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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.



Table of Contents

ADSTTACT ... 1
TaADIE OF CONTENTS......eiiiieiieeiee ettt et sb e e beeneesbeebe s i
LISE OF TADIES ... ettt b e sr e vi
(IS A0} T U= SRS X
ACKNOWIBAGEMENTS.......eeiciieii ettt e et e e e sreesteeneesneenee s XXI
1 INEFOTUCTION ...ttt ettt bbbttt n s 1
IO = - Uod (o | £ o USSR 1
1.2 Current State Of KNOWIEAQE .....ocveiiiiiiieeceseee e 3
1.3 Overview Of the RESEAICN .........ooiiiiii e 6
1.4 OQutline of the Dissertation CONENES.........cccoriririerinirieee s 7
1.5 RETEIBINCES.....otiitiieictieeee ettt bbb 10

2 Exploring the Effectiveness of Shelter-in-Place..........c.ccccovviiiiniiiii e 13
P20 A [ o (oo [0 Tod 1 o] o USSR 13
2.2 IMELNOAS ... e 14
2.2.1 Outdoor and INdoor CONCENLIALIONS. ........cueiireririeieie e 15
2.2.2  HEalth EFFECES.....c.eiiieeieeee et 18
2.2.3 Measures of Shelter-in-Place Effectiveness..........ccccovvveeniniiiinnenienienien, 20

2.3 Model Parameter SEIECTION.........cccviiiiiieii i 23
2.4 ReSUIES and DISCUSSION .....ueiviiiiiiieiieieiie ittt bbb 27
2.4.1  Hlustrative EXAmMPIe .....ccooiiiiie e 27
2.4.2 The Effect of Toxic Load EXPONENL ..........ccceeviiiiiiiniienieniee e 29
2.4.3 The Effect of System Time SCalesS........cccccoiiriiiiiiiinieresee e, 31
2.4.4 The Effect of Release Scale ... 33
2.4.5 Terminating Shelter-in-Place ..........ccccooviieiieii i, 35

2.5 CONCIUSIONS. ..ottt ettt bbbt sre et anes 40
2.6 RETEIBINCES. ...ttt st a et n e bt anes 42
2.7 TABIES ..ot 44
A T 1o U 1SR 46



3 Air Infiltration Rates of Residential BUildingsS ...........cccocveriiieiiieiecieseess e 54

3L INEFOUUCTION ...ttt bbbttt 54
3.2 Analysis of US Residential Air Leakage Database ..........cccccooveiienienininieenienn 56
3.2.1 Measurements Of Air LEaKAGe .......covvrvrreriieieiie et 57
3.2.2 Exploratory Analysis Of Dataset..........ccccccevvereiieeieerie e, 60
3.2.2.1 Data ColECLION .....ovieeiiciieee e 60
3.2.2.2  Data PrOCESSING.....ceueiteeitieiiaiiesieesiesiee et siee sttt sie e sre e neesne e 60
3.2.2.3  Data SUMMEAIY ....ccueiiiiiiiiiiieee ettt 61
3.2.3  ANalysiS and DISCUSSION ......cc.eeueiieerieaieseesieaiesseesieeseesseesseessesseesseessesseesseens 64
3.2.3.1 Categorical APProaCch ........cccceiveiiiieieese e 64
3.2.3.2 Multivariate Regression APProach ..........ccccceveveniieniieneniesneene e, 66
3.2.3.3  Data AQQregation ........cccieiuiiiriieie et 71
.24 SUMMIAIY ..ttt ettt ettt ettt ettt e sttt e st e e snb e e sbbe e e nbneeenbbeeabeeeas 75
3.3 AIrINfiltration MOl .........ooiiiiiiiiiee e 76
3.3.1 LBL Infiltration Model ..........ccoooiiiiiiiieee e 77
3.3.1.1 WINA EFFECE....ceeiiiee e 78
3.3.1.2  StACK EFFECT....ccieieiiieesie e 80
3.3.1.3 Combined Air Infiltration Rate...........ccoceviriiriiiiiere e, 83
3.3.1.4 Model Comparison with Measurements ..........ccoceeeereerenienneereesenneenns 85

3.4 Air Infiltration Rate PrediCtions .........cccocvieiiiieiieiieee e e 87
3.4.1 Albuquerque, NM — A Case StUAY ......ccccceereeiiiiieieerie e, 87
3.4.2 Housing Characteristics — Census-Tract Based Approach ...........ccccccvenen. 90
3.4.2.1 Year BUilt DIStriDULION ........ccovviiiiiiiisie e 91
3.4.2.2  Floor Area DistribDULION..........ccoooviiiiiiiiii e 94
3.4.2.3 Joint Distribution of Year Built and Floor Area...........c.ccoovvviiviiininnnen, 97
3.4.2.4 Normalized Air Leakage Distribution .............ccccoeveiieiiienncic e 100
3.4.3 LBL Infiltration Model Input Parameters..........cccoocovviviiinnienieninncee e 102
3.4.4 Results and DISCUSSION ........ccueiiiriirieiienienie et 103
3.4.5 Air-Exchange Rates under Normal Operating Conditions ..............cccue..... 106
3.5 CONCIUSIONS. ...ttt bbbt 110
3.6 RETEIBINCES. ...ttt naenneas 113



T T AL e —— 118

IR I o [0 0 1 OSSPSR 125
Assessing Shelter-in-Place Effectiveness in a Residential Community ................... 151
g 101 (oo [F s { (o] o OSSP OPTU SRR 151
4.2 IMEINOUS ..ottt 153
4.2.1 Albuquerque, NM — A Case StUAY .....cccveveeieiieir e 153
4.2.2  Sorption and Decomposition on INdoor Surfaces.........cccooeveeivninieenienne, 157
4.2.2.1 Model FOrmulation ..........ccocevieiiiniieiesereeie e s 158
4.2.2.2 EXperimental Data ..........cccccevvereiieiieic e 162
4.2.2.3 Implications for Indoor Concentrations...........ccccceveerveseervsreesveseennns 166
4.2.3  Shelter-in-Place ReSPONSE TIME .......covveiirieiieie e e 171
4.2.4  Summary of Model Parameters ..........cocoveeeiieiinie e 179
4.3 ReSUIS and DISCUSSION .....cveviiiiiiiiiieiieieie ettt 181
4.3.1 Effects of Air Leakage Variability Among Residences.........c...ccccccevvenenne. 185
4.3.2 Effects of Sorption on INAOOr SUMACES..........ccceeiiiiiiieienese e 187
4.3.3 Effects of Shelter-in-Place Initiation Delay ..........c.cccoovviniiiiiiiicieeee 189
4.3.4 Model LIMItatioNS........ccoiiiiiieiiieie i 195
A4 CONCIUSIONS. ...ttt bbbttt bbbt e e 199
A5 RETEIBNCES. .. coitiiii ettt e e nbe e nneas 203
A6 TADIES ..ot nneas 207
A7 FIQUIES oottt e et et e e e s te e st e e se e ae e e e sneenteaneeaneenneanaenneas 216
Air Infiltration and Ventilation in Commercial Buildings.........c.ccccoecvvivviveieiiennenn, 237
5.1 INEFOAUCTION.....ciitieiiiiesiee ettt sttt re e sae e nreas 237
5.2 Analysis of the Commercial Building Air Leakage Database............cccccceouenee. 239
5.2.1 Data DESCIIPLION ...c.vveieieeiieee i ste e e e sra et neesneeneeneas 239
5.2.2  EXPIoratory ANAIYSIS ......ccveueiieieiieseesie e ese e sie e 243
5.2.3 Regression ANAIYSIS.......ccciiiiiiiiiiiieiieie e 246
5.2.4 Regression Model ASSESSMENT ........c.oiieiiiiriieiesee e 250
5.3 Air Infiltration Model of Large BUildingS .........ccccceevieiieniiie e 251
5.3.1 Driving Forces for Air Infiltration .............cccovveveiieiiicic e 251
5.3.2 Shaw-Tamura Infiltration Model ... 253



B5.3.2.1  SHACK ETTOCT ... oot e e e e e 253

5.3.2.2  WINA EFfEC.....ciiiiiieiceceees e 255
5.3.2.3 Combined Stack and Wind EffeCtS...........ccoocerviiennennnieicce e 258
5.3.3 Air Infiltration Model Parameters and Uncertainties............cccccooeeerveruennenn 261
5.3.3.1 Neutral Pressure Level and Thermal Draft Coefficient.............c........ 262
5.3.3.2 Wind Angle Correction Factor and Wind-Pressure Coefficient.......... 262

5.4  Air Infiltration Model Predictions and Measurements ............ccoocevevereenesennens 265

5.4.1 Model Comparisons against Existing Air Infiltration Rate Measurements 265

5.4.1.1 Office Building Measurements...........ccccevveruerieereereseeseeseseesneneeens 265
5.4.1.2 Small Commercial BUildingS.........cccocvivimiiiiiiiiieere e 271
5.4.2 Air Infiltration Rate Distribution of the US Commercial Building Stock.. 274
5.4.2.1 Characteristics of US Commercial Buildings.........ccccocovvviiininiinnnne. 276
5.4.2.2 Modeling of Air Infiltration Rates of US Commercial Buildings ....... 279
5.4.2.3 Implications for Shelter-in-Place in Commercial Buildings................ 283

5.5 CONCIUSIONS. ..ottt et sbe e sae e nneas 286
5.6 RETBIBNCES....cuiiiiieieeee ettt na e e nneas 289
5.7 TABIES .. e 294
5.8 FIQUIES cooeieie ettt ettt et e r et e et e e na e te e teeneeene e aeeneennes 301
6 Shelter-in-Place Effectiveness in Commercial Buildings...........cccoovviiinnniinnnn, 325
6.1 INEFOAUCTION.....eiitieiiiie ettt sae e nneas 325
6.2 Description of the Case StUAY ........ccocvveiieieiiii e 326
6.3 Commercial Building Characteristics in Oklahoma City ........c.cccceevvevviiiennn, 329
6.3.1 Description of BUIAINGS ........c.cooviiiiiiiieiiiie e 329
6.3.2 Identifying Commercial Buildings by Floor Area Distribution.................. 331
6.3.3 Building OccupanCy EStIMALES ..........cccveiviierieiesiesiese e 334
6.3.4 Grouping Small Commercial Buildings to Reduce Model Runs................ 339
6.4  MOdeling APPrOACH ....ccueiiiie e e 343
6.4.1 Distributions of Air Infiltration Rate ..........cccoceveiiiiiiiiie e, 345
6.4.2 Distributions of Indoor ConCentrations ...........c.ccevevereneninieniseseeeees 348
6.4.3 Adverse Health Effects from EXPOSUIE .........ccccoveiverieresieeseerie e e eee e 348
6.5 ReSUItS and DISCUSSION ......ccuiiuiiiiiiiiiiesiee ettt sneas 350



6.5.1 Air Infiltration Rate PrediCtions.........cccveeeeeeeeeeeeeeeeeeee e, 350

6.5.2 Indoor Concentration PrediCtions ............ccooivvrininiinienese s 352
6.5.3 Shelter-in-Place Characteristics of Commercial Buildings .............cccoc..... 355
6.5.4 Normal Operating CoNditiONS..........cooieiiiiriieiesie e 359
6.5.5 Sorption to INAOOr SUMACES ........cceeieiieieeie e 361
6.5.6 Shelter-in-Place Initiation Time Delay ..........cccoccvvveiieiesiesieee e 363
B.5.7  SUMMAIY ...ttt ettt ettt e b e e sneeene e 365
6.6 Model Evaluation and LImitations .........cccccoeeeiinieninnienesee e 366
6.6.1 Air Leakage Characterization of Commercial Buildings...........c.cccccvevuenen. 368
6.6.2 Air Infiltration Rate PrediCtions..........cocoveiiiiiiniiieieesc e 369
6.6.3 Indoor Concentration PrediCtions ..........cccoveriereninnieiesee e 372
6.6.4 EXPOSUIE ASSESSIMENT......ciuiiieieiieieiie e riee sttt be e see e e 376
6.7 CONCIUSIONS. .....oiuiiiiiieie ittt bbbt 377
6.8 RETEIEINCES ... oot 380
6.9 TADIES ..o e 383
B.10  FIQUIES «.eeeeeieieeitieie ettt sttt b et et e e tesneesbeenbeeneenneas 389
Summary and CONCIUSIONS ......ccveiieiieie e 421
7.1 SUMMANY OF RESUITS....ccueeiiiiieiic e 421
7.1.1 Community-Based Modeling of Shelter-in-Place.............cccoocevvnnnvninnen. 422
7.1.2 Key Factors Affecting Shelter-in-Place Effectiveness .........ccccccoovvveienen. 423
7.2 Recommendations for Future ReSEarch.........ccccoovvvviereiinencseneceseee e 428
7.2.1 Model REFINEMENTS........oiiiiiiiiieicee s 428
7.2.2  Model Uncertainty ASSESSMENT ........oiieriiiiiriieiesie e see e 430
7.2.3 Characterize Variability in Model Predictions ...........cccooevinieniniininnnnn, 432
7.2.4 Other Opportunities for Shelter-in-Place Modeling .........c.ccccoecvvvveiveinnnen. 433
7.2.5 Emergency RESPONSE TOOIS......c.ccviieiieiieie e 435
7.3 RETEIBINCES. ...ttt sre b nneas 438



List of Tables

Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4
Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

List of model Parameters. ........ccveveeieiieie e 44

Correlations for s, S, and s, based on Pasquill-Gifford stability class

used in Gaussian plume dispersion Modeling. .........coccovveviiirnenienienieie s 44
Time when SIP should be terminated after the end of the release................... 45

Multivariable regression parameters for the normalized leakage of all
valid data points, using indicator variables to identify low-income and

energy-effiCIeNt NOUSES ........coviiiiece e 118

Multivariable regression parameters for the normalized leakage of
low-income, conventional, and energy-efficient NOUSES...........cccccevervenenne 118

Statistics of estimated normalized leakage distribution weighted for all

single-family dwellings iN US. ..o 119
LBL Infiltration Model shielding parameters. ..........ccccoceverveneenenienieeneennn 119
LBL Infiltration Model terrain parameters. .........cccooeveerenieneenesie e 119

Year built distributions of housing units in a census tract in

AlDUGUEIGUE.....ee ettt sae e nneas 120

Fraction of US housing units that are single-family detached units
when grouped by year-built, owner versus renter occupied, and

OCCUPANT POVEITY STATUS ... .eeeiiiiieiiiie ettt 120

Distribution of house floor area conditioned on the number of rooms in

US single-family detached UnitS............cccoeviiiiiiiie i 121

Estimated house floor area distribution of single-family detached units

in a census tract iN AIDUQUEITUE ........ccvevveiiee e 121

Vi



Table 3.10 Estimated house floor area distributions of the single-family detached

units in a census tract in Albuguerque that are low-income and not

OV AT NIC OB, e e

Table 3.11 House year built and floor area joint distribution of not low-income

single-family detached units, based on analysis of national data from

the American HOUSING SUNVEY ......cceiieiieieiie e ecte e seesie e

Table 3.12 House year built and floor area joint distribution of low-income single-

family detached units, based on analysis of national data from the

AMEriCan HOUSING SUINVEY .......ciuieiieiiecieeie e e ete e e ae e sreene e saeeeesnes

Table 3.13 Geometric mean of the normalized leakage estimated for not low-

income single-family detached units, as a function of their year built

AN TlOOF ArA ...

Table 3.14 Geometric mean of the normalized leakage estimated for low-income

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5
Table 4.6
Table 4.7

Table 4.8

single-family detached units, as a function of their year built and floor

Measured deposition velocity to indoor materials of some toxic

industrial chemicals and a chemical warfare agent simulant........................

Measured one-sink sorption and desorption rate coefficients of some

toxic industrial chemicals and chemical warfare agents............cccoccevvenenen,

Measured sorption rate coefficients of three surrogates of G-series

chemical warfare agents obtained from two sets of experiments..................

List of sorption/desorption models and rate coefficients used to assess

SIP EFfECHIVENESS ...
Approximate SIP initiation time delays estimated for a community............
Summary of model parameters used to assess SIP effectiveness.................
List of simulations and their assigned COUES..........ccovvvereeiesieesrere e

List of simulations, as indicated by their designated codes, for which
results are plotted in selected fIQUIES .........ccceviiiiiieiiie e,

122



Table 4.9

Casualty reduction factor (CRF) for SIP under base-case simulation

conditions, WIthOUt SOTPLION..........ccuevvere i 214

Table 4.10 Casualty reduction factor (CRF) when toxic load exponent = 1 under

various pre-sheltering air exchange distributions and shelter-in-place

initiation time, Without SOPLION.........ccvvviiiee e 214

Table 4.11 Casualty reduction factor (CRF) when toxic load exponent = 2 under

various pre-sheltering air exchange distributions and shelter-in-place
initiation time, WithOUL SOIPLION.........ccviiiiiiece s 215

Table 4.12 Casualty reduction factor (CRF) when toxic load exponent = 3 under

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 6.1

various pre-sheltering air exchange distributions and shelter-in-place

initiation time, WithOUL SOPLION.........cciiiiiiie s 215
Types of data in the commercial building air leakage database. .................. 294

Buildings in the commercial air leakage database categorized by their

usage and CONSIIUCTION TYPES ...cvvviveerieeieciiese et 295

Regression results of log-transformed air-leakage coefficient using the
physical dimensions of the building as explanatory parameters................... 296

Regression results of log-transformed air-leakage coefficient using the

building floor area and height as the explanatory variables ......................... 297

Neutral pressure level and thermal draft coefficient from pressure
differential measurements on various high-rise buildings..........c.ccccceeuennee. 298

Descriptions of seven US federal office buildings pressure tested for

their air leakage charaCteristiCS.........coovvveiviieiieie e 299

Assumed input parameter distributions of Shaw-Tamura and LBL
Infiltration Model used in this analysis to predict distributions of air

DT ON FATES. .ottt ettt e e e e e e e e e e e eeeeeans 300

Two-step method to estimate the floor area distribution of commercial
buildings in census tract 102600 in Oklahoma City ..........ccoccevvriviieiinnenn, 383

viii



Table 6.2 Fraction of commercial buildings as a function of building floor area

as estimated from US national data ..........coovveeeeeeeeeeeeeeeeeeeeeeee e 383

Table 6.3 Building occupancy regression model results, estimated by summing
number of employees and 25% of the building capacity..............cccccevvennen. 384

Table 6.4 Statistics of the predicted air leakage coefficient of buildings surveyed
DY the CBECB........cicieesee st 384

Table 6.5 List of simulations and their assigned COUES............ccevvvererienieienie e 385

Table 6.6 List of simulations, as indicated by their designated codes, for which

the estimated number of casualties are plotted in selected figures............... 385

Table 6.7 SIP effectiveness of commercial buildings estimated in the 0.5-h

release simulation in terms of casualty reduction factor...............cccceveenenn. 386

Table 6.8 SIP effectiveness of commercial buildings estimated in the 0.5-h
release in terms of casualty reduction factor, with additional air
exchange to represent the mechanical ventilation system running in all

buildings during the entire SIMulation ............ccooiieiiienneee, 386

Table 6.9 SIP effectiveness of commercial buildings measured in terms of
casualty reduction factor in the 0.5-h release, including effects of

sorption and initiation delay .........cccceeieiieieie e 387

Table 6.10 Modeling parameters for the two-zone analysis of the commercial
buildings in two grid cells in the sSimulation.............cccoceoeiiiiininiccen, 388



List of Figures

Figure 2.1 Predicted outdoor and indoor concentrations at different downwind

locations from the release SOUICE. ..... ...

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...............

Figure 2.3 Community-based SIP effectiveness measured in terms of casualty

reduction factor (CRF) and toxic load reduction factor (TLRF) as the

0.5-h release progresses 1N tIME. ........oieererieiieieee e

Figure 2.4 SIP effectiveness measured in terms of casualty reduction factor (CRF)

and toxic load reduction factor (TLRF) as a function of X. ..........c.ccceee.e.

Figure 2.5 SIP effectiveness measured in terms of casualty reduction factor (CRF)
and toxic load reduction factor (TLRF) as function of xfrom 15 runs

(3 release durations with indoor concentrations evaluated at 5 air-

EXCNANGE TALES)...e.veeteeieitie sttt ettt

Figure 2.6 Predicted SIP effectiveness measured in terms of casualty reduction

factor and toxic load reduction factor versus release amount over a

AUIALION OF 0.5 e

Figure 2.7 Dependence of CRF on delay in SIP termination .............cccocevveniniciinnnnn,

Figure 2.8 SIP effectiveness under linear dose-response as a function of xfrom 15

runs (3 release durations with indoor concentrations evaluated at 5 air-

exchange rates) assuming SIP is terminated at 0.5, 1, and 3-h...................

Figure 3.1 Number of valid blower-door measurements from each state.....................

Figure 3.2 (a) Comparison of the cumulative distribution function of the floor area
of houses in the leakage database to the 1999 American Housing
Survey. (b) Floor area of houses in the air leakage database grouped by

number of measurements taken in €ach State..........coovvveeceeeeeeeeeeeeeeen

... 48

... 49



Figure 3.3 (a) Comparison of the cumulative distribution function of the year built
of houses in the leakage database to the American Housing Survey. (b)

Year built of houses in the air leakage database grouped by number of

measurements taken IN ACH STATE ..o

Figure 3.4 Effects of year built and floor area on normalized leakage based on

multiple linear regression MOdelS .........cccovvvveiieie e

Figure 3.5 Scatter plots of the observed geometric mean of normalized leakage as
categorized by year built, floor area, and house type, against the

predicted values based on multiple linear regression models.....................

Figure 3.6 Estimated distribution of year built and floor area of low income and

conventional houses based on the 1999 American Housing Survey ..........

Figure 3.7 Estimated US nationwide distribution of normalized leakage for low

income and conventional single-family houses, and their composite.........

Figure 3.8 Comparison of best-fit air-exchange rates estimated from linear

regression models obtained in this analysis, and values found in EPA

Exposure Factors HandbooK ..o

Figure 3.9 Outdoor temperature time profile in Albuquerque, NM dated February

24, 2003 at the time of the simulated hypothetical release. ..........c..c..c.......

Figure 3.10 Wind speed estimated at 10 m height in Albuquerque, NM dated

February 24, 2003 at the time of the simulated hypothetical release..........

Figure 3.11 Wind speed estimated at 10 m height at various downwind distances

TrOmM the TEIEASE SOUICE. ... e

Figure 3.12 Map of Albuquerque, NM, illustrating the census tract boundaries in

Bernalillo County, and the release 10cation ...........cccccovevieienienienicien,

Figure 3.13 Distributions of house year built in 3 census tracts close to the release

SOUICE ot

.. 133

.. 135

Xi



Figure 3.14 Fraction of US housing units that are single-family detached units
versus other types according to national data from the American

HOUSING SUIVRY ...ttt et 138

Figure 3.15 Predicted house year-built distribution for single-family detached
units in census tract 2700 in Albuquerque, NM. ......cccccoeiveiiiieieee e, 139

Figure 3.16 Relationship between the number of rooms and house floor area of
the 27,400 single-family detached units investigated by the American
HOUSING SUNVRY ...ttt et 140

Figure 3.17 Cumulative distribution of number of rooms in renter and owner
occupied housing units, as well as single-family detached units

assessed by the American HOUSING SUIVEY. ...cc.oovvieeiiririieiiesie e 141

Figure 3.18 Distribution of number of rooms in owner-occupied housing units
located in 3 census tracts close to the hypothetical release site in
AlBUQUErGUE, NIV ...t snes 142

Figure 3.19 Estimated floor area distribution of single-family detached units for
the same 3 census tracts in Albuquerque, NM, as shown in Figure

Figure 3.20 Cumulative floor area distributions of single-family detached units
and those that are classified as low-income as surveyed by the
AMEriCaN HOUSING SUMNVEY .....ocuviiiiiiiiiie et 143

Figure 3.21 Relationship between the floor area cumulative distributions of all

single-family detached units and that of the low-income subgroup ............. 144

Figure 3.22 Floor area cumulative distributions of single-family detached units
that were built in four different time periods. ..........cccocvviiiiienieiieiicen, 145

Figure 3.23 Predicted house year built and floor area joint distributions of not
low-income and low-income single-family detached units located in
three census tracts close to the hypothetical release site in
AIBUGUETGUE, NIM. L. e e 146

Xii



Figure 3.24 Predicted normalized leakage distribution of houses in Bernalillo

County OF AIDUQUETQUE........eeiieeeeeieeie et et sae e nnes 147

Figure 3.25 Predicted median normalized leakage of houses in a census tract
plotted against three house charaCteristiCs..........ocvvvvevieiieeiiieiie e, 148

Figure 3.26 Predicted median air infiltration rates at various downwind distances

TrOM the TEICASE SOUICE . ... e e e e, 149

Figure 3.27 Predicted distribution of air infiltration rates at two downwind
locations from the release SOUICE ........cvvvvieeieriee e 150

Figure 4.1 Outdoor concentrations of the 2-h contaminant release in Albuquerque. ..... 216
Figure 4.2 Schematic of a two-sink sorption model ............cccooveveiiiiicie i, 217

Figure 4.3 Predicted indoor concentrations for a well-mixed space exposed to
constant outdoor concentration of 1 mg/m®for 1 h .....c.covvveveveveeseseees 218

Figure 4.4 The predicted total mass in a room when subjected to ambient Cl, at a

constant concentration of 1 mg/m® fOr 1-. .......ooovveveveieeeeeeeeeeeeeeeeeeeees 219

Figure 4.5 Predicted mass in a room when subjected to sarin at constant ambient
concentration 0f 1 M@/M> fOr 1-N.......o.oviveiieeeeeeeeeeeee s 220

Figure 4.6 Three emergency warning diffusion curves showing the expected time
needed to inform the community about an emergency using different

WAINING MELNOAS ......c.viiiiiiiee e e 221

Figure 4.7 Predicted number of potential casualties in three releases of various
durations (0.5-h, 1-h, and 2-h) if people were outdoors, and if people

were to take shelter in buildings. .......cccoovveviiiiiicc e 222

Figure 4.8 Predicted cumulative toxic load in three releases of various durations
(0.5-h, 1-h, and 2-h) if people were outdoors, and if people were to
take shelter in DUIAINGS .....cc.ooviiieecec e 223

Figure 4.9 The normalized number of potential casualties estimated for 4 release

amounts: base case, 0.04-, 0.4-, and 4- of the base case amount............... 224



Figure 4.10 Differences in the potential casualty estimates if the distribution of

air-exchange rate is captured, or if all houses in a census tract are

assumed to have the median normalized air-leakage value........................

Figure 4.11 Predicted areas where indoor exposure is expected to exceed the toxic

load limit for a 1-h release under linear dose-response conditions.............

Figure 4.12 Predicted time when the toxic load limit is exceeded for houses at the

tightest and leakiest 10™ percentiles, and houses that are at the median

of the air-leakage diStribUtioN ...........ccooiiiiiiie e

Figure 4.13 Indoor concentration predictions at a nearby location to the release

site under various SOrPtioN FateS. ........cccvuervererieeieeriesee e,

Figure 4.14 Predicted number of potential casualties if people were to take shelter

indoors under various Sorption CONAIIONS. ........c.ccvveiiriieiienenie e

Figure 4.15 Air-exchange rate distribution of houses at two locations downwind

of the release site before and after SIP is implemented. ............c.ccccevennene.

Figure 4.16 Indoor concentrations predicted at two locations close to the release
source under various SIP initiation time delays: 1, 0.5, and 0.25 h. The

no delay case (0 h) is also presented for comparison.............cccccvevevvereenne.

Figure 4.17 Ratio of peak indoor concentrations modeled under various SIP

initiation time delay (0.25, 0.5, and 1 h) relative to the no-delay case.......

Figure 4.18 Change in estimates of potential casualties subject to the pre-
sheltering air-exchange rate distributions and the time delay in

initiating shelter-in-place. All simulations assumed linear dose-

response (i.e. toxic load exponent = 1) and no SOrption. ..........ccceevvevvvenen,

Figure 4.19 Change in estimates of potential casualties subject to the pre-
sheltering air-exchange rate distributions and the time delay in

initiating shelter-in-place. All simulations assumed toxic load

exponent = 2 and N0 SOMPLION. ......ccviuiiierieeie e e

.. 228

.. 230

.. 232

.. 233

Xiv



Figure 4.20 Change in estimates of potential casualties subject to the pre-
sheltering air-exchange rate distributions and the time delay in
initiating shelter-in-place. All simulations assumed toxic load
exponent = 3 and N0 SOFPLION. ......coviiiiieiie e 235

Figure 4.21 Potential casualty estimates subject to various sorption rates to indoor
surfaces, and delay in SIP initiation time. All simulations assumed
linear dose response (toxic load exponent = 1) and summertime pre-

Sheltering CONAITIONS .......c.eeiuiiiiiieieee e 236

Figure 5.1 Number of buildings in the commercial building air leakage database

as a function of year built, floor area, and number of floors .............c.......... 301

Figure 5.2 Histogram of the air-leakage coefficient and flow exponent in the
commercial building air leakage database. ..........cccoceviiiiiinenienerec e, 302

Figure 5.3 Scatter plots of air-leakage coefficients of buildings in the commercial

air leakage database against building year built, floor area, and height. ...... 303

Figure 5.4 Boxplots of air-leakage coefficients of buildings in the commercial air
leakage database grouped by their usage and construction types, and

country where measurements Were Made. .........cccevvereeeeseeresieeseeseeneesnens 304

Figure 5.5 Comparison of the prevalence of various building types in the

commercial air leakage database and the US national estimates from

Figure 5.6 Year built of the buildings in the commercial air leakage database

sorted by their CONSLrUCLION TYPES. ..ocvveivveiicieieeie e 306
Figure 5.7 Regression results of the two models detailed in Table 5.4. ...........cccccueee... 307

Figure 5.8 Comparison of observed and predicted air-leakage coefficients C
presented in 1-to-1 scatter plot, and in terms of their cumulative
AISTIDULION ..o 308

XV



Figure 5.9 Various methods to combine stack and wind induced air infiltration
rates to give the total air infiltration rate proposed for the Shaw-
Tamura Infiltration Model. ...........coo oo 309

Figure 5.10 Comparison of measured and predicted air infiltration rates under

Meteorology CONAITIONS. .......cccviii i 310
Figure 5.11 Predicted air infiltration rates of the seven US federal buildings................ 311

Figure 5.12 Measured and predicted air infiltration rates of seven US federal
OFFICE DUITAINGS ..o 313

Figure 5.13 Air infiltration rates measured in 56 small commercial buildings............... 314

Figure 5.14 Comparison of air infiltration rate model predictions and observed

values for the 56 small commercial buildings ..........cccooeviiiniiniiciee 315

Figure 5.15 Differences in the median air infiltration rate for each of the 56 small
commercial buildings in Florida predicted using the Shaw-Tamura
Infiltration Model and the LBL Infiltration Model............ccccoovvniiininnnnn. 316

Figure 5.16 Air infiltration rates measured in 40 California buildings including
schools, retail buildings, and offices, and 25 US office buildings................ 317

Figure 5.17 Building floor area of US commercial buildings surveyed in CBECS.
Building height distribution is estimated from the number of floors,
which is reported in the CBECS ... 318

Figure 5.18 Histogram of the estimated number of stories of buildings surveyed in

Figure 5.19 Scatter plot of flow exponent and air-leakage coefficient..............cc.o....... 320

Figure 5.20 Distribution of building aspect ratio, defined as the ratio of the length
to width of the footprint area, of 1552 buildings in Oklahoma City............. 321

Figure 5.21 The monthly average temperature and wind speed in the 45 most

populous CitieS INThe US. ..o 321

Figure 5.22 Predicted air infiltration rates of US commercial buildings........................ 322

XVi



Figure 5.23 Ratio of monthly averaged stack-effect driven air infiltration rate to

wind-effect driven air infiltration rate predicted in the US commercial

DUIIAING STOCK .......eiieieiiiee e e

Figure 5.24 Ratio of measured air infiltration rate and air-exchange rate from two

datasets made by tracer-gas decay method with mechanical ventilation

on, and with mechanical ventilation off..........ccoooeeeeee e,

Figure 6.1 Outdoor concentrations predicted at 5, 15, 25, and 35 minutes from the

0NSEt OF 8 0.5-N FEICASE. ..o

Figure 6.2 Outdoor concentration grid (gray) on the footprint of 6334 buildings in

Oklahoma City contained withina 5.4 km - 5.4 km area. ............ccccv.....

Figure 6.3 Distribution of height (left) and floor area (right) of all buildings

contained in the Oklahoma City 5.4 km - 5.4 km study area....................

Figure 6.4 Estimated fraction of residential and commercial buildings in 17

census tracts in OKIAhomMa City.........ccoeveiiiiinii e

Figure 6.5 Cumulative floor area distribution of single-family detached units in

census tract 101600 in Oklahoma County, and the combined

distribution that includes commercial buildings.........c.cccovevviiiiieieennee,

Figure 6.6 Estimated number of residential and commercial buildings as a

TUNCLION OF FlOOK QrA ..o

Figure 6.7 Estimated floor area and height of single-family detached units and

commercial buildings in the 5.4 km - 5.4 km study area of Oklahoma

Figure 6.8 Cumulative distribution of building occupancy per floor area estimated
by two methods, which differ by whether the occupant capacity
reported in CBECS is counted at 100% or at 25% when computing the

building occupancy per floor area..........cccvevvevveieviiesiee e

Figure 6.9 Estimated occupancy per building floor area in buildings that were

surveyed Dy the CBECS..........cc o

.. 390



Figure 6.10 Estimated building occupancy in 1997 commercial buildings that are

located in the 5.4 km - 5.4 km study area of Oklahoma City ..................

Figure 6.11 LANL daytime population estimates in Oklahoma City on a 250 m

Figure 6.12 Estimated commercial building occupancy in Oklahoma City

projected on the same grid used in the LANL database. ..............ccccvenuee.

Figure 6.13 Building floor area and number of story splits identified by the

classification tree method to minimize the variance of air leakage

coefficient estimated for buildings in the CBECS.........c.ccccoiiiiiiinieennnne

Figure 6.14 Classification tree analysis for 1-story commercial buildings surveyed

N TNE CBE S ... et e e

Figure 6.15 Classification tree analysis for 2-story buildings surveyed in the

Figure 6.17 Predicted air leakage coefficient distributions of buildings surveyed in
CBECS partitioned into 9 groups by their number of floors and floor

Figure 6.18 Predicted areas where exposure to the outdoor concentrations are

expected to exceed the toxic load limit for the modeled 0.5-h release

Figure 6.19 Predicted air infiltration rates of commercial buildings in 17 census

tracts selected from the 5.4 km - 5.4 km study area in Oklahoma City.....

Figure 6.20 Comparison of two methods used to predict the air infiltration rate

distribution of commercial buildings in 5 randomly selected census

tracts in OKIAhoMa CitY .....ccooiiiiiiie e

.. 397

xviii



Figure 6.21 Predicted air infiltration rate distributions of commercial buildings in
17 census tracts selected from the 5.4 km - 5.4 km study area in
OKIANOMA CILY .vevieciieie et nne s 405

Figure 6.22 Air infiltration rates predicted for single-family detached units and
commercial buildings in the 17 census tracts in the Oklahoma City

R (010 |V L USSR 406

Figure 6.23 Median indoor concentrations (y-axis) predicted at each grid cell in

the two classes of buildings: commercial and residential..................c.......... 407

Figure 6.24 Predicted indoor concentrations in commercial buildings at two

JOCALIONS ..ottt e e e e e e e et e e e e e e e e e e e e eeeeaan 408

Figure 6.25 Predicted indoor concentration distributions in commercial and

residential buildings at 3 locations in Oklahoma City...........cccccoeverieiinnnenn, 409

Figure 6.26 Predicted areas with various fractions of buildings having indoor
concentrations toxic enough to exceed the toxic load limit for the

MOodeled 0.5-N FeIEASE BVENT ... ...t e e e e 410

Figure 6.27 Predicted population for which toxic load exceeds the toxic load limit
for the simulated 0.5-h release event in Oklahoma City.........cccccovveiviinnen, 411

Figure 6.28 Predicted potential casualties if people were to shelter in commercial

buildings and in residences (single-family detached units) .................c........ 412

Figure 6.29 Effect of additional air exchange induced by mechanical ventilation
systems on SIP effectiveness of commercial buildings..........cccccoveivinnen, 413

Figure 6.30 Effect of chemical sorption on indoor surfaces on the SIP

effectiveness of commercial buildings..........ccoccevvviiieriii i, 414

Figure 6.31 Effect of chemical sorption on indoor surfaces on the SIP
effectiveness of commercial buildings under normal operating

CONAITIONS . 415

Xix



Figure 6.32 Effects of initiation delay on the SIP effectiveness of commercial
buildings in reducing potential casualties among the exposed
population. Adverse health effects are assessed using toxic load

exponent m =1 in all SIMUIAtioNS. ........cccooviiieiiiii 416

Figure 6.33 Effects of delay in initiating SIP on the effectiveness of commercial
buildings in reducing potential casualties among the exposed
population. Adverse health effects are assessed using toxic load

exponent m =2 in all SIMUlations ...........ccoieiiiiiiin e, 417

Figure 6.34 Effects of delay in initiating SIP on the effectiveness of commercial
buildings in reducing potential casualties among the exposed
population. Adverse health effects are assessed using toxic load

exponent m =3 in all SIMUlAtioNS ...........ccoviiiiiiii e, 418

Figure 6.35 Plan view of a building illustrating the two-zone configuration used to

model the indoor concentrations in the perimeter and core zone ................. 419

Figure 6.36 Predicted two-zone indoor concentrations in commercial buildings in

ATV ] 4TS LS £ =T £ 420

XX



Acknowledgements

Phillip Price at Lawrence Berkeley National Laboratory (LBNL) oversaw much of the
research presented in this dissertation. | greatly appreciate his insightful inputs and
continuous support throughout the development of this work. Especially in the area of

statistical analysis, | have benefited immensely from his guidance.

Throughout my residence at LBNL, I have also grown intellectually through interactions
with other members of the Airflow and Pollutant Transport Group. Being part of such a

wonderful team has allowed me to gain an understanding of aspects of research.

Special thanks must also be given to our collaborators at the National Atmospheric
Release Advisory Center for providing me with the opportunity to apply my research

operationally to improve public safety.

Finally, I want to express my gratitude to my advisors, Professor William Nazaroff and
Professor Ashok Gadgil, for their mentorship and high standards of scientific excellence.
Their contributions to my professional development are most invaluable, and will benefit

me throughout my career.

This work was supported by the Office of Chemical Biological Countermeasures, of the
Science and Technology Directorate of the Department of Homeland Security, and
performed under US Department of Energy Contract No. DE-AC02-05CH11231.

XXi



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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