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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



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 (Vilchez 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.



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



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



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 Cl, and NH3
reveals that C™ - 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



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



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.



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



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
Albuquergue, 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



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
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explicitly. Instead, it is assumed that the population would carry out SIP exactly as
prescribed. Despite these simplifications, the model results provide useful information
about the behavior of buildings as shelters that is a foundation to understanding how the

full set of complex issues affect SIP effectiveness under various scenarios.

2.2 Methods

To quantify community-scale SIP effectiveness, the predicted health consequences
associated with an SIP scenario is compared to a reference case for a large-scale toxic
release. In the reference case, exposures occur at the outdoor concentration level. In the
SIP case, exposures occur at the concentration predicted indoors, resulting from
contaminant infiltration from the time-dependent passage of the outdoor plume. To
address both cases, three types of model calculation are needed: an atmospheric
dispersion model to predict the outdoor concentrations resulting from a hypothetical
release; a building model to predict the indoor concentrations that result from temporally
and spatially varying outdoor concentrations; and a dose-response model to predict the
health effects resulting from exposure to time-varying outdoor or indoor concentrations.
To emphasize the dependence of SIP effectiveness on key controlling variables, simple
forms of these models are chosen: a Gaussian atmospheric dispersion model to predict
outdoor concentrations; a well-mixed box model to predict indoor concentrations; and a

toxic-load model to predict the health consequences of exposure.
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2.2.1 Outdoor and Indoor Concentrations

The outdoor concentration field resulting from a short-term release is related to the well-

known Gaussian atmospheric diffusion model as follows (Palazzi et al., 1982; Overcamp,

1990):
1 X x -Ut
Co (X y,t)=Cs(x,y) = erf -erf for tET,
t G 2 SX’\/E SX’\/E
1 x-U((t-T) x -Ut
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Eqn 2.1
Cc (g/m®) represents the steady-state concentration resulting from a point source released
at a constant mass rate M (g/s). H (m) is the height of the release, which is set to zero to
represent a ground level release. H™ (m) is the height of the inversion layer that
establishes an upper boundary for vertical pollutant dispersion. By assuming the no flux
boundary condition at the ground and the inversion height, the concentration is expressed
as an infinite series of contributions from images. The coordinates of the grid are
arranged such that the point source is placed at the origin (X, y, z) = (0, 0, 0). The
windward direction is aligned with the x-coordinate. The dispersion coefficients (s;, s,
and s, [m]) are based on curve fits to the standard Pasquill-Gifford data, which depend
on the downwind distance, X, in a manner that varies with stability class (Seinfeld and

Pandis, 1998).
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Cout (g/m3) is the time-dependent outdoor concentration resulting from a short-term
release of duration T, (h), beginning at t = 0. It is assumed that the mass release rate M is
constant throughout the release duration. The solutions shown in Eqn 2.1 invoke the
slender-plume approximation, which requires that the transverse spread of the
contaminant is small compared to the downwind distance it has traveled. This assumption
is typically valid unless the mean wind speed U (m/s) is very slow such that the condition
s, (x/U)/x <<1is no longer satisfied. In the scenarios modeled, the minimum wind

speed used is 3 m/s.

A uniform model grid is employed, and the results were tested to ensure grid-size
independence. The release source is assumed to occur at ground level. Outdoor
concentrations are evaluated at the 2-m plane to represent the height of the breathing-
zone. In addition, perfect reflection at the ground is incorporated. Also, in the expression
for Cg, reflection at the base of an inversion layer is also assumed. The inversion base
height is modeled to occur at H™ = 750 m for moderately unstable (stability class B) and
neutral stability (class D) atmosphere, and 100 m for moderately stable (class E)
atmosphere. The Gaussian model represented in Egn 2.1 produces outdoor concentrations
that exhibit a near square-wave profile close to the source (Figure 2.1). The
concentrations are gradually transformed into a bell-shaped profile as the plume advects
downwind. To model the effects of perfect reflection from the ground and the elevated
inversion base, several image sources might be needed. However, it is found sufficient in
this analysis to model just one set of image sources by including i =-1, 0, and 1 in Egn

2.1. This is because in acute toxic releases of reasonable scale, adverse health effects are
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predicted to occur in the vicinity of the release source. Relative to the height of the
inversion layer used in the different stability classes, the estimated vertical dispersion of
the plume remains narrow in the areas that are most affected by the toxic plume. Small
changes in the outdoor concentrations, as captured by the multiple image sources, in
areas that are further downwind of the release site therefore do not affect the overall SIP

effectiveness predicted in the community.

The predicted outdoor concentrations are input into a well-mixed-box model to predict
indoor concentrations, where the contaminant is assumed to be conserved indoors.

dCin (t) -

Q
ramiaivl SHORISHO)

Eqn 2.2
For small time steps, the time-dependent outdoor concentration Coy(t) in Eqn 2.2 can be
assumed to vary linearly during a time step from an initial concentration Cou(to) (9/m°) at

a time rate of change of C oyt [g/(M>:5)]:

Cout(t) = Cout (to) + Cgut - (t - to)
Egn 2.3

At an air-exchange rate of Q/V (h™) with the outdoors, the time-dependent indoor

concentration is therefore:
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% B % [(COUt(to) + Cgut - (t- t ))_ Cin (t )]

Vv
C.(t)= C,,.(t,)-Ct,—
|n() out(o) gth

* Culty)= Corlt)=Chegy - @xp =2+ (£-t) +Chy - (t-1)

Eqn 2.4
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For all simulations, the outdoor and indoor concentrations were evaluated at one-minute
intervals. Phenomena such as decay in ambient air, sorption on indoor surfaces (Karlsson,
1994), and filtration by building envelopes (Liu and Nazaroff, 2001) were not considered
in this analysis, although they are recognized to be important under some circumstances

and will be considered in the chapters to follow.

2.2.2 Health Effects

The time-integrated exposure, E [(mg/m®) h], is considered to be a good indicator of

health risk for chronic low-level exposure to many toxic air contaminants.

E(t) = t C(tt)dte

0

Eqn 2.5

E(t) represents the time-integrated inhalation exposure for the period 0 to t, and C(t') is
the time-dependent concentration in the breathing zone of the person exposed. For acute
effects owing to short-term exposures, ten Berge et al. (1986) analyzed data from
inhalation toxicity studies for many chemicals and concluded that E is not always a good
indicator for predicting mortality. Instead, evidence for some chemicals suggests that
exposure to extremely high concentrations for a short duration can be much more
dangerous than exposure to lower concentrations for a proportionally longer period. The
rationale is that at low concentration the human body may be able to counteract adverse
effects, but these defense mechanisms can be overwhelmed at higher concentrations.
Instead of exposure, a metric known as the toxic load (TL) is used to estimate the adverse

health consequences owing to acute exposures:
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t
TLt) = [c] du
0
Eqn 2.6
where m is an empirical parameter that varies among pollutants. Many of the toxic gases

analyzed by ten Berge et al. (1986) have m between 1 and 3.

For the simulations considered here, the reported time-dependent toxic load as defined in
Eqgn 2.6 is computed at each grid point for both indoor and outdoor concentrations. The
impact of the release to the exposed community is evaluated as the number of grid cells
in which the toxic load exceeds certain limits at each time step. The limits reflect the
toxicity of the chemical and are referred to as toxic load limits (TLL). The US National
Research Council has used the toxic load model to derive acute exposure guideline levels
(AEGLs) for many industrial toxic chemicals and warfare agents (NRC, 2003). AEGLs
are designed to assess the consequences of emergency exposures ranging in duration
from 10 min to 8 h. An AEGL represents a threshold below which specified adverse
health effects are unlikely to occur in the general public. For example, the AEGL for
chlorine with respect to life threatening conditions is 58 mg/m?* (20 ppm) for 1-h
exposure based on animal studies. From animal studies, the toxic load exponent for
chlorine is estimated to be m = 2. Thus, the estimated toxic load limit for life threatening

exposure to chlorine is:

2 2
TLL=C?-T= 583 -1[h]=3300 °5 h
m m

Eqn 2.7
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Consequently, one would conclude that the exposure to chlorine is potentially life-

threatening if the toxic load, computed according to Eqn 2.6, exceeds this TLL.

2.2.3 Measures of Shelter-in-Place Effectiveness

In past research, some have advocated measuring a building’s SIP efficacy by the “dose
reduction factor (DRF)” (Kocher, 1980; Engelmann, 1992; Yuan, 2000). DRF is defined
as the ratio of indoor to outdoor time-integrated concentration. Unfortunately, for
assessing efficacy, this definition is counterintuitive. A DRF that approaches 1 means that
the building is ineffective in protecting its occupants, whereas a DRF approaching 0
means that the building is very effective in reducing exposure. Other researchers have
preferred the use of the “protection factor (PF)” (Blewett et al., 1996; Jetter and
Whitfield, 2005), which is the reciprocal of DRF. PF varies from a nominal minimum of
one (no improvement from SIP) to high values for highly efficacious protection, with no

upper limit.

Two alternative metrics for quantifying SIP effectiveness are used in this analysis. One is
similar to the concept of PF, but instead of comparing the difference in exposure, Eqn 2.6
is used to include the potentially nonlinear dose-response effect. The toxic load reduction
factor, TLRF, compares the total toxic load of the community if everyone were exposed

to outdoor concentrations (T Loutdoor), VErsus the case if everyone took shelter indoors

(TLindoor)-
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TLRF = 1- TLindoors

outdoors

Eqn 2.8
TLRF is scaled to vary from zero® (ineffective SIP) to one (perfect protection). At the
individual building level, the TLRF only depends on the air-exchange rate and on the
time-dependent outdoor concentration profile. If both of these factors are the same across
the community, then all buildings will have the same TLRF. In practice, buildings have
different air-exchange rates and would be exposed to different time profiles of outdoor
concentration owing to deterministic and stochastic mechanisms of advection and
dispersion. Consequently, a distribution of TLRF can occur in the community building
stock. In the simple analysis presented in this chapter, however, since all buildings are
assumed to have the same air-exchange rate, the difference in TLRF among buildings is
quite small. The reported TLRF at the community level is therefore very similar in value
to the TLRF found in a given building. This will be illustrated by an example in the

discussion to follow.

TLRF is a simple measure of SIP effectiveness because it is insensitive to many aspects
of the release scenario. However, a certain reduction in toxic load in a community does
not imply the same level of reduction in adverse health effects, which is the primary goal
of SIP. To measure SIP effectiveness in terms of the associated reduction in adverse

health effects, the casualty reduction factor (CRF) is defined as follows:

! TLRF can become negative if the indoor-outdoor air-exchange rate is non-steady. This
issue will be considered in the chapters to follow.
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Eqn 2.9
In computing the CRF, one compares the population for which the toxic load exceeds the
TLL if exposed at the indoor concentration as compared to that if exposed at the outdoor
concentration. This comparison indicates the fraction of the population that would avoid
potential adverse health effects because of SIP. In the present analysis, land area is used
as a proxy for population. This is the same as assuming that population density in the
vicinity of the release is uniform. In future chapters, spatially varying population density

will be considered.

At the community scale, the CRF represents the fractional reduction in the population
whose toxic load exceeds the toxic load limit owing to the protectiveness of SIP. At a
building, CRF = 1 if the reduction in toxic load owing to SIP is sufficient for all
occupants in the building to avoid the adverse health effects. If the reduction in toxic load
is insufficient and all occupants in the building would still accumulate toxic load that
exceeds the limit, then CRF = 0. In contrast to the TLRF, the community-scale CRF
depends on the severity of the release. In the event of a release that is just large enough
to generate potential adverse health effects for an unsheltered population, CRF can be
quite high because the reduction in toxic load owing to the protective effect of sheltering
may be sufficient for most occupants to avoid adverse health consequences. Conversely,
if the release is very large such that the toxic load limit is exceeded outdoors by a large
factor, then CRF will tend to be lower because few buildings can ensure a safe indoor

toxic load. In minor releases, CRF can be undefined because the denominator in Egn 2.9
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is zero. This can occur when no one in the community is expected to exceed the TLL
even if all were exposed to the outdoor concentrations for the entire release event. All the
scenarios modeled in this work are expected to generate potential adverse health effects
in an unsheltered population, thus the effectiveness of SIP can be meaningfully measured

in terms of CRF.

2.3 Model Parameter Selection

Table 2.1 lists the various parameter values modeled for evaluating TLRF and CRF. The
goal of this analysis is to explore the dependence of SIP effectiveness on these potentially

important factors. Parameter values were selected to vary within realistic ranges.

The severity of damage from an acute release depends on the nature of the chemical,
especially its toxicity, and on the amount released. Intuitively, the more toxic the
chemical, the less exposure is needed to generate the same severity of health effect
relative to a chemical that is less toxic. One interpretation of toxicity of a chemical is
therefore the quantity needed to cause certain level of potential health effects in a given
exposure time. Three limits of exposure are modeled: 0.1, 1, and 10 mg/m? at the
duration of 1 h. For m = 1, the corresponding toxic load limits are 0.1, 1, and 10 mg/m*h.
However, there is no fundamental relationship that can relate such exposure limits to the
toxic load limits at higher toxic load exponents. Based on the above definition of toxicity,
it is possible to determine empirically what must the toxic load limits be at the different m

in order for the same amount of chemical being released to cause an equivalent extent of
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adverse health effects under the same conditions. To keep the input model parameters
explicit, however, the toxic load limits at higher toxic load exponents are simply modeled
as (0.1)™, (1)™, and (10)™ (mg/m*)™h respectively. In other words, the selected TLL for m
=2 are 107, 1, and 10? (mg/m®)®h; and for m = 3 are 10°%, 1, and 10° (mg/m?)*-h. With
one exception?, all chemicals reviewed by NRC when finalizing the AEGLs have toxic
load exponents between 1 and 3. Many of the toxic industrial chemicals have toxicity
measured in terms of exposure on the order of 0.1-10 (mg/m°)-h. For example, severe
health effects might occur if a population were exposed for 1 h to methyl isocyanate at

0.16 mg/m?, chlorine at 5.8 mg/m®, or hydrogen sulfide at 38 mg/m®.

The release duration and amount considered are selected to represent a range of events
that are potentially serious or severe. Releases of 0.1 and 10 tonnes over durations of 0.1,
0.5, and 5 h are modeled. Past major accidental chemical releases have occurred at scales
even greater than those modeled here. For example, the 1984 accident in Bhopal, India,
involved the release of 30 tonnes of methyl isocyanate (NRC, 2003). A 1996 train
derailment near Alberton (MT), USA, led to the release of 59 tonnes of Cl, and 64 tonnes

of potassium hydroxide (UNEP, 2005).

The dispersion of the toxic plume was modeled under 3 stability classes, ranging from
moderately unstable (class B) to moderately stable (class E). A stable atmosphere,
typical of nighttime, clear-sky, relatively calm conditions suppresses dispersion.

Atmospheric mixing height tends to be at its lowest under stable conditions, thus

% The one chemical that does not follow this pattern is hydrogen sulfide (H.S), for which
the interim AEGLs imply a toxic load exponent of 4.4.
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increasing the downwind exposure impact of a toxic release. On the other hand, the
heating of the ground during a sunny day promotes vertical mixing, increasing the mixing
height and the rate of vertical dispersion. In between these two cases, a neutral stability
class D is also modeled to represent overcast conditions where the atmosphere is
adiabatic. For each of the stability class, a different set of correlations (see Table 2.2) is

used to estimate the dispersion coefficients s, s, and s, needed by Eqn 2.1.

A few modeling concerns required that the results from the worst-case scenario (10
tonnes release at toxicity of 0.1 mg/m®h) and the least-severe scenario (0.1 tonnes release
at toxicity of 10 mg/m®-h) be removed from the analysis. There are several reasons for
discarding these simulations. First, the dispersion coefficients are developed for a finite
distance only. Outdoor concentration predictions based on the Gaussian plume model are
unreliable at distance less than 0.1 km or far greater than 10 km from the source. Second,
the model equations assume that the meteorological conditions are constant with time.
This assumption may not hold for times much longer than a few hours. At a wind speed
of 3 m/s, the plume cannot travel far beyond a distance of 50 km within this time frame.
Finally, the health assessment assumed that the exposed population density is spatially
uniform. According to the US Office of Management and Budget, large US cities
typically cover land area on the order of a few thousand square miles. This corresponds to
a distance on the order of 50 to 100 km from one end of the city to the other®. After
excluding the scenarios unsuitable for the simple modeling approach used here, the

predicted adverse health effects outdoors extend over distances that range from 0.4 to 40

® Similar estimates of the extent of urban land areas are also obtained by Marshall et al.
(2005) by using 2002 Highway Statistics from the US Department of Transportation.
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km from the release location in the remaining scenarios. The majority of these scenarios

caused adverse health effects up to a distance of a few kilometers outdoors.

The leakiness of residential structures influences the effectiveness of SIP. Analysis of a
US air leakage database (see Chapter 3) indicates order of magnitude variability in the air
tightness among single-family detached houses. Most houses are estimated to have an air-
exchange rate between 0.2 and 2 h™ under typical operating conditions. With windows
and doors shut, and heating/cooling fans turned off, air-exchange rates are expected to be
at the lower end of this range during SIP. On the other hand, high wind speeds and large
indoor-outdoor temperature differences can increase air-exchange rates to higher levels.
In this study, a community of buildings each having the same air-exchange rate that

varied between 0.1 and 5 h™* (see Table 2.1) is modeled.

SIP is an emergency response strategy that should be appropriately terminated after the
release event. The decision of when to terminate SIP needs to balance the risk of being
exposed to lingering toxics that have not yet dispersed from outdoor air versus the risk of
prolonging exposure to residual contamination indoors. This decision also needs to take
into account the variability and spatial distribution in a community of houses. However,
as will be illustrated in the following discussion and subsequent chapters, termination
time only significantly influences SIP effectiveness under certain conditions. In this
analysis, the earliest that SIP can be safely terminated is set at the time when additional
casualties outdoors are no longer expected. The effects of delaying SIP termination by

0.5, 1, and 3 h beyond this specific point in time are investigated.
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2.4 Results and Discussion

2.4.1 Hlustrative Example

For a release whose duration is short relative to the time constant associated with
residential air-exchange, the peak indoor concentration is only a fraction of the peak
outdoor concentration (Figure 2.1). After the plume has passed, the indoor concentration
declines as controlled by the air-exchange rate. Using these outdoor and indoor
concentration predictions, the outdoor and indoor toxic loads are computed at each grid
cell. Figure 2.2 shows the predicted toxic loads at a downwind location for a specific
release. When m = 1, there is ultimately no benefit of persistent sheltering in place with
respect to a conserved pollutant. The reduced peak concentration indoors is compensated
by much longer exposure to residual indoor contamination after the plume has passed,
such that the ultimate time-integrated exposure (Figure 2.2, upper left frame) is the same
indoors or outdoors. When m = 2 or 3, however, the predicted indoor toxic load is

significantly lower than the outdoor levels at all air-exchange rates modeled.

Assuming that the entire population maintains SIP from the onset of the event (t = 0)
until the end of the simulation, Figure 2.3 shows the resulting toxic-load reduction factor
(TLRF) and the casualty reduction factor (CRF) for the exposed community in that same
release. Initially, the CRF is close to 1 (indicating a high degree of SIP effectiveness)
because concentrations indoors increase much more slowly than they do outdoors. Early
in the event, the number of people in a sheltered population that exceeds the TLL is much

smaller than it would be if the population did not take shelter. As the release progresses
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and the contaminant continues to infiltrate indoors, the CRF decreases because more
people are exposed to levels high enough to potentially cause adverse health effects, even
among those who shelter in place. For the case m = 1, the CRF decreases markedly as
time increases. This is a consequence of the persistent accumulation of an indoor dose in
the event that SIP is not terminated quickly after the plume has passed. However, when m
= 2 or 3, most of the potential health effects for a sheltered population occur as a
consequence of peak exposures early in the event. In such cases, the casualty reduction

factor remains at least moderately high, even if SIP is not promptly terminated.

The dashed lines in Figure 2.3 show the TLRF for the exposed population. Since the
outdoor concentration predicted by the Gaussian model as a function of time resembles a
square wave* in the most heavily exposed area, the TLRF in Figure 2.3 is well predicted
by Eqgn 2.10, which describes the TLRF for a building having an fixed exchange rate Q/V

(h™) under a constant outdoor concentration C, for T, (h) duration:

t _Q
Col—e/"t dt
! for t£T,
%
TLRF* (1) = _ . Y ;
r Q Q
(:01-e/Vt dt + Col—e/VT’ e V't
0 g for t>T

Egn 2.10
In the case of m = 1, the estimated TLRF is very close to the estimated CRF. However,

there are significant differences between CRF and TLRF at higher values of the toxic

4 Outdoor concentration sustains at a constant level for a duration of time, and declines
quickly to zero after the plume has passed. See Figure 2.1.
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load exponent. Even though SIP can reduce the ultimate toxic load for the exposed
population by 89% (m = 2) and 98% (m = 3) for the 0.5-h release, some of these dosage
reductions do not reduce the number of people with toxic load that exceeds the limits.
Instead, for the particular parameters simulated in this case, SIP is expected to reduce
potential casualties by 68% (m = 2), or 76% (m = 3). The difference is attributable to the
fact that some population is exposed to such high outdoor concentration that even with
significant reduction in toxic load by SIP, adverse health effects cannot be avoided.

Consequently, SIP effectiveness as measured by CRF is lower than the TLRF.

The values of CRF and TLRF predicted here are specific to the release scenario modeled.
Changing some of the model parameters might shift the curves presented in Figure 2.3.
The discussion to follow will provide a broader look at the different parameters that can

affect SIP effectiveness, both in terms of CRF and TLRF.

2.4.2 The Effect of Toxic Load Exponent

Both TLRF and CRF are strongly influenced by the toxic load exponent of the chemical.
For a nonreactive contaminant, when the toxic load exponent equals one, the health
effects for a population exposed indoors eventually reaches the same value as that for a
population exposed outdoors, regardless of the outdoor concentration time profile. On the
other hand, removal mechanisms such as filtration and sorption to indoor surfaces are

likely to reduce the time-integrated concentration indoors with respect to the outdoors.
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The equality of indoor and outdoor integrated exposures for nonreactive contaminants is
true only if the building air-exchange rate remains constant. If the air-exchange rate is
lower while the plume is passing and higher afterwards, then the time-integrated
exposure is lower for SIP than if outdoors. This condition can be beneficially exploited
by effective termination of SIP after the event. Conversely, if the air-exchange rate is
higher for some reason during plume passage than afterwards, the overall exposure can
be higher indoors than the outdoors. Residential air-exchange rates can be influenced by
meteorology (higher values occurring with larger temperature differences and higher
wind speeds) and by the tightness of the building envelope. Opening doors and windows,
and operating exhaust fans or the forced-air heating or cooling system can also
significantly increase residential air-exchange rates (Wallace et al., 2002; Johnson et al.,

2004).

When the toxic load exponent exceeds 1, there can be significant benefit of staying
indoors in case of an outdoor release owing to the reduction in peak exposure
concentrations. Unlike the case for m = 1, this benefit does not continue to diminish with
time once the peak concentrations have passed. Furthermore, the exponent m amplifies
the significance of the difference between peak outdoor and peak indoor concentrations.
As aresult, SIP is relatively more effective in protecting the exposed population for m =
2, and for m = 3, than for m = 1. The difference in CRF when the toxic load exponent
changes from 1 to 2 is much larger than when the toxic load exponent changes from 2 to
3. This diminishing effect on the CRF is expected as the toxic load exponent continues to

increase.
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In further analyses presented in this chapter, instead of evaluating TLRF and CRF as
functions of time as the release progresses, they are evaluated at specific times. For m

2, both TLRF and CRF cease to decrease within a few hours after the release has stopped.
But for m = 1, both TLRF and CRF always approach zero as time increases, given the
analysis approach and assumptions (constant air-exchange rate, nonreactive chemical)
used in this analysis. In other words, SIP effectiveness depends more strongly on the
termination time when m = 1 than when m = 2 or 3. Figures 2.4 and 2.5 show the
dependence of SIP effectiveness on air-exchange rate, release duration, release amount,
chemical toxicity, and stability class, for the cases of m = 2 and 3 respectively. The TLRF
and CRF are evaluated sufficiently long after the release has stopped such that their

values no longer change with time.

2.4.3 The Effect of System Time Scales

The release duration and the reciprocal of the building air-exchange rate are the time
scales that determine SIP effectiveness. The higher the air-exchange rate, the faster the
toxic materials will penetrate indoors, and the higher the ratio of peak indoor to outdoor
concentrations. In terms of time-averaged indoor exposures, the higher rate of
accumulation of toxic materials is ultimately balanced by the higher rate of removal of
the toxic materials after the outdoor plume has passed. But in terms of toxic load, the
adverse health effects caused by high indoor concentrations during the accumulation
period dominate when m > 1. As a result, SIP effectiveness decreases with increasing air-

exchange rates for many contaminants. The duration of a release dictates the length of
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time during which indoor concentration rises. The longer this accumulation period, the
closer the peak indoor concentrations will match those in outdoor air. Thus SIP

effectiveness decreases with increasing duration of release.

When the outdoor concentration is constant for a period T,, and the air-exchange rate Q/V
is also constant, the ratio of the indoor to outdoor toxic load is governed by a
dimensionless parameter equal to their product:

x=QIV (h?) - T¢ (h)
Eqn 2.11

This dependence can be easily demonstrated by evaluating the integral of TLRF  in Eqn
2.10 for the case when T >> T,. As shown in Figures 2.4 and 2.5, the predicted toxic load
reduction factor (TLRF) is also well characterized in terms of x, regardless of other
factors. However, this simple scaling does not generally apply to the casualty reduction
factor (CRF), which is also influenced by release scale relative to the toxicity. In extreme
catastrophes, e.g. a large release of highly toxic materials under a stable atmospheric
condition, SIP may not protect against adverse health consequences even in cases where
the release duration is short. Furthermore, air-exchange rate and release duration can no
longer compensate for one another as in a case when the release is less severe. Instead,
air-exchange rates become exceedingly important to ensure SIP effectiveness in large-

scale releases.

In the US, residential air leakage varies by approximately a factor of 10 from the leakiest
5% of the houses to the tightest 5% (see Chapter 3). This variation translates into

substantial variability in the SIP effectiveness among residences in a community. Taking
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steps to reduce air leakage in the building stock can therefore significantly improve SIP

effectiveness.

2.4.4 The Effect of Release Scale

Severity of the release is largely dictated by the ratio between the amount of toxic
material released and the toxicity of the material. As expected, the predictions show that
the extent of adverse health effects caused by a release is determined by the ratio between
the amount released and the toxicity (TLL), given that other parameters are unchanged.
This result is a consequence of the linearity of the Gaussian plume model (Egn 2.1)
relating concentrations to the amount released. For example, SIP effectiveness caused by
the release of 0.1 tonnes of a chemical with a TLL of 0.1° (mg/m®)?h is the same as that
caused by the release of 10 tonnes with a TLL of 10? (mg/m®)*-h (compare rows 2 and 3

in Figure 2.4).

Stability class also affects the severity of the release, as it determines the rate at which the
plume disperses. The damage caused under stable atmospheric conditions can be much
higher than if under unstable conditions, which promote more rapid dispersion. The
sensitivity of CRF with respect to release amount to toxicity ratio is maximized under
stable conditions and particularly for leaky buildings and short release durations (Figures
2.4 and 2.5). On the other hand, TLRF is largely unaffected by release scale or stability
class. This means that while SIP effectiveness on a community level is affected by these

two factors, SIP effectiveness on an individual building level is not. Nonetheless, the
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dependence of CRF on both the scale of the release and the stability class is limited
unless the release scale is extremely large or small. This is indicated in Figure 2.6 where
the predicted CRF and TLRF are plotted as function of the release amount for a selected
set of release conditions. Between the scales of 10 kg to 10 tonnes being released over the
same duration (0.5 h), the predicted CRF remains essentially unchanged. The adverse
health effects predicted in these simulations are evaluated at a fixed toxic load limit that
is roughly comparable to the level of chlorine exposure that causes severe health effects.
For a release of a chemical with a different toxicity and under a different stability class,

the range over which CRF remains insensitive to the release amount would vary.

To summarize for a given toxic load exponent, SIP effectiveness measured by TLRF is
only substantially affected by the release duration T, and air-exchange rate Q/V of a
building. The smaller the product is of these two parameters (x), the higher the TLRF.
However, the severity of the release can also affect CRF, such as when the scale of the
release is very large, or when the release occurs under stable atmospheric conditions. The
larger the release extent or the more stable the atmosphere is, the less effective is SIP. But
for most other conditions, the dependence of SIP effectiveness on release scale is weak,
relative to other factors that affect time scales of the event, namely the release duration
and air-exchange rates of buildings. The toxic load exponent affects both TLRF and CRF
in a similar manner. The analysis so far has only considered cases where the dose-
response curve is nonlinear with m > 1. In the next section, release of chemicals with a
linear dose-response relationship (m = 1) is examined, in which SIP effectiveness is much

more sensitive to termination time.
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2.4.5 Terminating Shelter-in-Place

After the outdoor plume has dispersed, people should exit or deliberately ventilate their
shelters to minimize exposure to indoor residual contamination. Theoretically, the
optimal time to terminate SIP is when the indoor concentration reliably exceeds the
outdoor concentration. However, this optimal time will vary among buildings in an
exposed community. For example, once SIP is initiated, buildings that are located closer
to the release source should terminate SIP sooner than those further downwind because
the outdoor plume will leave the nearby area at an earlier time. Furthermore, owing to
the stochastic nature of plume transport and dispersion not captured by the Gaussian
model, the precise optimal time is practically unpredictable. Model predictions of indoor
and outdoor concentrations possess significant uncertainties, and the risk of terminating
SIP too early might be much worse than the penalty of terminating SIP too late. For
example, exposure to a puff of concentrated toxic materials that lingers outdoors because
of complex topography (e.g., in an urban street canyon) could cause more harm than
some increased duration of exposure to the lower contaminant concentrations indoors.
The optimal time to terminate SIP should be based on minimizing adverse health risks to
the exposed population, taking into account uncertainty, rather than minimizing exposure.
Further practical considerations, such as the time it takes to inform the exposed
population and for them to take action, will also affect practical strategies for SIP

termination.

In this exploratory analysis, the optimal SIP termination time is defined as when
additional potential adverse health effects are no longer predicted for outdoor exposure.
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This is a simple and reasonable basis for assessing the importance of termination delay on
SIP effectiveness. Table 2.3 shows the time when SIP termination should occur after the
release has stopped, according to above termination condition. In this treatment, optimal
SIP termination time depends on how long the plume takes to disperse and be diluted to
concentrations that will no longer cause adverse health effects outdoors. The smaller the
release, or the more unstable the atmosphere, the sooner SIP should be terminated. On the
other hand, larger releases under stable atmospheric conditions can cause more extensive
damage as the contamination is advected downwind. Therefore SIP would need to be
maintained for a longer duration in such cases. Among the scenarios modeled, the length
of time adverse health effects continue to occur after the release has stopped varies from
a few minutes to many hours. These time estimates also depend slightly on the release

duration, as indicated by the range of values presented in Table 2.3.

By definition, outdoor exposure no longer causes additional adverse health effects when
SIP is terminated at or after the times listed in Table 2.3. It is also assumed that when the
community terminates SIP, no additional adverse health effects are expected owing to
exposure indoors. It would be possible to achieve this result if residents were to step
outside from their shelters, or if they could quickly ventilate their shelters to remove the
residual contaminants that linger indoors. In reality, both of these actions might take
some time to accomplish. Some community members might also refuse to follow the
termination advice, or might not be aware of the advice. Consequently, the assumption
that there is no additional adverse health effects both outdoors and indoors the moment

SIP termination is invoked might be somewhat unrealistic. To address these concerns
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would require an understanding of human reaction and response time in emergencies, an

issue that lies beyond the scope of this chapter.

The CRF is recalculated at the instant SIP is terminated according to the times listed in
Table 2.3. The denominator in Egn 2.9 remains unchanged regardless of the termination
time, as the final estimates of the populated being exposed to levels exceeding the TLL
has already been reached by the time SIP is terminated. Only the numerator in Eqn 2.9 is
affected by the SIP termination time. The highest CRF values are achieved when SIP is
promptly terminated according to the times listed in Table 2.3. As SIP termination is
delayed, the indoor exposure of the community would continue to accumulate from
breathing the residual chemicals left indoors, thus the CRF would decrease. Figure 2.7

shows the sensitivity of CRF to this time delay for a subset of the scenarios modeled.

The significance of punctual SIP termination for preserving SIP effectiveness can be
interpreted by how rapidly the CRF decreases with increasing termination delay. Punctual
SIP termination is much more important for m = 1 than for m = 2, across all modeled
scenarios. As shown in Figure 2.3, most of the adverse health effects are realized soon
after the release onset when the toxic load exponent is m = 2 or 3. Consequently, there is
very little loss in SIP effectiveness (< 20% in terms of CRF) by staying indoors for
longer than needed. However, when m = 1, SIP can rapidly lose its effectiveness if

termination does not occur within a few hours after the release has ended.
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Figure 2.7 shows that the importance of punctual SIP termination varies with the building
air-exchange rate and the release duration for the case of m = 1. Buildings with lower air-
exchange rates are most effective in restricting infiltration of toxic materials. For
relatively airtight buildings, SIP effectiveness decreases more gradually than in buildings
with higher air-exchange rates. Conversely, SIP effectiveness among buildings with high
air-exchange rates decreases rapidly with termination delay. However, because buildings
with high air-exchange rates are relatively ineffective shelters anyway, this decrease in
effectiveness does not appear to be as important as for buildings with moderate air-
exchange rates, such as in the range of 0.5 to 1 h™%. Incidentally, this range includes the
air-exchange rates most typically found in residences in the US, which means that SIP
termination time is potentially an important issue for nonreactive toxic materials that
have a toxic load exponent close to 1. The dependence of SIP effectiveness on
termination time is especially important when the release duration is on the order of an
hour or less. As release duration lengthens, termination time becomes less significant
because by the time the outdoor concentrations decline, indoor concentrations have
already risen to values close to outdoor levels even among buildings with moderate air-

exchange rates.

Figure 2.8 shows the SIP effectiveness for the case of m = 1 under the various release
scenarios. The CRFs are evaluated at 0.5, 1, and 3 h from the time when additional health
effects are no longer expected outdoors (see Table 2.3). The sensitivity of SIP
effectiveness to termination time can be interpreted as the vertical distance between the

CRFs evaluated at the different termination time. The further apart these three points are
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in a given release scenario, the more important it is for the community to quickly
terminate SIP when it is safe to do so. For relatively short releases (duration lasting 0.5 h
and less), a 3-h delay in SIP termination time can cause a reduction by 2- to 3- in CRF
for buildings with air-exchange rates typical of residential buildings in the US. The
reduction in CRF by delaying termination from 0.5 h to 1 h is roughly the same as from 1
h to 3 h, meaning that the incremental importance of SIP termination slowly diminishes
with time. This sharp initial decrease in SIP effectiveness shortly after it is safe to exit
from the shelters will pose a challenge in taking full advantage of the benefit of punctual

termination in practice.

Cross comparison of CRF resulting from simulations that used different toxic load
exponents shows that even with punctual termination, SIP effectiveness when m =1 is
lower than in the case when m = 2 or 3. The differences are greatest for leaky buildings
and for short release durations. Unlike the cases when m = 2 or 3, a reduction in peak
indoor concentrations no longer translates into substantial protection when m = 1. In
addition, exposure to the residual indoor contaminants after the plume has passed greatly
lowers SIP effectiveness. Consequently, achieving low air-exchange rates in buildings
becomes even more important in ensuring SIP effectiveness when m = 1. This explains
why short release duration no longer compensates for the loss in effectiveness from high

air-exchange rates, as in the cases when m =2 or 3.
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2.5 Conclusions

Two community-scale metrics for assessing SIP effectiveness are proposed to quantify
the dependence of SIP effectiveness on release quantity, duration, meteorology, toxicity,
and leakage properties of the shelters. Using well-established models and reasonable
parameters, results show that changes in the release amount, meteorology, or toxicity can
affect SIP effectiveness. The product of release duration and air-exchange rate also
affects SIP effectiveness substantially. The toxic load exponent, a parameter that
characterizes the exposure-response relationship, determines the significance of
termination time for determining SIP effectiveness. Only for cases in which the dose-
response relationship is nearly linear (m ~ 1) is prompt termination critical. Otherwise
(i.e., when m = 2 or 3), the strategy can be simplified to take shelter until the outdoor

level is undoubtedly safe enough to exit.

When a release occurs, few of the parameters considered in this analysis are subject to
control. An exception is the air-exchange rates of buildings, which can be minimized by
closing doors and windows, and by shutting off heating/cooling and exhaust fans. There
can be considerable variability and uncertainty among the influencing parameters. The
analyses presented here provide insight into the relative importance among these
parameters on SIP effectiveness. The results support a view that variability in air-
exchange rates among buildings should be carefully considered when evaluating SIP
protectiveness for a release condition. Other parameters not modeled, such as pollutant
dynamics in outdoor air (e.g. photochemical reactions) and indoor air (e.g. sorption on

indoor surfaces), can also affect SIP effectiveness, including optimal SIP termination
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time. Since the former affects the scale of the release, and the latter affects the time scale
of SIP, the latter is expected to be more important in affecting SIP effectiveness. Delay in
SIP initiation can also affect the results presented here. SIP effectiveness can be
diminished dramatically if toxic chemicals have already entered a building before it is
closed. Further analyses are warranted to consider the importance of these factors

affecting the overall SIP effectiveness in a community.
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2.7 Tables

Table 2.1 List of model parameters.

Model Parameter Model Values
Release Characteristics ~ Release Duration (h) 01 05 5

Release Amount (kg) 102 10
Chemical Toxicity Toxic Load Limit [(mg/m®h] 01 1 10

Toxic Load Exponent (-) 1 2 3
Meteorology Stability Class (-) B (unstable, 3 m/s wind)

D (neutral, 6 m/s wind)
E (stable, 3 m/s wind)

SIP Strategy Air-Exchange Rate (h™) 01 02 05 1 5
Termination Time (h) 05 1 3 Inf.

Table 2.2 Correlations for s, s, and s, based on Pasquill-Gifford stability class used in
Gaussian plume dispersion modeling (Seinfeld and Pandis, 1998).

Stability Class

Unstable Neutral Stable
(Class B) (Class D) (Class E)
Cross-wind dispersion:
Sc(¥) = exp[ly + J, (In x) + Ky (In x)’]
ly -1.634 -2.555 -2.754
Jy 1.0350 1.0423 1.0106
Ky -0.0096 -0.0087 -0.0064
Vertical dispersion:
S (X) = exp[l; + J; (Inx) + K, (In X)z]
I, -1.999 -3.186 -3.783
J; 0.8752 1.1737 1.3010
K, 0.0136 -0.0316 -0.0450
Along-wind dispersion
h+050g, " "
s(x)= st+009 [ >0S P

h+0.17g, h+05g,
where h (m) is the release height

D 0.28 0.37 0.47

" Formula for the along-wind dispersion coefficient approximation is obtained from the
analysis by Wilson (1981). The wind profile power-law exponent p listed above refers to
the case when the roughness height is 1 m (Irwin, 1979).
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Table 2.3 Time when SIP should be terminated” after the end of the release.

SIP Termination Time after
Release has Stopped (h)

Release Toxicity Toxic Unstable Neutral Stable
Amount Load (Class B) (Class D) (Class E)
Exponent
10° (kg) 1 m=1 0.07 0.07 0.3-0.4
(mg/m*h m=2 0.03-0.1 0.03-0.1 0.1-05
m=3 0.03-0.1 0.03-0.1 01-04
0.1 m=1 0.2 0.2 15-1.8
(mg/m®h m=2 0.1-03 0.1-04 07-16
m=3 0.1-0.3 0.1-04 05-15
10 (kg) 1 m=1 0.6 1.0-11 14-15
(mg/m*h m=2 0.4-0.8 05-1.3 4.8-6.8
m=3 0.3-0.8 14-13 3.2-5.5

*The condition for termination is when adverse health effects are no longer predicted for
outdoor exposure. The range of values included results from 3 release durations: 0.1,
0.5,and 5.0 h.
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2.8 Figures
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Figure 2.1 Predicted outdoor and indoor concentrations at different downwind locations
from the release source. Three simulations are modeled under different stability classes,
but the release duration (0.5-h) and amount (0.1 tonnes) are the same.
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Figure 2.2 Predicted toxic loads at 0.5 km downwind from the release source if one were
exposed to the outdoor and indoor contaminant levels. Toxic loads are evaluated at three
toxic load exponents m = 1, 2, and 3 (Egn 2.6). The results shown here are for the same
0.1 tonnes release over a duration of 0.5-h modeled under neutral atmospheric stability
(class D) as shown in Figure 2.1 (middle left plot). The indoor toxic loads are evaluated
using indoor concentrations predicted at three air-exchange rates: 0.2, 0.5, and 1 h™.
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Figure 2.3 Community-based SIP effectiveness measured in terms of casualty reduction
factor (CRF, left column) and toxic load reduction factor (TLRF, right column) as the
0.5-h release progresses in time. The 0.1 tonnes release is modeled under stability class D
(same conditions as in Figure 2.2). The toxic load limits used to evaluate the CRF are 0.1
(mg/m®)-h, 0.1% (mg/m*)%h, and 0.1 (mg/m®)*h for m = 1, 2, and 3 respectively.
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Figure 2.4 SIP effectiveness measured in terms@iiaty reduction factor (CRF, open
symbols and solid lines) and toxic load reductiactdr (TLRF, solid diamond symbol

and dashed line) as a functionxgfwhich is a dimensionless number defined by the
product of air-exchange ra@V (h%) and release duratioh (h). Results from 15 runs (3
release durations with indoor concentrations evatuat 5 air-exchange rates) are
presented for simulations at 3 stability classetufons) and 4 sets of release amount and
toxicity (rows). All simulations are evaluated akic load exponenin = 2.
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