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ABSTRACT 
 
Epidemiologic studies have demonstrated a positive relationship between ambient fine 
particulate matter (PM2.5) and adverse health effects. Past research indicates that the indoor 
residential PM2.5 exposure has the highest influence on total PM2.5 exposure compared to other 
microenvironments. Hence the characterization of the penetration of ambient PM2.5 into the 
indoor residential microenvironment and indoor sources of PM2.5, is critical for PM2.5 exposure 
assessment. The Stochastic Human Exposure and Dose Simulation (SHEDS-PM) model 
developed by the U. S. Environmental Protection Agency is a probabilistic tool to estimate the 
population distribution of PM2.5 exposures. This study provides a critical assessment of the data 
and methodology used in SHEDS-PM to estimate indoor residential PM2.5 exposure. The 
SHEDS-PM algorithms are evaluated and compared to best practices. The default input data are 
reviewed and more recent and comprehensive data are identified in order to represent regional 
and seasonal variations. A sensitivity analysis of the SHEDS-PM residential indoor model 
indicates that air exchange rate, deposition rate and penetration factor affect indoor PM2.5 
concentration strongly, whereas indoor volume is less sensitive. The mass balance approach in 
SHEDS-PM for estimating indoor residential PM2.5 concentration is based on the assumption that 
an entire residence is a single, well-mixed compartment. This assumption is evaluated by 
applying an indoor air quality model, RISK to compare ambient PM2.5 penetration for single-
compartment and multi-compartment scenarios, and to consider sensitivity of results for indoor 
emission sources such as cooking and smoking. Emissions from smoking increased the indoor 
PM2.5 significantly, compared to cooking. In case of no indoor sources, the difference between 
single and multi-compartment PM2.5 concentration was less significant. Recommendations are 
made regarding the methodology and data that should be used for planned SHEDS-PM case 
studies for variety of geographic areas and seasons. 
 
 
INTRODUCTION  
 
Fine particles in the air, which are particulate matter less than 2.5 micrometers in aerodynamic 
diameter (PM2.5), are either emitted directly from pollutant sources or formed in the atmosphere 
as a result of chemical reactions.  Various epidemiologic studies have demonstrated a positive 
relationship between ambient concentration of PM2.5 and adverse health effects, such as 
cardiovascular and respiratory morbidity and mortality.1 However, individual exposures to PM2.5 
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occur both outdoors and indoors, and indoor PM2.5 concentrations are affected by penetration of 
ambient PM2.5 and exposures from sources such as cooking, cleaning and smoking.2 
 
To better understand the association between ambient PM2.5 concentrations and personal 
exposure, studies have been conducted that employ either direct measurement methods (personal 
exposure monitoring) or that estimate exposure using exposure models.  Population-based 
exposure monitoring studies that need a large number of participants require a considerable 
amount of resources. If sufficient data exist, a scenario-based exposure model is an economical 
tool for quantifying personal exposure.3 Such models can be used to estimate personal exposure 
for simulated members of a defined population. The exposures for each individual are simulated 
based on the time each individual spends in specific microenvironments. Microenvironments are 
defined as the outdoor and indoor places people usually spend time, such as home, school, store, 
restaurant and vehicles. Total individual exposure is calculated from the sum of the 
microenvironmental exposures over the course of an averaging time of interest, such as a typical 
weekday. 
 

 Various modelling tools are available to estimate human exposure to specific air pollutants. 
Examples include the Air Pollutant Exposure Model (APEX)4, the Hazardous Air Pollution 
Exposure Model (HAPEM)5 and the Stochastic Human Exposure and Dose Simulation model for 
PM (SHEDS-PM).3 SHEDS-PM is used here because it is a pre-existing model for PM2.5 
exposure that has previously undergone validation.6 

 
SHEDS-PM simulates individual exposures to PM2.5 in different microenvironments, including 
outdoors, indoors (including residence, office, school, store, restaurant and bar) and in-vehicles. 
The individual PM2.5 exposures are estimated based on the time spent and the PM2.5 
concentrations in these microenvironments. SHEDS-PM calculates daily average exposure for 
every individual by default but the user also has an option to calculate the hourly output for 
PM2.5 and exposure. 
 
SHEDS-PM was applied for a 2-week episode in July 1999 for Philadelphia, PA and a weak 
correlation was observed between the estimated 95th percentile of PM2.5 exposure and ambient 
PM2.5 concentrations, indicating that non-ambient indoor sources influenced the exposure.7 
SHEDS-PM was applied in a case study for Philadelphia, PA, for ambient PM2.5 measurements 
of 1992-1993.3  Variability in human activities and the presence of indoor residential sources 
contributed to variability in total PM2.5 exposures.  
 
Outdoor PM2.5 is a significant source of PM2.5 in the residential microenvironment.8 For non-
smoking households, the indoor-to-outdoor ratio of PM2.5 is reported to be between 0.6 to 
0.7.8,9An important source of indoor PM2.5 was found to be cigarette smoking.10 
 
A probabilistic modeling study was conducted for the indoor air quality of selected houses in the 
UK.11 The residential microenvironment was divided into three zones: kitchen, living area and 
bedrooms.  Zone-specific air exchange rates, volumes, deposition rates and penetration factors 
were applied to estimate the exposure. Modeling with multiple zones lead to different PM2.5 
concentration estimates than modeling with a single zone.  
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This study addresses the following objectives: 
• What are the key factors to which exposure is sensitive for residential microenvironments 
• Are the inputs currently used in SHEDS-PM based on the most recent data?   
• Are the algorithms currently used in SHEDS-PM based on best practice?   

 
 
OVERVIEW OF THE STOCHASTIC HUMAN EXPOSURE AND DOSE 
SIMULATION MODEL FOR PARTICULATE MATTER 
 
This section discusses the input data and the algorithms for indoor residential microenvironment 
in SHEDS-PM. 
 
SHEDS-PM has the following key categories of input data: (a) human activity, (b) demographic 
and housing type, (c) air quality and (d) microenvironment-specific inputs. Each of these are 
briefly introduced. 
 
To calculate the daily PM2.5 exposure in a particular microenvironment, SHEDS-PM needs data 
regarding the time spent by each individual in each microenvironment. USEPA’s National 
Exposure Research Lab (NERL) has compiled multiple human activity databases at the city, state 
and national levels into the Consolidated Human Activity Database (CHAD).12 CHAD is 
composed of activity diaries that contain sequential information on each activity undertaken by 
an individual as that individual moves in space and time.  
 
The population for SHEDS-PM simulations is generated using demographic data at the census 
tract level from the US census for the year 2000. This database includes population 
demographics (age, gender), employment status, and housing type.  
 
SHEDS-PM requires outdoor PM2.5 concentration data that can be obtained either from ambient 
PM2.5 measurements from community air monitoring sites or atmospheric dispersion modelling 
predictions.13 For each simulated individual in a census tract, SHEDS-PM assigns an outdoor 
PM2.5 concentration from the user-specified PM2.5 concentration data for that particular census 
tract.3  
 
The residential indoor concentration varies with time and depends on penetration of ambient 
PM2.5 and indoor emissions. SHEDS-PM estimates indoor PM2.5 concentration based on a simple 
mass-balance model. The factors affecting the infiltration of ambient PM2.5, such as air exchange 
rate, indoor residential volume, deposition factor and penetration factor are briefly described. 
 
The air exchange rate is the ratio of volume flow of air within the indoor microenvironment 
divided by volume of interior space. It is affected by air leakage through cracks and crevices in 
the building envelope, natural ventilation through open windows and doors, and mechanical 
ventilation by fans. SHEDS-PM defaults for air exchange rate are based on the data sources.3 
 
SHEDS-PM categorizes housing types as single-family detached, single family attached, 
multifamily, and “other” such as mobile homes. The default indoor volumes for these housing 
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types were obtained from Residential Energy Consumption Survey (RECS) database by U.S. 
Department of Energy.  
 
The particle deposition rate refers to settling of airborne particles due to gravity and diffusion. 
The deposition rate depends on particle size and density and room temperature gradients and 
ventilation conditions.  
 
The penetration factor is the ratio of particles that penetrate to the indoors from outdoors. SHED-
PM assumes a single penetration factor for all PM2.5 mass. Typical penetration factors for PM 
sizes ≤ 0.5 µm range from 0.8 to 1, whereas those for PM sizes 0.5 to 3 µm range from 0 to 1, 
depending on pressure differential.14 The default penetration factor and deposition rate in 
SHEDS-PM were obtained from the Particle TEAM (PTEAM) study conducted for Riverside, 
California.15  
 
SHEDS-PM includes a single-compartment, steady-state mass balance equation to calculate the 
indoor PM2.5 concentration in the residential microenvironment.3 The indoor residential PM2.5 is 
a combination of outdoor PM2.5 that enters indoor and the PM2.5 generated by indoor emission 
sources such as cigarette smoking, cooking, and cleaning:  
 

( )
i

r a
EP ACHC C

ACH k ACH k VT
⋅ = + + + 

                                                             (Eq.1) 

Where,  
Cr  =  indoor residential PM2.5 concentration (µg/m3) 
Ca  =  ambient outdoor PM2.5 concentration (µg/m3)  
P  =  penetration factor (unitless) 
k  =  deposition factor (hr-1) 
ACH  =  air exchange rate (hr-1) 
V =  residential volume (m3) 
T  =  exposure duration (hr) 
Ei  =  Emissions from source i 

 
The first term in Equation (1) describes the amount of outdoor PM2.5 that infiltrates into the 
residential microenvironment. The second term describes the PM2.5 generated from indoor 
sources. The air exchange rate, indoor volume, deposition factor and penetration factor included 
in SHEDS-PM can be entered via the Graphical User Interface of SHEDS-PM in the form of 
probability distributions with a mean and standard deviation.  
 
The algorithm for residential microenvironment in SHEDS-PM assumes that entire residence is a 
single compartment. In reality, the division of a house by walls, the airflows between the rooms 
may affect the indoor PM2.5 concentration. The assumption of a single compartment may be 
reasonable in case of no indoor sources. However, in the presence of indoor source such as 
cooking or smoking, this assumption may or may not hold well. A quantitative comparison 
between single and multi zone modeling is conducted to assess this assumption.  
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METHODOLOGY  
 
The methodology includes:  (1) identification, review, and assessment of the algorithm and 
inputs currently used in SHEDS-PM to estimate in-vehicle PM2.5 concentration, based on 
literature review and assessment of variability in input data; (2) sensitivity analysis of SHEDS-
PM to assess the contribution of each input to identify the inputs with maximum effect of indoor 
PM2.5 concentration attributable to unexplained variability in input data; (3) identification of key 
factors that influence or govern indoor residential PM2.5 concentration based on literature review; 
(4) identification and characterization of an alternative approach to estimating indoor PM2.5 
based on other available modeling tools. 
 
The review of inputs for estimation of residential indoor PM2.5 concentration is based on detailed 
review of the SHEDS-PM model, its documentation, and the literature cited as the basis for 
default input assumptions.   
 
A literature review was conducted to identify additional algorithms available in literature to 
estimate residential indoor PM2.5 concentration.   
 
Sensitivity analysis was carried out to identify the factors to which exposure is most sensitive in 
the residential microenvironment. Nominal Range Sensitivity Analysis (NRSA) was carried out 
by varying only one of the model inputs across its range of plausible values while holding all the 
other inputs at their base values. 16 This method was applied to assess the effects of changes in air 
exchange rate, indoor residential volume, penetration factor and deposition factor on the 
resulting indoor PM2.5 concentration predicted by SHEDS.  
 
The assumption of a residence as a single zone may be reasonable in case of no indoor sources. 
If there are indoor sources, the assumption may or may not be reasonable. Hence, single-zone 
and multi-zone modeling is carried out to quantitatively compare indoor PM2.5 concentration in 
presence of cooking and smoking. 
 
An indoor air quality model, RISK, was developed by the U.S. EPA for analyzing the impact of 
sources, sinks, ventilation, and air cleaners on indoor air quality.17 The model is designed to 
calculate exposure due to individual, as opposed to population, activity patterns, and source use. 
RISK uses a multi-zone approach to estimate PM2.5 concentrations inside a building.  
 
Two modeling cases were formulated for each of several selected housing types and indoor 
source emission scenarios. The RISK indoor air quality model was used to predict indoor PM2.5 
concentrations for each case and scenario. 17 The modeling cases include single zone and 
multiple zone representations of the interior of the home. For the single zone case, exposure is 
estimated based on the estimated concentration. For the multiple zone case, exposure is 
estimated based on a time weighted average of the predicted zonal concentrations taking into 
account the timing and durations of emissions and of the presence of an individual among each 
zone. Movements of the residents were estimated based on human activity patterns. 18 
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RESULTS  
 
This section presents the results of sensitivity analysis to identify the most important factors 
affecting the indoor PM2.5 concentration. This section also discusses the results of a quantitative 
comparison between the single-zone and multi-zone indoor residential modelling approaches. 
 
 
Sensitivity Analysis  
The air exchange rate, indoor volume, penetration factor and deposition rate were varied 
individually, while holding all other inputs at their default values. A sample size of 10,000 
individuals was assumed for all the simulations. All of these individuals were simulated as living 
in similar single family houses. 
 
The sensitivity analysis was based on a single family house with an indoor volume of 366 m3, 
and air exchange rate of 0.55 hr-1. No indoor emission sources were included in the analysis. A 
nominal outdoor ambient PM2.5 concentration of 10 mg/m3 was assumed and kept constant. 
SHEDS-PM version 3.5 was run on a Windows XP computer. The approximate run time for the 
base case simulation was 2 hours. The median of the inter-individual distribution of 24-hr 
average indoor concentration was found to be 7.16 µg/m3, with 90th percentile of 8.83 µg/m3, 
which is a nominal solution. 
 
To assess the importance of variability in these inputs, each input was varied from its base value 
and corresponding changes in the output were noted. The variations included +25% and –25% of 
the base value. 
 
Table 1 shows the results of the sensitivity analysis for indoor PM2.5 concentration for the 
median and 90th percentiles of the inter-individual variability of the indoor PM2.5 concentrations. 
 
Of the factors varied, the indoor PM2.5 concentration varied most sensitively and linearly with 
respect to the penetration factor.  The concentration varied inversely and nonlinearly with respect 
to air exchange rate and deposition rate.  There was very little sensitivity to the indoor volume.  
These results imply that it is most important to have an accurate estimate of penetration rate, and 
that proper specification of the air exchange and deposition rates are of secondary but significant 
importance.   
 
Comparison of Multi-zone and Single-zone Residential Indoor Modeling Approaches  
The results of estimated indoor concentrations were compared for single and multizone indoor 
environments for four housing types represented in SHEDS-PM:  (1) single family detached; (2) 
single-family attached; (3) multi-family buildings (apartments); and (4) mobile homes.  Because 
estimated concentration was found to be relatively insensitive to indoor volume, the default 
indoor volumes for each housing type were assumed.  These volumes were used for the single-
zone analysis, and were used as the sum of all zonal indoor volumes for the multi-zonal analysis 
of the same type of housing. Here, the results for the multifamily apartment homes are presented 
as an example. 
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Table 1. Sensitivity analysis of SHEDS-PM inputs  

Input Assumptions 

50th percentile Indoor 
PM2.5 concentration 

(µg/m
3
) 

90th percentile Indoor 
PM2.5 

concentration 

(µg /m
3
) 

% change in 90
th

 
percentile of 

PM2.5 
concentration 

Default Inputs 7.16 8.83  

Air Exchange Rate, 
+25% 7.68 8.97 7 

Air Exchange Rate, -
25% 6.22 8.68 -13 

Indoor volume, +25% 7.12 8.85 -1 

Indoor volume, -25% 7.21 8.84 -1 

Penetration Factor, 
+25% 8.92 9.99 25 

Penetration Factor,  -
25% 5.35 6.65 -25 

Deposition Rate, +25% 6.69 8.59 -7 

Deposition Rate,      -
25% 7.56 9.03 6 

Note: sample Size: 10,000 simulated individuals for every simulation, Outdoor PM concentration: 10 µg/m3.  
 
For the multizone case studies for each type of housing, assumptions must be made regarding the 
number of zones and the characteristics of each zone.  The individual room volumes, the room-
to-room HVAC flows and the sink areas for these rooms were adopted from literature. 17, 18 The 
air exchange rate, penetration factor and deposition rate were assumed to have the default values 
in SHEDS-PM. For the apartment, 6 zones were represented including living area, master 
bedroom, front bedroom, master bath, main bath and hall.  
 
The comparison of multiple to single zone model results was conducted for three indoor 
emissions scenarios:  (1) no indoor emission sources; (2) indoor emissions from cooking; and (3) 
indoor emissions from cigarette smoking.   
 
Table 2 defines the scenarios and key assumptions for the comparison of single and multi zone 
modelling approaches, for the example of apartments.  
 
For the no-source scenario, the only contributor for the indoor PM2.5 was considered to 
penetration of outdoor PM2.5, which is assigned a concentration of 10µg/m3. For cooking and 
smoking scenarios, the outdoor PM2.5 concentration was assigned to be zero. A default cooking 
emission rate in SHEDS-PM is 1.56 mg/min.3 The same rate was assumed for all the simulations 
when cooking occurred. The duration of cooking was assumed to be 1 hour.  Cooking occurred 
in the kitchen.  Most of the smoking occurred in the living room. 
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Table 2.  Definition of Scenarios and Key Input Assumptions for Comparison of Indoor Air 
Quality for Apartment Residences 
 

Indoor 
Emission 
Source Scenario Label 

Indoor 
PM2.5 

emission 
rate 

Location of 
Indoor 

emissions 
Duration of 

Indoor emissions 

Total 
Volume 

(m3) 

Number of Zones 
for Multizone 

Cases 
No Apt-NONE 0 n/a n/a 249 7 
Cooking Apt-COOK 1.56 

mg/min 
Living area 1 hr 

Smoking Apt-SMKG 1.09mg/min Living area, 
master 
bedroom 

5 hrs 

 
A default emission factor of 10.9 gm/cig was assumed for smoking. A typical medium level-
smoker assumed for the study smokes 1.5 packs (30 cigarettes) every day (Nazaroff and Singer, 
2004) with average cigarette smoking duration of 10 min.19 Hence the estimated smoking 
emission rate is 10.9 mg/10 min = 1.09 mg/min. Assuming 16 waking hours during which 30 
cigarettes are smoked, approximately 2 cigarettes are smoked per hour by an individual. A 
typical individual is estimated to spend 8 hours at work, (8 a.m.- 5 p.m.) and to be awake untill 
10 p.m.  Thus, he/she has 5 hours at home to smoke 10 cigarettes.  With 10 minutes of smoking 
time per cigarette, 100 minutes of smoking time was assumed to be distributed over 5 hours as a 
person moves through the residence.  
 
The patterns describing movement of people from room-to-room in their residence were adopted 
from literature. 18 Based on a sample of 30 people, during 5 p.m. to 10 p.m., residents spent an 
average of 240 minutes in the living areas/kitchen and the remaining 60 minutes in the master 
bedroom. Of the 240 minutes in the living areas, approximately half of the time was spent in the 
living room and the remaining time was distributed among other living spaces such as a den. 
Assuming the rate of cigarette smoking was constant, the duration of smoking and the number of 
cigarettes smoked were assigned for each zone in each floorplan. 
 
RISK version 1.5 was executed on a Windows XP desktop. The model was run for each scenario 
defined in Table 2, for all the 30 individuals. For each individual, a single simulation in RISK 
needed approximately 20 minutes to configure with model execution taking less than 3 seconds. 
 
Figures 1 shows the 16-hr average PM2.5 concentration in the simulated apartment with no indoor 
sources, and when cooking or smoking occurred.  
 
When no indoor sources were present, the indoor PM2.5 concentration for single and multi-zone 
cases was in the range of 6.9 µg/m3 and 7.0 to 7.1 µg/m3 respectively. When cooking occurred in 
the kitchen of the apartment, the multi-zone scenario predicted higher PM2.5 concentration than 
all the other rooms. The PM2.5 concentration in the kitchen averaged 76 µg/m3, compared to 55 
µg/m3 in the front bedroom, for the multi-zone scenario. The average single zone PM2.5 
concentration was estimated as 68 µg/m3. The single-zone scenario had lower predicted PM2.5 
concentration than that of the kitchen, but higher than that of all the other zones.  
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Figure 1. Indoor residential 16-hr average PM2.5 concentration in apartment 
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Correction Ratios  
For all types of housing considered, the single and multi-zone case studies produced similar 
estimated results for indoor PM2.5 concentration when no indoor emission sources were included.   
However, when either cooking or smoking were modeled, the multi-zone results imply much 
higher concentrations in the zones where the emissions occurred, and much lower concentrations 
in other zones, compared to the single-zone results.  Since individuals who are cooking or 
smoking are located in the same zone where the emissions occur, the use of a single-zone model 
could lead to significant biases in their estimated exposure as persons close to the source would 
receive higher personal exposure than that estimated by a single-zone model.  However, the data 
and modeling requirements for simulating multiple zones are significant; therefore, it is not 
practical to implement a multizone model directly in SHEDS-PM.  Instead, the approach here is 
to develop a “correction factor” that enables a bias correction from the single zone indoor PM2.5 
concentration estimates related to indoor sources in order to estimate an exposure concentration. 
Correction factor is a ratio of PM2.5 exposure in multi zone to the PM2.5 exposure in the single 
zone case. Such a correction factor could still under-represent personal PM2.5 exposure to a cook 
if the breathing zone concentration is higher than the room-average PM2.5 concentration. 
 
The movement of people in time and space inside a house leads to variability in exposure. Hence 
the activity patterns of people inside their house need to be considered. These activity patterns 
were adopted from literature for 30 individuals. 18 These activity patterns were used to estimate 
multi-zone and single zone exposure for each individual. A correction ratio was estimated for 
each individual in a manner similar to that described above and mean and standard deviation are 
presented.  
 
Table 3 shows the mean exposures and the mean correction ratios with standard deviation for 
residential cooking and smoking in apartment. The first set of results represents only cooking 
and no smoking and the second set represents only smoking and no cooking. 
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Table 3. Correction ratios of PM2.5 exposure for cooking and smoking 

Activity Type 

Multi-zone 
PM2.5 exposure 
(µg-hr/m3) 

Single-zone 
PM2.5 exposure 
(µg-hr/m3) 

Mean 
correction ratio

Standard 
deviation for 
correction ratio 

Cooking 61.9 44.6 1.39 0.04 
Smoking 98.8 79.8 1.24 0.03 
Note: Outdoor PM2.5 concentration was zero for all the simulations 
 
 
The correction ratio is estimated based on the activity time-weighted average of zonal 
concentrations from the multizonal model results compared to the average concentration from 
the single zone case for the same time period. For example, for apartments as shown in Table 3, 
the multi-zone time weighted exposure was estimated to be 61.9 µg-hr/m3 for cooking and the 
single zone time-weighted exposure was estimated to be 44.6 µg-hr/m3. Hence, the correction 
ratio is 61/9/44.6 = 1.39.   
 
CONCLUSIONS AND RECOMMENDATIONS  
 
The factors to which residential indoor exposure is sensitive have been identified by sensitivity 
analysis. A quantitative comparison was carried out to test the assumption of a house as a single 
well-mixed zone in SHEDS-PM.  
 
The penetration factor was found to be the most significant input with indoor volume being the 
least affecting the indoor PM2.5. A quantitative comparison between the single-zone and the 
multi-zone approaches shows that residential PM2.5 concentrations predicted by SHEDS-PM did 
not capture the variability in the PM2.5 concentrations occurring among different zones of a 
residence. The assumption of a well-mixed single-zone was found to be reasonable in case of no 
indoor sources. However, in presence of cooking and smoking, this assumption is not valid.  A 
method for bias correction of indoor PM2.5 concentration related to cooking and smoking has 
been demonstrated and is recommended for implementation in scenario-based exposure 
simulation models such as SHEDS-PM. 
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