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Abstract 

 

 

Assessing the Effectiveness of Shelter-in-Place as an  

Emergency Response to Large-Scale Outdoor Chemical Releases 

 

by 

 

Wanyu Rengie Chan 

 

Doctor of Philosophy in Engineering – Civil and Environmental Engineering 

 

University of California, Berkeley 

 

Professor William W Nazaroff, Chair 

 

Large-scale outdoor chemical releases can cause severe harm to people in nearby 

communities. Sheltering in buildings may be used as a temporary measure to reduce 

health risk from exposure to the toxic materials. Shelter-in-place (SIP) is relatively 

straightforward to implement because most people are already in buildings most of the 

time, and so exercising the emergency response simply means closing windows and 

doors, and turning off ventilation fans. However, air leakage variability in the building 

stock can lead to considerable differences in the effectiveness of buildings in protecting 

occupants against outdoor releases. The effectiveness of SIP for the community can also 

vary for different release conditions.  

 

This dissertation identifies and assesses the key factors that affect community-scale SIP 

effectiveness. Large-scale airborne toxic chemical releases are simulated to assess the 

potential acute health effects for the exposed population. Modeling of the distribution of 

indoor concentrations is accomplished through detailed analysis of the air leakage of 
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residential and non-residential buildings and simulation of their air infiltration rates. The 

expected outcome for a population that shelter indoors is quantified by a community-

based metric that captures the variability among buildings. Sensitivity of SIP 

effectiveness to model parameters is evaluated under different release scenarios by 

comparing changes in the casualty reduction estimates.  

 

Aside from the physical, biological, and chemical factors that influence SIP effectiveness 

– such as the building air exchange rate, the degree of nonlinearity of the dose-response 

relationship, and the extent of chemical sorption onto indoor surfaces – human factors, 

such as community response time in emergencies are also important factors that govern 

whether SIP can provide adequate protection for an exposed population. After the plume 

has dispersed, SIP should be terminated by means of exiting or deliberately ventilating 

the buildings. In most situations, however, it is found that a short delay in terminating SIP 

would not significantly degrade the overall effectiveness of the strategy. On the other 

hand, a potentially large enhancement of SIP effectiveness can be realized by reducing 

the time delay for SIP initiation. The understanding gained from these analyses can guide 

decisions in emergency response and pre-event planning. 
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1 Introduction 
 

 

1.1 Background  

 

Large-scale outdoor chemical releases can cause severe harm to nearby communities. In 

addition to the possible terrorist attack scenarios that have received much attention owing 

to recent events, chemical accidents at production facilities and during transportation 

have been and will continue to pose significant threats to public safety. Numerous 

catastrophic chemical releases worldwide - whether naturally occurring, 

industrial/transportation related, or deliberate incidents - have led to mass casualties in 

surrounding communities (Murray and Goodfellow, 2002). In the US, major chemical 

releases that require emergency operations involving community decisions and public 

responses occur at a rate of roughly 100 per year (Rogers, 1994; Elliott et al., 2004). 

Between 1994 and 1999, a preliminary analysis on a risk management database by the 

US EPA recorded 97 industrial accidents that led to off-site consequences involving a 

shelter-in-place response (Kleindorfer et al., 2003). Aside from these accidents that 

occurred at industrial facilities, the occurrence of accidents in transporting hazardous 

materials has increased over time (Vílchez et al., 1995; Orr et al., 2001; Horton et al., 

2003). A high percentage of these transport accidents occurred in densely populated 

areas. Off-site emergency protective action plans are therefore essential to manage the 

public-health risk and to prepare officials and the public to respond quickly in such 

situations.  



 2 

The sudden and unanticipated nature of these releases means that evacuation is often not 

an option for the nearby communities. In such cases, sheltering in buildings may be used 

as a temporary measure aimed at reducing health risk from exposure to the toxic 

materials. Shelter-in-place (SIP) is relatively straightforward to implement because most 

people are already in buildings most of the time, and so exercising the emergency 

response simply means closing windows and doors, and turning off ventilation fans. In 

such cases, the air exchange between the indoors and the outdoors will be at its lowest 

rate, which means that the rise in indoor concentration of toxic contaminants will be 

delayed compared with outdoors. The maximum concentration indoors will only reach a 

fraction of the concentration outdoors. Indoor removal mechanisms, such as sorption on 

surfaces and filtration by building envelopes, can further lower the indoor concentration 

of the toxic contaminants. 

 

Some successful examples of SIP where injuries and fatalities were prevented have been 

documented (Mannan and Kilpatrick, 2000; NICS, 2001). Despite such successes, 

emergency responders often view SIP as effective only in areas that are far away from the 

source of the release, or when the perceived health risk is low (Rogers et al., 1990). In 

situations where the large-scale release subjected the public to high risk of exposure, 

emergency responders are much more inclined to evacuate the area instead. This 

reluctance in advising the public to shelter-in-place occurs because taking shelter in 

buildings does not completely eliminate contact with the toxic chemicals. Since building 

envelopes are not airtight, some toxic chemicals will infiltrate indoors. At times 

emergency responders might prefer to risk exposing the population to the outdoor 
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concentrations during evacuation, rather than instructing the public to shelter indoors. 

Relative to evacuation, which can be very time consuming, SIP can be implemented 

rather quickly. As people spend a majority of their time indoors, many can avoid direct 

exposure to the toxic contaminants outdoors entirely if SIP were instructed. Since both 

protective actions - evacuation and SIP - have their advantages and disadvantages, 

carefully considering the performance of each alternative in a given situation is important 

to minimize adverse health effects in the exposed population. 

 

1.2 Current State of Knowledge 

 

Past studies on sheltering often focused on characterizing the effectiveness of a single 

building (Engelmann, 1992; Siren, 1993; Casal et al., 1999). While some have 

acknowledged the dependence of air-exchange rate on weather parameters, very few have 

captured the variability among buildings in the analysis. Vogt et al. (1999) recommended 

special consideration for the proportion of residences constructed before 1950 and during 

1950–1970 when assessing the suitability of the residential housing stock to function as 

shelters. Readily available software that makes a rough assessment of indoor 

concentrations during an atmospheric release event, such as the US EPA’s ALOHA 

(Areal Locations of Hazardous Atmospheres), has pre-defined building parameters for 

only a few types of buildings. Previous studies on the air leakage of residential (Orme et 

al., 1994; Sherman and Dickerhoff, 1998) and non-residential (Persily, 1999) buildings 

found substantial variability among the different buildings tested. This variability, 

together with other building characteristics that affect the rate of air exchange with the 
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outdoors, can lead to considerable differences in their ability to protect building 

occupants against outdoor releases. 

 

As toxic chemicals penetrate through building envelopes, some fraction might be lost to 

surfaces of the unintentional openings. This can potentially lower the exposure of 

building occupants in some circumstances, but preliminary assessment suggests that 

penetration of gaseous pollutants into the indoors is likely to be high under many 

conditions (Liu and Nazaroff, 2001). Another means of chemical loss indoors is a process 

known as sorption, which collectively describes the many modes of binding of the 

chemical with indoor materials (Karlsson and Huber, 1996; Blewett and Arca, 1999; 

Singer et al., 2005). This process can be fast relative to the air-exchange rate, meaning 

that it can effectively lower the concentration indoors. In a building stock, however, some 

variability in the efficiency of this process is expected. The specifics of the release 

scenario can also affect the importance of sorption on indoor surfaces for the 

protectiveness of SIP. 

 

The benefit of sheltering has been quantified in past studies with a metric known as 

dosage reduction. However, this metric can underestimate the SIP effectiveness in some 

situations. Health effects, unlike dose, do not necessarily vary linearly with 

concentration. Analysis of inhalation toxicity experiments on chemicals like Cl2 and NH3 

reveals that C
m · 

t, where C is the concentration, t is the exposure duration, and m „ 1, 

often predicts response better than dose (ten Berge, 1986). A similar conclusion has been 

reached for organophosphate-based nerve agents such as sarin (Hartmann, 2002). As the 



 5 

goal of sheltering is to minimize health consequences caused by the release, it is 

imperative to consider the dose-response relationship for the toxic materials. 

Controversies remain, however, on how to predict the response from exposure to 

concentrations that vary rapidly with time (Ride, 1995; Stage, 2004). 

 

A few experimental studies have investigated the performance of some forms of 

proactive measures, such as active filters (Blewett and Arca, 1999; Ward et al., 2005) and 

duct tape and plastic sheets (Sorensen and Vogt, 2001; Jetter and Whitfield, 2005). 

Results obtained under certain experimental conditions show that these strategies can be 

effective, but the effectiveness is likely to vary in different release scenarios and among 

different houses in a community. Members of one community have been supplied with 

active filters in case of emergency at the nearby stockpile of chemical warfare agents 

(NICS, 2003). However, this is far above the level of protection typical in residences. 

Application of duct tape and plastic sheets is less costly, but the effectiveness of this 

measure depends on properly sealing the room before the toxic plume arrives. Past survey 

studies (Rogers and Sorensen, 1991; Rogers, 1994) have found that the public can take a 

long time to respond in emergencies. As a result, it is questionable whether these 

additional SIP measures can be implemented successfully before the toxic contaminants 

infiltrate indoors. Another time constraint on SIP effectiveness is when SIP should be 

terminated. Concerns for post-event exposure to the toxic residuals left in indoor air 

suggest that SIP needs to be terminated as soon as possible to maximize its effectiveness 

(Yantosik et al., 2001). In practice, however, the decision to terminate must also consider 

the variability among buildings in a community. Another serious concern is the risk of 
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exposing some in the community to lingering puffs of outdoor contaminants, which can 

be highly concentrated and dangerous if exit from shelters too soon. A balance is needed 

in deciding when to terminate SIP so as to minimize the risk of adverse health effects 

imposed on the exposed community. 

 

1.3 Overview of the Research 

 

The main objectives of this research are to identify and assess key factors that affect SIP 

effectiveness, and to demonstrate through case studies the methodology of predicting the 

variability in a building stock. Understanding how the various factors can affect SIP 

effectiveness is essential to predict situations where SIP might fail to provide adequate 

protection to the exposed community, and when SIP is expected to be reliable. Such 

knowledge can also help identify opportunities where the effectiveness of SIP can be 

improved. This research focuses on the acute adverse health effects caused by exposure 

to toxic chemicals released to the atmosphere. Modeling the variability of the protection 

offered by different buildings in a community is crucial to this work. Since SIP is a 

community emergency response strategy, it is imperative that the assessment captures the 

range of indoor concentrations to which the community is exposed. To address this issue, 

a detailed analysis of the variability in building air leakage is performed. Realistic 

modeling of SIP in a community, one that considers how fast a community can respond 

to a release, and what the implications are from post-release exposure, is undertaken to 

assess the effectiveness of the response strategy in practice. 
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Large-scale airborne toxic chemical releases are simulated to assess the SIP effectiveness 

in reducing acute health effects in the exposed population. Three types of models are 

used to evaluate the effectiveness of SIP: an atmospheric dispersion model to predict the 

outdoor concentration, an air infiltration model and mass balance on the infiltrating toxic 

contaminants to predict the indoor concentration in buildings, and a dose-response model 

to predict the consequent health effects. The metric for evaluating the effectiveness of 

sheltering is defined by comparing the health consequences if people were to take shelter, 

relative to the case where people were exposed to outdoor concentrations. The 

protectiveness of both residential and non-residential buildings is examined. Detailed 

analysis of the air leakage of buildings and modeling of air infiltration rates are 

performed to estimate the distribution of indoor concentrations in buildings. Sensitivity of 

SIP effectiveness to the various model parameters is investigated under realistic 

conditions. Since it is likely that at least some fraction of the community will not receive 

sufficient advance notice to complete SIP before the toxic plume arrives, the protection 

offered by buildings under normal operating conditions is also assessed. 

 

1.4 Outline of the Dissertation Contents 

 

This dissertation starts with a systematic exploration of the key factors affecting SIP 

effectiveness (Chapter 2). Using simple models to simulate the outdoor and indoor 

concentrations, and the consequent health effects, SIP effectiveness is predicted under a 

full range of release conditions and building air leakage characteristics. A metric to 

measure SIP effectiveness in a community is introduced. Even though results from this 
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analysis are subject to a number of simplifying assumptions, they serve as a basis for 

selecting parameters that merit more careful investigation in the later chapters.  

 

Chapters 3 and 4 present a detailed assessment of the SIP effectiveness of houses in an 

urban area. Because air exchange is a key determinant of the effectiveness of SIP, 

available data on air leakage of US houses is analyzed. A method is developed to make 

use of such findings to predict the air infiltration rate distribution of houses during SIP. 

To prepare for the assessment of indoor exposure to the toxic chemical before people 

successfully taken shelter, estimates of air-exchange rate with natural and mechanical 

ventilation typically found in residences are summarized. Chapter 4 starts by describing 

the outdoor concentration predictions for select hypothetical chemical releases in 

Albuquerque, NM. To more realistically model the indoor concentrations experienced by 

residents, sorption on indoor surfaces and delay in implementing SIP are included in the 

analysis. Existing experimental data on sorption to indoor surfaces, and survey data on 

response time of affected parties in emergency situations are reviewed. Simulations of 

SIP effectiveness are modeled using the parameters derived from these studies. 

 

Chapters 5 and 6 assess the effectiveness of SIP in commercial buildings. While the 

overall structure of the analysis is similar to that of residential buildings, assessment of 

the air leakage distribution of commercial buildings requires a completely different set of 

data. Chapter 5 details the findings from such analysis, and outlines a different method to 

predict the air infiltration rates of commercial buildings. Unlike for residential buildings, 

mechanical ventilation is the predominant mode of fresh air entry in commercial 
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buildings before SIP is implemented. A brief summary on the air-exchange rates of 

buildings under normal operating conditions is included. A different set of hypothetical 

releases, one that is situated in Oklahoma City, OK, is used to compare the difference in 

SIP effectiveness of residential and commercial buildings. Examination of SIP 

effectiveness in the modeled scenarios includes sorption of chemicals on indoor surfaces. 

Casualty estimates are also derived in cases where buildings have left their mechanical 

ventilation systems running during SIP. Finally, the range of indoor concentrations under 

non-well mixed conditions is estimated using a simple two-zone model.  

 

A summary of the research findings is given in Chapter 7 and opportunities for further 

research in this field are discussed.  
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2 Exploring the Effectiveness of Shelter-in-Place 
 

 

2.1 Introduction 

 

A systematic exploration of the key factors affecting shelter-in-place (SIP) effectiveness 

is presented. One difficulty in quantifying SIP effectiveness is a lack of simple yet 

informative metrics. Early studies on SIP effectiveness focused on the indoor-outdoor 

dose reduction when SIP is practiced (Engelmann, 1992; Blewett et al., 1996). However, 

community-scale SIP effectiveness is not easily related to the dosage reduction computed 

for one dwelling. In this chapter, the community SIP effectiveness is measured in terms 

of the expected reduction in adverse health consequences for an exposed community as a 

toxic plume disperses and travels downwind. The modeling approach emphasizes release 

scenario (duration and amount), chemical characteristics (toxicity and dose-response 

relationship), and features of residential shelters that influence protectiveness. Finally, the 

issue of when and how to end SIP is discussed. In this analysis, the emphasis is not on the 

optimization of SIP termination time, but rather to illustrate how SIP effectiveness might 

be affected under various scenarios by delays in termination. 

 

This analysis will establish the groundwork for the case studies to follow, which seek to 

assess the SIP effectiveness of the residential and commercial building stock in the US. 

In this analysis, aspects associated with human factors, such as the time needed for 

decision-making or the effectiveness of communicating with the public, are not modeled 




