Table 3.

Kochi et al. (2012) estimated that the wildfires in
Southern California during 2003 were associated with
133 excess cardio-respiratory deaths with 95% confi-
dence limits of 26 to 262, with a normal distribution.

COE ¼ COðBOTO þ BSKNTS þ BHAKNTHA þ BWKWTW þ BVKVTVÞ
BOTO þ BSKB1TS þ BHAKB1THA þ BWKWTW þ BVKVTV

forN ¼ 1 to 5 ð24Þ

COE ¼ COðBOTO þ BSK6TS þ BHAK6THA þ BWKWTW þ BVKVTVÞ
ðBOTO þ BSKB2TSBHAKB2THA þ BWKWTW þ BVKVTVÞ forN ¼ 6: ð25Þ
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The number of cardio-respiratory deaths in the
reference period was 536, consequently the increase of
133 deaths is a 25% increase. Assuming that this
association is valid and that excess deaths vary in pro-
portion to total PM2.5 intake, the number of deaths
MN prevented by interventions 1 through 6 are
estimated with the following equation

MN ¼ 133ðIB1 � INÞ=IB1 ð31Þ

For comparison, limited calculations were
performed assuming an exponential dose–response
relationship

MN ¼ MREFðExpðaDPMÞ � 1Þ ð31bÞ

where MREF is reference number of deaths in the
absence of wildfire pollution and a is determined from
empirical data. Kochi et al. (2012) did not provide
sufficient data to calculate a; however, their data
enabled calculation of the product of a and DPM. For
interventions, the product of a and DP was down-
scaled as follows

ðbDPMÞN ¼ ðbDPMÞB
�
1� IB � IN

IB

�
ð31cÞ

where subscripts N and B refer to the intervention
number and baseline case respectively.

The economic value of prevented deaths FN is

FN ¼ MNUD ð32Þ

where UD is the unit value of an avoided death.
For intervention i1, the only expense is the cost of

operating the fan of the central forced air heating
and cooling system continuously, as opposed to
intermittently as needed for air conditioning, during
the 10-day period of wildfire smoke exposure. Thus,

E1 ¼ 240ð1�DÞZQVð1=3600ÞG ð33Þ

where E1 is the expense ($), 240 equals the hours in the
10-day period of wildfire smoke exposure, Z is the
power consumption of the fan per unit air flow (W/m3/s),
V is the house volume (m3), G is the electricity price ($
per Watt-hour) and 3600 is a conversion factor (sec-
onds per hour). We assume the same cost of operating
the forced air fan continuously in intervention i2
despite the higher efficiency filter in i2. In some forced
air systems, with a higher efficiency and higher pres-
sure-drop filter installed the air flow rate will decrease
modestly and fan power will also decrease modestly
(Stephens et al., 2010; Walker et al., 2013). In other
forced air systems that automatically seek to maintain
the air flow rate constant as pressure drop increases,

fan power will increase modestly (Stephens et al., 2010;
Walker et al., 2013). In i2, there is an incremental
expense (EH) for the high efficiency filter relative to a
standard low efficiency filter. Therefore,

E2 ¼ E1 þ EH ð34Þ

For intervention i3, the only expense is the incremen-
tal cost of the higher efficiency filter

E3 ¼ EH ð35Þ

For intervention i4, the expense is

E4 ¼ E1 þ 240ZPQPVð1=3600ÞGþ EP ð36Þ

where ZP is the power consumption of the portable air
cleaner fan per unit air flow (W/m3/s) and EP is the
cost of the portable air cleaner. For i5 and i6, the
expense is

E5 ¼ E2 þ 240ZPQPVð1=3600ÞGþ EP ð37Þ

E6 ¼ 240ZPQPVð1=3600ÞGþ EP ð38Þ

Equations 33 through 38 indicate intervention costs
per housing unit. Total costs are determined by multi-
plying with the number of housing units in the six-
county region or by 22% of this number (US Census
Bureau, 2014) for the subpopulation with age greater
than or equal to 65.

Model inputs and calculation methods

Many model inputs were required to implement the
mass balance and inhalation rate calculations. Table 2
provides parameter values or distributions and the
Supplemental Information provides associated charts,
detailed descriptions of the basis for parameter values,
and applicable references. For housing characteristics,
data from Southern California homes were used when
possible. We assumed that windows are maintained
closed during the period of wildfire smoke exposure.
For interventions i2, i3, and i5, we assumed use of a
higher efficiency filter, with a Minimum Efficiency
Reporting Value (MERV) rating of 12, in the forced
air systems of homes. Based on estimates of the extent
of air leakage around filters in residential forced air
systems, Vershaw et al. (2009) estimated that the
effective Initial Efficiency Reporting Value (IERV) of
IERV 11 filters is typically reduced by three units to
IERV 8. The IERV value is the MERV value of a clean
(unused) filter. Accordingly, we assumed a three-unit
reduction in the effective MERV rating for a MERV
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12 filter, resulting in an effective MERV value of 9. For
interventions i4 through i6, a portable fan filter unit
with HEPA filter is operated. We assumed that the
product of the unit’s air flow rate and particle removal
efficiency divided by the indoor air volume is 1 1/h. We
also assumed that people have the same average
inhalation rate when awake at home, at other indoor
locations, and in vehicles.

Values of the parameters from Delfino et al. (2009)
used to estimate hospital admission rates with outdoor
air PM2.5 concentrations are provided in Table 3.

In the calculations for age greater than and equal to
65, we used values of Xj, RRj,wildfire, RRj,post-wildfire, and
Aj from Tables 3 and 4 of Delfino et al. (2009) for that
age range. For these calculations, we assumed that,
with and without an intervention, this elderly subpopu-
lation remained indoors at home 100% of the time dur-
ing the period of wildfire smoke exposure, asleep
36.2% of the time (EPA, 2011b), although in general
this population is indoors at home 81% of the time
(Klepeis et al., 2001).

Table 4 provides values for parameters used in the
economic benefit and cost benefit analysis. The costs
for respiratory hospital admissions are costs per admis-
sion adjusted to year 2003 based on the medical care
consumer price index (US Census Bureau, 2012).
Energy, airflow, and cost data for two different
portable air cleaners were considered for interventions
i4–i6. The less expensive Brand X unit contains a pre-
filter that incorporates activated carbon and a high effi-
ciency particle filter. The more expensive Brand Y unit

contains a prefilter, a high efficiency particle filter and
limited media to remove gaseous pollutants, and has a
more energy efficient fan system. We assumed that to
provide one indoor air volume per hour of filtered air
the air cleaner’s clean air delivery rate for smoke in
cubic meters per hour must equal the house volume in
cubic meters. The clean air delivery rate is a perfor-
mance metric available for most air cleaners. The cost
values for air cleaners in Table 4 are for a typical
433 m3 house. The Brand X air cleaner has a clean air
delivery rate for smoke that was 24% above 433 m3/h,
thus, in Table 4 the published unit cost was divided by
1.24. The Brand Y air cleaner has a clean air delivery
rate for smoke that was 76% of 433 m3/h, so the unit
cost in Table 4 was divided by 0.76. In the modeling,
air cleaner costs and energy use were scaled with house
volume.

The model was implemented using R software.
Distributions of PM2.5 inhalation intake rates in
homes and in other microenvironments were modeled
by sampling from distributions of input parameters, as
specified in the supplemental material. Sampling from
the distribution of input parameters was continued
until results of calculations were stable within three sig-
nificant figures. The resulting distributions of PM2.5
intake rates were used to calculate values of the popu-
lation mean effective outdoor air PM2.5 concentra-
tions (COE) that correspond to intake rates of PM2.5
for the different interventions considered. Estimated
reductions in hospital admissions and premature
deaths were calculated using the population mean COE

Table 2 Values for parameters in mass balance and inhalation rate calculationsa

Parameter Value(s) Parameter Value(s) Parameter Value(s)

kV (1/h) GM 0.60 GSD 2.32 eL (–) AM 0.12 SD 0.06 TO (%) 7.5, 7.2, 0c

kVW (1/h) GM 1.06 GSD 2.56 eH (–) AM 0.27 SD 0.12 TV (%) 5.5, 5.9, 0c

kIW (1/h) 0.1 eP QP (1/h) 1.0 BS (m
3/h) 0.58, 0.61, 0.52c

kRW (1/h) AM 3.42 SD 2.79 eW (–) AM 0.27 SD 0.12 BHA (m
3/h) 0.71, 0.75, 0.64c

kD (1/h) AM 0.39 SD 0.08 KV (–) AM 0.6 SD 0.06b BW (m3/h) 0.71, 0.75c

kDW (1/h) AM 0.39 SD 0.08 V (m3) GM 404 GSD 1.47 BO (m
3/h) 0.83, 0.86c

P (–) AM 0.97 SD 0.06b TS (%) 37.0, 34.6, 36.2c BV (m
3/h) 0.71, 0.75c

Q (1/h) GM 4.36 GSD 1.44 THA (%) 32.0, 33.6, 63.8c CO (lg/m) 56.9
D (1/h) AM 0.18 SD 0.09 TW (%) 17.7, 18.6, 0c

aGM, geometric mean, GSD, geometric standard deviation, AM, arithmetic mean, SD, standard deviation.
bCropped normal distribution with minimum of zero and maximum value of 1.0.
cFirst value is for all ages, second value is for age greater than 20, third value is for age ≥65, see supplemental information for more details.

Table 3 Values of parameters used to relate PM2.5 levels with hospital admissions

Type of admission Xj (95% CI) RRj,wildfire (95% CI) RRj,post-wildfire (95% CI) Aj

All respiratory (j = 1) 0.028 (0.014–0.041) 0.961 (0.916–1.008) 1.143 (1.072–1.219) 21019
Asthma (j = 2) 0.048 (0.021–0.076) 1.088 (0.965–1.227) 1.264 (1.085–1.473) 3022
Acute bronchitis or bronchiolitis (j = 3) 0.096 (0.018–0.179) 1.143 (0.878–1.490) 1.482 (1.042–2.109) 618
COPD, age 20–99 (j = 4) 0.038 (0.004–0.075) 0.988 (0.875–1.115) 1.043 (0.885–1.228) 2860
Pneumonia (j = 5) 0.028 (0.007–0.050) 0.943 (0.868–1.025) 1.294 (1.158–1.446) 6440

Values of Xj are per 10 lg/m3.
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values for the different interventions. For each
intervention, cost savings were computed for prevented
hospital admissions and prevented premature deaths.
The 95% confidence intervals that we provide for pre-
vented hospital admissions and prevented deaths, and
the 95% confidence intervals in the associated costs
savings from prevented admissions and deaths, are
based only on the confidence intervals of Delfino et al.
(2009) for the values of Xj and the confidence intervals
of Kochi et al. (2012) for number of deaths. The distri-
butions of other model input parameters were assumed
to primarily reflect variability, rather than uncertainty.
Consequently, our 95% confidence intervals do not
account for all sources of uncertainty. The central
estimates of cost of interventions and the correspond-
ing 5th and 95th percentile estimates were computed
for the homes modeled by calculations that again
sampled from the distributions of input parameters.

Results

Table 5 provides mean, median, and fifth and ninety-
fifth percentile PM2.5 concentrations in each
environment type, and in the homes with and without
the interventions. Figure A11 in the Supplemental
information shows the distributions graphically. The
percentage reductions in mean PM2.5 concentrations
in homes associated with the interventions, also in
Table 5, range from 11% to 62%. The nearly no-cost
option (i1) of running the HVAC fan continuously
with no upgrade in filter efficiency reduces the mean
PM2.5 concentration by 24% while continuous fan
operation plus a filter efficiency upgrade (i2) approxi-
mately halves the PM2.5 concentration. Upgrading the
filter efficiency without continuous fan operation (i3)
leads to only an 11% reduction in mean particle con-
centrations. Use of portable continuously operating air
cleaners in combination with continuous HVAC oper-
ation with low efficiency filters (i4), and high efficiency

filters (i5), reduces mean PM2.5 concentrations by
51% and 62% respectively. The portable air cleaner,
reduces the predicted mean PM2.5 concentration by
45%, in homes without forced air HVAC systems (i6).

Table 6 provides the predicted time-average PM2.5
intake rates. Because the interventions have no influ-
ence on PM2.5 intake away from the home, for the all-
age population, the percentage reductions in PM2.5
intake rates associated with the interventions are
approximately 60% of the percentage reductions in
PM2.5 concentrations in the homes. Table S3, in the
supplementary information, provides the correspond-
ing values of effective outdoor-air PM2.5 concentra-
tion. Note that for intervention i5, the effective
outdoor-air PM2.5 concentration for the population
with age greater than or equal to 65 is below the back-
ground level of PM2.5 concentration reported for the
period without wildfire smoke exposure.

The estimated total numbers of hospital admissions
and wildfire-related excess deaths during the wildfire
period, and the estimated numbers of admissions and
deaths prevented by the interventions, are provided in
Table 7. With interventions implemented in all homes,
total (all types of respiratory) hospital admissions
decrease by 47 to 261 and the estimated numbers of

Table 4 Parameter values for cost-benefit analysis

Parameter Value Reference(s) Comment

All respiratory admission ($) 22,300 (RTI International, 2015) Year 2000 dollars adjusted to 2003
Asthma admission ($) 12,800 (RTI International, 2015) Year 2000 dollars adjusted to 2003
Bronchitis or bronchiolitis admission ($) 7,100 (Hasegawa et al., 2013) Geometric mean value for bronchiolitis in 2003, median is $6637
COPD admission ($) 14,100 (EPA, 2011a) Year 2006 dollars adjusted to 2003
Pneumonia admission ($) 20,000 (RTI International, 2015) Year 2000 dollars adjusted to 2003
Premature death ($) 8.04 million (Industrial Economics Inc, 2011) Linear interpolation between estimates for 1990 and 2020
Z (W/m3/s) 1,090 (Proctor and Parker, 2000) Weighted average of values measured in three studies
G ($ per W-h) 0.000132 (Energy Information Administration, 2015) Average residential electricity retail price in 2003 in California
EH ($) $3.30 Airfiltersdelivered.com

Discount air filters.com
Average of price for MERV 11 and MERV 13 filters minus average of
price MERV 6 or MERV 8 filters, all for mid-size 2.54 cm deep filters

ZP (W/m3/s) 602
495

www.air-purifiers-america.com
manufacturer’s specifications

For Brand X
For Brand Y

EP ($) 239
607

www.air-purifiers-america.com
www.allergyandair.com

For Brand X
For Brand Y

Housing units 6.92 million http://censtats.census.gov/cgi-bin/usac/usatable.pl Total housing units in 2003 in six-county region

Table 5 Predicted PM2.5 concentrations (lg/m3)

Environment Mean Decrease (%) Median 5th percentile 95th percentile

Work/schoola 21.5 – 20.8 5.8 39.6
Vehicle 34.1 – 34.1 28.5 39.8
Home Baseline 1 29.2 – 29.6 12.1 45.2
Home Baseline 2 31.9 – 32.6 14.6 46.8
Home i1 22.1 24 21.3 6.8 40.2
Home i2 15.5 47 13.8 3.7 33.0
Home i3 26.1 11 26.0 9.5 43.2
Home i4 14.2 51 12.7 3.7 30.0
Home i5 11.2 62 9.5 2.6 25.5
Home i6 17.4 45 16.1 5.2 33.9

aOther non-residential indoor locations.
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prevented deaths range from 9 to 52. For the interven-
tions only in homes of residents with age greater than
or equal to 65, the estimate of prevented hospitaliza-
tions due to pneumonia and prevented deaths are even
larger than for the case of interventions in all homes.
Larger predicted health benefits occur for these out-
comes because a large majority of the health effects
occur in the elderly and because, for the scenario with
interventions only in homes of the elderly, we assumed
that the elderly remained indoors at home throughout
the period of wildfire smoke exposure, making the
interventions more effective in reducing PM2.5 intake.
Table S4 in the Supplemental Information provides
percentage reductions in the increases in wildfire-
related hospital admissions and deaths for each inter-
vention. For interventions in all homes and considering
the full exposed population, hospital admissions are
decreased by 11% to 63% of the increase in admissions
during the wildfire period, and deaths are decreased by
7% to 39% of the increase in deaths during the wildfire
period. For interventions only in homes with residents

age 65 and older, and considering only this sub-popu-
lation, hospital admissions are decreased by 20% to
105% of the increase in admissions during the wildfire
and deaths are decreased by 12% to 65% of the
increase in deaths during the wildfire period. For inter-
vention i5 and the elderly population, prevented hospi-
tal admissions exceed the increase in admissions during
the wildfire, because the intervention reduces PM2.5
intake below the level reported for periods without a
wildfire. Calculations based on exponential dose-
response equations, in place of the linear equations,
yielded very similar prevented admissions and deaths.
For the all-respiratory category of admissions and the
full (all-age) population, the exponential model yielded
percentage reductions in hospital admissions that were
one to two percentage points larger than the linear
model, corresponding to a relative 4% more prevented
admissions. For deaths, the exponential model yielded
percentage reductions in deaths that were one to three
percentile points larger than the linear model, with the
maximum relative increase of 9% in prevented deaths.

Table 6 Time average PM2.5 intake rates (lg/h)

Condition

All ages Age > 20 Age ≥ 65

Mean
%
Redution Median 5th percentile

95th

percentile Mean
%
Reduction Median

5th

percentile
95th

percentile Mean
%
Reduction Median

5th

percentile
95th

percentile

B1 20.5 – 20.7 12.7 27.9 21.6 – 21.7 13.3 29.4 17.4 – 17.6 7.2 27.0
B2 21.7 – 22 13.8 28.7 22.8 – 23.1 14.5 30.2 19.0 – 19.4 8.7 27.9
i1 17.4 15 17.1 10.2 25.7 18.3 15 18 10.8 27 13.2 24 12.7 4.1 24.0
i2 14.4 30 13.8 8.6 22.4 15.2 30 14.5 9.1 23.6 9.2 47 8.2 2.2 19.7
i3 19.2 6 19.1 11.5 27 20.1 7 20.1 12.1 28.4 15.6 11 15.5 5.7 25.8
i4 13.9 32 13.3 8.6 21.2 14.6 32 14 9 22.3 8.5 51 7.5 2.2 17.9
i5 12.6 39 12 7.9 19.2 13.2 39 12.6 8.3 20.2 6.7 62 5.7 1.5 15.3
i6 15.3 29 14.8 9.4 22.9 16 30 15.5 9.8 24 10.4 45 9.6 3.1 20.3

Table 7 Estimated baseline numbers of hospital admissions and wildfire-caused premature deaths during the wildfire period and estimated reductions due to the interventions

Outcome

Baseline total
admissions
during wildfirea

Baseline
increased
admissions
or deaths
during
wildfire

Interventions–number of cases prevented (95% confidence interval)

i1 i2 i3 i4 i5 i6

Interventions in all homes
All respiratory 4217 (3993–4454) 417 (265–655) 106 (67–167) 201 (128–317) 47 (30–74) 219 (140–345) 261 (166–411) 202 (129–318)
Asthma 643 (561–738) 109 (62–192) 28 (16–49) 53 (30–93) 12 (7–22) 57 (33–101) 68 (39–120) 53 (30–93)
Acute bronchitis and bronchiolitis 128 (94–175) 43 (19–99) 11 (4.9–25) 21 (9.2–48) 4.9 (2.1–11) 23 (10–52) 27 (12–62) 21 (9.3–48)
COPD (Age ≥ 20) 607 (529–696) 81 (32–207) 21 (8.1–52) 39 (15–100) 9.1 (3.6–23) 43 (17–108) 51 (20–129) 39 (16–100)
Pneumonia 1211 (1100–1334) 120 (56–257) 30 (14–65) 58 (27–124) 13 (6.3–29) 63 (29–135) 75 (35–161) 58 (27–124)
Premature death – 133 (26–262) 21 (4.1–41) 40 (7.8–79) 9.3 (1.8–18) 43 (8.5–86) 52 (10–102) 40 (7.8–79)

Interventions in homes with residents age ≥ 65
All respiratory 1829 (1684–1988) 194 (105–358) 84 (46–156) 158 (85–291) 38 (20–70) 171 (93–317) 203 (110–375) 152 (82–281)
Asthma 108 (78–148) 38 (18–81) 17 (7.9–35) 31 (15–66) 7.4 (3.5–16) 34 (16–71) 40 (19–84) 30 (14–63)
Acute bronchitis and bronchiolitis 34 (18–66) 17 (7–46) 7.5 (2.9–20) 14 (5.3–37) 3.4 (1.3–9.0) 15 (5.8–40) 18 (6.9–48) 14 (5.2–36)
COPD (Age ≥ 20) 427 (363–501) 47 (12–176) 20 (5.4–77) 38 (10–143) 9.1 (2.4–34) 41 (11–156) 49 (13–185) 37 (10–138)
Pneumonia 752 (664–853) 77 (30–196) 34 (13–85) 63 (25–159) 15 (5.9–38) 68 (27–173) 81 (32–205) 60 (24–154)
Premature death – 113 (22–223) 31 (6.0–60) 57 (11–112) 14 (2.7–27) 62 (12–122) 73 (14–145) 55 (11–108)

aIncludes admissions not attributable to pollutants from the wildfire.
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Estimates of health-related economic benefits of pre-
vented hospital admissions and prevented deaths and
estimates of intervention costs are provided in Table 8.
With interventions in all homes, the central estimates
of the economic benefits from avoided respiratory hos-
pitalizations during the wildfire period range from $1
million to $5.8 million, while the economic benefits of
reduced mortality range from $75 million to $416 mil-
lion. The economic benefits from avoided hospitaliza-
tions for the four specific types of respiratory health
effects are a subset of the economic benefits from
avoided hospitalizations for all respiratory health
effects. Operating HVAC system fans continuously
during the wildfire period in the 6.92 million homes is
projected to increase electricity costs by $110 million,
approximately $16 per house. The incremental cost of
purchasing higher efficiency filters for home HVAC
systems and operating HVAC fans continuously is
$133 million. The energy costs of operating the porta-
ble air cleaners is $16 million for the Brand X unit and
$13 million for the Brand Y unit, or $2.3 and $1.9 per
house, which is far lower than the energy cost for
continuous HVAC fan operation. The portable air
cleaners are more energy efficient than central HVAC
systems in removing particles because of their lower
fan power per unit air flow and higher particle removal
efficiency. If the costs of portable air cleaners are
included in intervention costs, total intervention costs
for the $6.2 million homes range from $1.7 trillion to
$4.4 trillion, although it is unlikely that large numbers
of home owners would purchase portable air cleaners
solely for use during a 10 day period of wildfire smoke
exposure.

With interventions only in the 22% of homes hous-
ing elderly, the projected economic benefits of reduced
hospitalizations remain similar in magnitude, while the
projected mortality related economic benefits increase
due to the aforementioned increase in projected pre-
vented deaths. However, intervention costs decrease by
almost 80%.

With interventions in all homes, the intervention
costs always far exceed the economic benefits from
reduced hospitalizations. However, the economic bene-
fits of reduced mortality substantially or greatly exceed
the intervention costs of interventions i1–i3 that do not
use portable air cleaners. The mortality-related benefits
are not sufficient to pay for portable air cleaner pur-
chases, but greatly exceed the cost of portable air clea-
ner operation. With interventions only in the homes of
the elderly, intervention costs still exceed the economic
benefits from reduced hospitalizations. Also, the eco-
nomic benefits of reduced mortality greatly exceed the
intervention costs of interventions i1–i3 that do not use
portable air cleaners. However, the total economic
benefits from reduced hospitalizations and deaths are
sufficient to pay for purchase of the less expensive
Brand X air cleaners.

Discussion

Based on this analysis, interventions that increased
particle filtration rates in all homes would have pre-
vented 47 to 261 respiratory hospital admissions asso-
ciated with the wildfire in Southern California in 2003.
However, the fraction of the exposed population with
a hospital admission attributable to wildfire smoke is
small, thus, the costs of implementing filtration-based
interventions in every household far exceeds the eco-
nomic benefits of reduced hospital admissions. Target-
ing the interventions only at the homes of the elderly,
i.e., homes with residents age 65 or higher, reduces
intervention costs by almost 80% while health benefits
remain similar in magnitude. If the elderly remain at
home during the period of wildfire smoke exposure,
the interventions are more effective in reducing PM2.5
intake and associated hospitalizations.

Interventions in all homes are projected to prevent
PM2.5-related deaths during the wildfire period by 9 to
52, which compares to the estimated 133 total excess
cardiorespiratory deaths during the wildfire period.
The estimated economic value of the prevented deaths
far exceeds intervention costs for interventions that do
not use portable air cleaners. For the interventions that
incorporate portable air cleaner use, mortality-related
economic benefits exceed intervention costs as long as
the cost of the air cleaners, which have a multi-year
life, are not attributed to the 10 day wildfire period.
Cost effectiveness is improved by performing interven-
tions on in the homes of the elderly, particularly if the
elderly remain indoors at home during the period of
wildfire smoke exposure.

Two studies were identified that experimentally
evaluated the use of air cleaners in homes during
wildfires. Barn et al. (2008) found that portable air
cleaner operation during summer wildfire periods in
17 homes reduced indoor PM2.5 from outdoors by
65 � 35%. Ratios of the air cleaners’ CADR values
to house volumes were not provided. Henderson
et al. (2005) studied five pairs of homes exposed to
wildfire smoke, and operated air cleaners in one
home of each pair. Applying a model to the data, the
authors estimated that the air cleaners reduced
indoor PM2.5 concentrations by 63% to 88%. Ratios
of the air cleaners’ CADR values to home volumes
ranged from 0.85 1/h to 2.37 1/h, and averaged
1.8 1/h. Among our scenarios, i4 and 16, are most
appropriately compared to these empirical findings.
In i4, a forced air system containing a typical low
efficiency particle filter and a portable air cleaner
with CADR of one indoor air volume per hour were
operated continuously and the predicted decrease in
PM2.5 in the home was 51%. In i4, there was no
forced air system but an air cleaner with a CADR of
one indoor air volume per hour was operated contin-
uously and the predicted decrease in PM2.5 in the
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home was 45%. These predicted reductions in indoor
PM2.5 are moderately lower than the empirically
measured reductions. The discrepancy between our
predictions and the data of Henderson is consistent
with expectations given the different ratios of CADR
to home volume.

To the best of our knowledge, this paper provides
the first detailed assessment of the benefits and costs
of using particle filtration interventions to reduce the
adverse health effects associated with a wildfire.
Strengths of this analysis include the use of a model
that accounts for PM2.5 exposures and inhalation
throughout the day, the extensive effort given to uti-
lize the best available values for model input parame-
ters, and the evaluation of multiple interventions.
Data are not available to empirically validate the
predicted benefits of the filtration interventions;
however, use of high efficiency particle filters during
a wildfire in 1999 was associated with decreased
reporting of lower respiratory symptoms (Mott et al.,
2002).

As is typical, the analysis has numerous limitations.
While 43 of 45 studies reviewed by Liu et al. (2015)
found that wildfire smoke exposure increases hospital
admission rates or contacts with hospitals or clinics,
fewer studies have assessed the effects of wildfires on
mortality and the findings have been less consistent,
with nine of 13 studies reporting statistically significant
increases in mortality (Liu et al., 2015). Because the
concentrations and duration of wildfire smoke expo-
sure vary greatly among studies, variable findings are
expected. Nevertheless, the predicted reductions in
mortality with filtration interventions appear to be less
certain than the predicted reductions in respiratory
hospitalizations because wildfires are less consistently
linked to mortality.

The focus of the analysis only on the period of wild-
fire smoke exposure is an important limitation to the
analysis of prevented hospital admissions. There may
have been substantial wildfire-related hospital admis-
sions that occurred after the period of wildfire smoke
exposure (Delfino et al., 2009). The modeling did not
account for reductions of any of these post-wildfire
admissions.

Our analysis relied on data relating hospital admis-
sions and deaths to increases in PM2.5 concentrations;
however, some of the health effects may be attributable
to wildfire-generated gaseous air pollutants such as
nitrogen oxides and aldehydes. The modeling did not
address the effects of the air cleaners on gaseous air
pollutants.

The PM2.5 removal efficiencies of the filters used
in the forced air heating and cooling systems of
homes were based on typical size distributions of
urban outdoor particles. If particles from wildfires
tend to be smaller than typical urban-air particles,
the modeling will have over-estimated reductions in

indoor air particle concentrations, particularly for
intervention i1 that relies on a typical low-efficiency
filter.

Some of the interventions evaluated may have
already been implemented in a subset of homes dur-
ing the 2003 wildfire, reducing the number of homes
in which the modeled interventions could be added.
For example, if 10% of home owners operated por-
table air cleaners during the 2003 wildfire period,
the health benefits of intervening in the remaining
90% of homes would be roughly 90% of our pre-
dicted health benefits. We did not find data for esti-
mating the extent to which the interventions were
already implemented.

The analysis considered only the implementation of
interventions in all homes and in the subset of homes
with elderly. Interventions could also be targeted at
homes of residents with pre-existing respiratory or car-
diovascular diseases such as asthma. Such a targeting
would likely improve cost effectiveness.

Study limitations include reliance on steady state
mass balance models and the assumption of well
mixed indoor air; however, given the 10-day exposure
period and the almost seven million homes the influ-
ence of time variable conditions and imperfect indoor
air mixing are likely to average out, leading to mod-
est associated errors. In some homes, portable air
cleaners may be installed near to where people spend
the majority of time leading to larger reductions in
PM2.5 intake than indicated by the model. In other
homes, air cleaners may be installed where people
are often not located, leading to smaller reductions
on PM2.5 intake than predicted. Thus, the predicted
benefits of the filtration interventions should not be
applied to individual homes, rather, the predictions
apply to the population of homes. Spatial variability
in the outdoor air PM2.5 concentration was also
ignored. The analysis by Wu et al. (2006) indicates
substantial spatial variability in the outdoor PM2.5
concentration during the wildfire period. However,
this spatial variability appears unlikely to substan-
tially bias our overall results. At locations with
above-average PM2.5 concentrations, the benefits of
filtration interventions will be higher than modeled
while at locations with lower-than-average PM2.5
concentrations, the benefits of filtration interventions
will be less than modeled. The modeling of PM2.5
exposure outside of the home has been greatly sim-
plified. The assumption that deaths are proportional
to total PM2.5 intake is unverified but is probably
the best possible assumption given available data,
and results differed little when the exponential dose–
response model was used. The modeling relied on
dose–response parameters from studies that assumed
no threshold in the relationship of wildfire PM2.5
concentrations with hospitalizations and deaths. For
consistency, this current analysis also assumes that
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there are no thresholds in the dose–response relation-
ships; however, the prior research has not proven
that there are no thresholds.

There have been some changes in home character-
istics and electricity prices since 2003 that will influ-
ence the effectiveness of cost of the interventions.
New homes tend to be more airtight with ventilation
provided mechanically. Usually, the ventilation sys-
tems (typically exhaust fans) do not filter the incom-
ing air; however, the lower ventilation rates of new
homes may increase the extent to which people are
sheltered from outdoor air particles. Turning off the
mechanical ventilation when smoke levels are highest
would increase the extent of sheltering and may be a
viable mitigation option. The cost of electricity used
in calculations was based on the average residential
electricity price in California in 2003, which was the
year of the wildfire. Today’s electricity prices are
higher and today there is a more of an increase in
electricity price as the quantity of electricity use
increases. Consequently, the cost of electricity used
in future implementations of the interventions would
exceed the costs reported in this paper.

The interventions could be implemented continu-
ously, as opposed to just during the period of wildfire
smoke exposure, and reduce the adverse health effects
associated with typical daily particle exposures. Prior
analyses (Fisk, 2013; Zhao et al., 2015) indicate that
filtration interventions would substantially decrease
mortality attributable to particle exposures and that
the associated economic benefits usually far exceed
costs.

Readers should keep in mind that the filtration inter-
ventions evaluated in this paper represent one set of
multiple options for reducing the adverse health effects
of wildfire smoke. Other options may include reloca-
tion of the most susceptible people away from the
smoke, use of respirators, prophylactic medications,
and public service announcements that, for example,
advise people to stay indoors with windows closed.
Home envelope tightening, and use of home mechani-
cal ventilation systems that filter incoming outdoor air,
may be a viable long-term option.

Acknowledgements

This study was funded through interagency agreement
DW-89-92337001 between the Indoor Environments
Division, Office of Radiation and Indoor Air of the US
Environmental Protection Agency (EPA) and the US
Department of Energy under contract DE-AC02-
05CH11231. The author thanks Greg Brunner for pro-
gram management and review of a draft and Jenny
Logue and Laura Kolb for reviewing a draft of a docu-
ment on which this paper was based.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:
Figure S1. Residential ventilation rates.
Figure S2. Workplace ventilation rates.
Figure S3. Air recirculation rates at workplaces.
Figure S4. Penetration factor.
Figure S5. Rate of particle removal by deposition on
indoor surfaces (kD).
Figure S6. Air flow rate of home forced air heating and
air conditioning systems in homes.
Figure S7. Duty cycle.
Figure S8. PM2.5 removal efficiency values of filters.
Figure S9. Ratios of PM2.5 concentrations in vehicles
to outdoor air concentrations.
Figure S10. House volume.
Figure S11. Predicted cumulative distributions of
PM2.5 concentrations.
Figure S12. PM2.5 intake rates for baseline cases and
with interventions in all homes.
Table S1. Cumulative distribution of mechanical recir-
culation air flow rate (kRW).
Table S2. Times and inhalation rates in different envi-
ronment types.
Table S3. Predicted population mean equivalent out-
door air PM2.5 concentration COE when the outdoor
air PM2.5 concentration is 56.9 ug/m3.
Table S4. Summary of health benefits and costs of
interventions that reduce indoor exposure to PM2.5

during wildfires.

References

Abt Associates (2003) US Version, BenMap
Environmental Benefits Mapping and
Analysis Program, User Manual,
Bethesda, MD, Abt Associates.

Barn, P., Larson, T., Noullett, M., Kennedy,
S., Copes, R. and Brauer, M. (2008) Infil-
tration of forest fire and residential wood
smoke: an evaluation of air cleaner effec-
tiveness, J. Eposure Sci. Environ. Epi-
demiol., 18, 503–511.

Batterman, S., Du, L., Mentz, G., Mukher-
jee, B., Parker, E., Godwin, C., Chin,

J.Y., O’toole, A., Robins, T. and Rowe,
Z. (2012) Particulate matter concentra-
tions in residences: an intervention study
evaluating stand-alone filters and air con-
ditioners, Indoor Air, 22, 235–252.

Confalonieri, U., Menne, B., Akhtar, R.,
Ebi, K.L., Hauengue, M., Kovats, R.S.,
Revich, B. and Woodward, A. (2007)
Human health. Climate Change 2007:
Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the
Fourth Assessment Report of the

Intergovernmental Panel on Climate
Change. Cambridge, Cambridge Univer-
sity Press.

Delfino, R.J., Brummel, S., Wu, J., Stern, H.,
Ostro, B., Lipsett, M., Winer, A., Street,
D.H., Zhang, L. and Tjoa, T. (2009) The
relationship of respiratory and cardiovas-
cular hospital admissions to the southern
California wildfires of 2003, Occup. Envi-
ron. Med., 66, 189–197.

Energy Information Administration (2015)
Table 5.6.A. Average Retail Price of

203

Reducing health effects of wildfires



Electricity to Ultimate Customers by
End-Use Sector, by State, July 2004 and
2003.

EPA (2011a) Exposure Factors Handbook,
2011 Edition EPA/600/R-09/052F, Wash-
ington, DC, US Environmental Protec-
tion Agency.

EPA (2011b) The Benefits and Costs of the
Clean Air Act from 1990 to 2020 Vol.
Washington, DC, US Environmental
Protection Agency. http://www.epa.-
gov/cleanairactbenefits/feb11/fullre-
port_rev_a.pdf

Fisk, W.J. (2013) Health benefits of particle
filtration, Indoor Air, 23, 357–368.

Fisk, W.J. (2015) Review of some effects of
climate change on indoor environmental
quality and health and associated no-
regrets mitigation measures, Build. Envi-
ron., 86, 70–80.

Hasegawa, K., Tsugawa, Y., Brown, D.F.,
Mansbach, J.M. and Camargo, C.A. Jr
(2013) Trends in bronchiolitis hospital-
izations in the United States, 2000–2009,
Pediatrics, 132, 28–36.

Henderson, D.E., Milford, J.B. and Miller,
S.L. (2005) Prescribed burns and wildfires
in Colorado: impacts of mitigation mea-
sures on indoor air particulate matter, J.
Air Waste Manag. Assoc., 55, 1516–1526.

Industrial Economics Inc (2011) Health and
Welfare Benefits Analyses to Support the
Second Section 812 Benefit-Cost Analysis
of the Clean Air Act, Cambridge, MA,
Industrial Economics Inc.

Johnston, F.H., Henderson, S.B., Chen, Y.,
Randerson, J.T., Marlier, M., Defries,
R.S., Kinney, P., Bowman, D.M. and
Brauer, M. (2012) Estimated global mor-
tality attributable to smoke from land-
scape fires, Environ. Health Perspect.,
120, 695–701.

Kim, Y.H., Tong, H., Daniels, M., Boykin,
E., Krantz, Q.T., Mcgee, J., Hays, M.,
Kovalcik, K., Dye, J.A. and Gilmour,
M.I. (2014) Cardiopulmonary toxicity of
peat wildfire particulate matter and the
predictive utility of precision cut lung
slices, Part. Fibre Toxicol., 11, 29.

Klepeis, N.E., Nelson, W.C., Ott, W.R.,
Robinson, J.P., Tsang, A.M., Switzer, P.,
Behar, J.V., Hern, S.C. and Engelmann,
W.H. (2001) The National Human Activ-
ity Pattern Survey (NHAPS): a resource

for assessing exposure to environmental
pollutants, J. Expo. Anal. Environ. Epi-
demiol., 11, 231–252.

Kochi, I., Donovan, G.H., Champ, P.A. and
Loomis, J.B. (2010) The economic cost of
adverse health effects from wildfire-
smoke exposure: a review, Int. J. Wildl.
Fire, 19, 803–817.

Kochi, I., Champ, P.A., Loomis, J.B. and
Donovan, G.H. (2012) Valuing mortality
impacts of smoke exposure from major
southern California wildfires, J. Forest
Econ., 18, 61–75.

Langmann, B., Duncan, B., Textor, C.,
Trentmann, J. and Van Der Werf, G.R.
(2009) Vegetation fire emissions and their
impact on air pollution and climate,
Atmos. Environ., 43, 107–116.

Liu, J.C., Pereira, G., Uhl, S.A., Bravo,
M.A. and Bell, M.L. (2015) A systematic
review of the physical health impacts
from non-occupational exposure to wild-
fire smoke, Environ. Res., 136, 120–132.

Mak, H.K., Chan, D.W., Law, L.K. and
Tung, T.C. (2011) A detailed study of win-
dow-typed air-conditioner filtration of
PM2. 5 in residential buildings of Hong
Kong, Indoor Built Environ., 20, 595–606.

Mott, J.A., Meyer, P., Mannino, D., Redd,
S.C., Smith, E.M., Gotway-Crawford, C.
and Chase, E. (2002) Wildland forest fire
smoke: health effects and intervention
evaluation, Hoopa, California, 1999,
West. J. Med., 176, 157–162.

Proctor, J. and Parker, D.S. (2000) Hidden
power drains: residential heating and
cooling fan power demand, Proceedings
of the 2000 Summer Study on Energy Effi-
ciency in Buildings, Vol. 1, Pacific Grove,
CA, American Council for an Energy-
Efficient Economy, 225–234.

Rappold, A.G., Fann, N.L., Crooks, J.,
Huang, J., Cascio, W.E., Devlin, R.B.
and Diaz-Sanchez, D. (2014) Forecast-
based interventions can reduce the health
and economic burden of wildfires, Envi-
ron. Sci. Technol., 48, 10571–10579.

RTI International (2015) BenMAP commu-
nity edition, environmental benefits map-
ping and analysis program community
edition, users manual, appendices. http://
www2.epa.gov/sites/production/files/
2015-04/documents/benmap-ce_user_ma-
nual_appendices_march_2015.pdf.

Spracklen, D.V., Mickley, L.J., Logan, J.A.,
Hudman, R.C., Yevich, R., Flannigan,
M.D. and Westerling, A.L. (2009)
Impacts of climate change from 2000 to
2050 on wildfire activity and carbona-
ceous aerosol concentrations in the west-
ern United States, J. Geophys. Res.
Atmos., 114, D20301, doi:10.1029/
2008JD010966.

Stephens, B., Novoselac, A. and Siegel, J.A.
(2010) The effects of filtration on pressure
drop and energy consumption in residen-
tial HVAC systems (RP-1299), HVAC&R
Res., 16, 273–294.

Swiston, J.R., Davidson, W., Attridge, S.,
Li, G.T., Brauer, M. and Van Eeden,
S.F. (2008) Wood smoke exposure
induces a pulmonary and systemic
inflammatory response in firefighters,
Eur. Respir. J., 32, 129–138.

Tan, W.C., Qiu, D., Liam, B.L., Ng, T.P.,
Lee, S.H., Van Eeden, S.F., D’yachkova,
Y. and Hogg, J.C. (2000) The human
bone marrow response to acute air pollu-
tion caused by forest fires. Am. J. Respir.
Crit. Care Med., 161, 1213–1217.

US Census Bureau (2012) Statistical abstract
of the United States - 2012, Washington,
DC, Bureau, USC.

US Census Bureau (2014) American fact fin-
der, Vol. 2014, US Department of Com-
merce. http://factfinder.census.-
gov/faces/nav/jsf/pages/index.xhtml

Vershaw, J., Siegel, J.A., Chojnowski, D.B.
and Nigro, P.J. (2009) Implications of fil-
ter bypass, ASHRAE Trans., 115, 191–
198.

Walker, I.S., Faulkner, D., Dickerhoff, D.
and Turner, W.J.N. (2013) Energy impli-
cations of in-line filtration in California
homes, ASHRAE Trans., 119, 399–417.

Wu, J., Winer, A.M. and Delfino, R.J.
(2006) Exposure assessment of particulate
matter air pollution before, during, and
after the 2003 Southern California wild-
fires, Atmos. Environ., 40, 3333–3348.

Zhao, D., Azimi, P. and Stephens, B. (2015)
Evaluating the long-term health and eco-
nomic impacts of central residential air
filtration for reducing premature mortal-
ity associated with indoor fine particulate
matter (PM2.5) of outdoor origin, Int. J.
Environ. Res. Public Health, 12, 8448–
8479.

204

Fisk & Chan

http://www.epa.gov/cleanairactbenefits/feb11/fullreport_rev_a.pdf
http://www.epa.gov/cleanairactbenefits/feb11/fullreport_rev_a.pdf
http://www.epa.gov/cleanairactbenefits/feb11/fullreport_rev_a.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://dx.doi.org/10.1029/2008JD010966
http://dx.doi.org/10.1029/2008JD010966
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml



