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ABSTRACT

Indoor air pollution can have significant effects on the health of people. Indoor
pollutants can exceed outdoor concentrations by 2-5 times, and occasionally more than
100 times. This is significant not only because of occupational indoor exposures, but
because in general people spend over 90% of time indoors. Particles are one indoor
pollutant that has been linked as a causal factor of the Sick Building Syndrome.
Particles can be noxious substances or have noxious substances adsorbed on to them. Of
most concern are particles that penetrate to the gas exchange region of the human body
as clearance times are often in excess of months. This study explores the relationship
between particle concentrations measured indoors and outdoors and the affect of

occupant activity on indoor particle concentrations.

Particle concentrations were measured indoors and outdoors of four office buildings in
Wellington. Indoor particle concentrations as a function of occupancy were assessed
and the presence of occupants was shown to increase particle concentrations indoors for
the size bands of 5um and 3pum on a working day. Particles below 1pum were shown to
generally behave independent of occupant activity. The concentrations of particles
generated during a working day decreased over a period of no occupancy due to
deposition and the air exchange rate of the building for the larger size bands of Sum and
3um. However below lpum the pattern of a reduction in particles was not apparent.
Overall there was no statistically significant vertical gradient of particles between 1.2m

and 1.8m for the particle sizes of Spm, 3um, 1pm, 0.5um, and 0.3um.

Standard filter media were shown to be effective at reducing particle sizes of Spum and
3um and less effective with particles below the 1um range. The operation of the air
handling unit over a weekend period resulted in a reduction of the number of fine
particles (1pum, 0.5pum, 0.3um) in the indoor space. The stack effect and its influence
on particle transportation throughout the four buildings studied was inconclusive with

several factors capable of confounding the collected data.
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Overall, the results of the study were consistent with other researchers’ findings in
relation to occupant influence on particle concentrations and filtering efficiency of
standard media. Factors that may confound the assessment of the influence of the stack

effect on particle concentrations need to be carefully monitored in future studies.

il



ACKNOWLEDGEMENTS

I would like to thank the building owners and managers involved in this research study

for their co-operation.

[ also appreciate the guidance and assistance provided by Marie Fleming, Linus Opara,
Roanna Moore, Duncan Hedderly, Karen Lawrence, Andrew Croskery, lan Mason, and
Tassos Tsoularis. 1 also acknowledge my supervisor Robyn Phipps. The technical
work performed by Russell Watson and Don McLean ensured smooth operation of the
experimental phase and the financial assistance provided by the Property Foundation for

equipment and travel costs was gratefully received.

[ would like to acknowledge the tremendous contribution my parents Dorothy and Gary
Cleaver have made to ensure that | have been able to complete this chapter of my life.
Thank you Mum and Dad for both your practical help and unceasing support. My close
personal friends, Sherridan Dixon, and Babar and Saima Mahmood have also

undoubtedly made this possible.

iv



TABLE OF CONTENTS

1 INTRODUCTION

2 LITERATURE REVIEW

21 Introduction

2.2 Penetration and Deposition of Particles in the Respiratory Tract
2.2.1 Head Airways Region

222  Tracheobronchial Region

22.3  Gas Exchange Region

2.3 Standards and Guidelines for PM

2.4 Sources of Particles in Indoor Air, and Particle Sizes
24.1 Combustion Products

2.4.2  Mineral Particles

243 Bioaerosols

2.4.4  Personal Care Products

2.4.5 Natural Sources

246  Cleaning

P4 Particle Deposition

2.6 Pathways

2.7 Indoor/Outdoor Concentrations

2.8 Indoor Particle Monitoring

29 Human PM Exposure

2.10 Particle Measurement Instrumentation
2.11 Filtration Of Particles

2.12 Conclusions

3 STUDY OBJECTIVES

4 METHODOLOGY

4.1 Introduction

4.2 Building Selection

4.3 Sampling Schedule

4.4 Instrumentation

4.5 Sampling Strategy

4.6 Occupied Space

4.6.1  Selection of sampling points on each floor level for participant buildings.

15
16
16
16
17
18

19

20

21
21
21
22
22
23

24
24



4.7
4.7.1
4.7.2

4.8
4.9

4.10
4.10.1

5
5.1

52
5.2.1
522

5.3

331
5.3:2
3.3.3
534

5.4

54.1
542
543
544
5.4.5

5.5

5:5:1
532
5593

5.6

5.6.1
56.2
5.6.3

5.7

5.7.1
572
573

5.8

5.8.1
5.8.2
5.83

5.9

59.1
592
593

5.10

Pathways

Stack Effect Pathway

Heating, Ventilating and Air Conditioning System Pathway
Data Recording

Environmental Parameters

Research Procedure
Documentation

RESULTS

Introduction

Part One: Sample Description
Climate Description
Missing Data

Part Two: Occupancy and Analysis of Variance (ANOVA)
Percentage Distribution of Particles

Summary of ANOVA Method

ANOVA Assumptions

Residual Plots of the Raw Data

Analysis of Variance Occupancy Summary of Results
Results of Repeated Measures Analysis of Variance Sum
Results of Repeated Measures Analysis of Variance 3um
Results of Repeated Measures Analysis of Variance lum
Results of Repeated Measures Analysis of Variance 0.5pm
Results of Repeated Measures Analysis of Variance 0.3pm

GRAPH ANALYSIS

Line graphs

Means and Confidence Intervals

Sunday concentrations as a percentage of Friday concentrations

Spm

Graphs Analysis Sum

Means and Confidence Intervals Spm

Sunday concentrations as a percentage of Friday concentrations Spm

3pm

Graph Analysis

Means and Confidence Intervals 3um

Sunday concentrations as a percentage of Friday concentrations 3um

1pm

Graph Analysis 1um

Means and Confidence Intervals 1pm

Sunday concentrations as a percentage of Friday concentrations 1um

0.5um

Graph Analysis

Means and Confidence Intervals 0.5um

Sunday concentrations as a percentage of Friday concentrations 0.5um

0.3pm

vi

29
29
29

29
30

30
30

31
31

32
33
33

34
34
34
35
35

35
36
39
42
45
47

49
49
49
49

49
49
50
52

54
54
55
56

57
57
39
60

61
61
62
64

65



5.10.1 Graph Analysis 65

5.10.2 Means and Confidence Intervals 0.3um 66
5.10.3 Sunday concentrations as a percentage of Friday concentrations 0.3um . 67
5.11 Environmental parameters 68
5.11.1 Carbon Dioxide 68

11 Temperature and Relative Humidity 69
5.12 Part 3 — Heating, Ventilating, and Air Conditioning Pathway 72
5.12.1 Introduction 72
5.12.2 Exterior Source Locations: Vehicle and Pedestrian Traffic 72
5.12.3 Comparison of Exterior Location Sampling Points between Friday and Sunday 74
5.12.4 Outdoor Air Intake Sampling Point 75
5.12.5 Building One - Filters 82
5.12.6 Building Two - Filters 83
5.12.7 Building Three - Filters 84
5.12.8 Building Four - Filters 85
5.13 Part 4: Stack Effect 87
5.13.1 Floor Levels, lobbies and stairwells 87
6 DISCUSSION 93
6.1 Section One: Occupancy and Particle Concentrations. 93
6.1.1 Introduction 93
6.1.2  Occupant Influence on the Generation and Deposition of Particles Sum 93
6.1.3  Occupant Influence on the Generation and Deposition of Particles 3um 94
6.1.4  Occupant Influence on the Generation and Deposition of Particles 1um 94
6.1.5  Occupant Influence on the Generation and Deposition of Particles 0.5um 95
6.1.6  Occupant Influence on the Generation and Deposition of Particles 0.3um 96
6.1.7  Variations in Particle Concentrations between Floor Levels in Buildings. 96
6.1.8  Variations in Particle Concentrations Between Buildings 97
6.1.9  Summary 98
6.1.10 Vertical Gradient of Particle Concentrations for all particle size bands. 99
6.2 Heating, Ventilating, and Air Conditioning Pathway 99
6.2.1 Introduction 99
6.2.2  Location of Outdoor Air Intake 99
6.2.3  Filtration Efficiency 100
6.2.4  Summary 100
6.3 Stack Effect Pathway 101
6.3.1  Introduction 101
6.3.2 Lobbies and Floor Levels 101
6.3.3  Stairwells 102
6.4 Particle Concentrations and Health Effects 102
6.5 Implications of Findings for Further Study 103
6.6 Limitations of the Study 105
6.6.1  Occupant Density 105
6.6.2  Particle Composition 105
6.6.3  Heating, Ventilating and Air Conditioning Pathway 105
6.6.4  Stack Effect Pathway 106
6.6.5 Missing Data 106
6.7 Particles and Environmental Parameters 106

vii



6.8 Section Two: Procedure Development 107

7 CONCLUSIONS OF THE STUDY 109
71 The Influence of People on Particle Concentrations 109
7.2 The Vertical Gradient of Particles Between 1.2m and 1.8m 109
73 The HVAC System and Particle Concentrations 110
7.4 The Thermal Stack Effect and Particle Concentrations 110
7.8 Conclusions 110
8 APPENDIXA RECRUITMENT LETTER 111
9 APPENDIXB RESPONSE LETTER 114
10 APPENDIX C INFORMATION SHEET 115
11 APPENDIX D CONSENT FORM 116
12 APPENDIX E CHECKLIST: FIELD DATA COLLECTION 117
13 REFERENCE LIST 139
LIST OF TABLES
Table 1.  Air quality guidelines/standards for particulate matter that have been
established by various governing bodies to regulate air pollution................ 6
Table 2.  Summary of visit dates to the four participant buildings to sample particle
CUTIOBIEEIIIBR, v momm e e o RSP s S AR P R TR 22
Table 3.  Guidelines used for the selection of floor levels for study in participant
RN ETCHIUON oo mnmsnsiminsis s ko A 65 S S A G R IEYSRANA 24
Table 4. Key to abbreviations used in the presentation of results........c.ccccocrviinennenn. 31
Table 5.  Physical characteristics of participant building construction features and
TG 0TI o U S s SR S———— 32
Table 6. Summary of rainfall, temperature and wind speeds measured in Wellington
on each of the cight sampling daYSs. .......osassswmsusimmsnsissssssinsssassssasnss 33
Table 7.  Distribution of particles in the five size bands measured indoors on Friday
AN BURIARY. .....ncracosmovissumsssmsninensvmseksbussauss voss eoms rieeivassuvin ennvrsvintis Iresssasstoninns 34
Table 8. ANOVA results of the subject effect tests for the 5Spm band. ..................... 38
Table 9. ANOVA results of the subject effect tests for the 3pum band. ..................... 41
Table 10. ANOVA results of the subject effect tests for the 1um band. ..................... 44
Table 11. ANOVA results of the subject effect tests for the 0.5pum band. .................. 46
Table 12. ANOVA results of the subject effect tests for the 0.3um band. .................. 48
Table 13. Means and confidence intervals of particle concentrations on Fridays and
sundave Tor the: size band of S cosessmsssnmimressssssasamnssissmemsi 51

viii



Table 14.
Table 15.
Table 16.
Table 17.
Table 18.
Table 19.
Table 20.
Table 21.
Table 22.

Table 23.
Table 24.

Table 25.
Table 26.

Table 27.
Table 28.
Table 29.

Table 30.

Figure 1.

Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.

Figure 7.

Sunday particle concentrations as a percentage of Friday particle
concentrations Spm for all four participant buildings. ........ccceeviviriviiiiinnnn. 53
Means and confidence intervals of particle concentrations on Friday and
Sunday Tor the s1ze band 6F M. o umeissismmmssimmsmmimisssmii s e 35
Sunday particle concentrations as a percentage of Friday concentrations
3um for the four participant buildings. .. .-
Means and confidence intervals of partlcle concentratrons on Fnday and
Sunday for the size band of 1um. .. w59
Sunday concentrations as a percentage of Fnday pamcle concentratlons
Tpm... ..60
Means and conﬁdence 1ntervals of pamcle concentratlons on Frrday and
Sunday for the size band of 0.5um. .. " ssven 2
Sunday particle concentrations as a percentage of Fnday concentranons
0.5pum. .. 5 ...64
Means and conﬁdence mtervals of partlcle concentratlons on Fnday and
Sunday for the size band of 0.3um. .. ..o 66
Sunday particle concentrations as a percentage of Fnday concentratrons
0.3um... g DY
Carbon d10x1de concentratlons measured in partr(:lpant bu1ld1ngs .............. 69
Temperature and relative humidity levels measured in participant buildings.
.70
Summar} of pedestnan trafﬁc 0utsrde part:crpanl bu1ld1ngs October 1999 74
Particle concentrations measured in the Heating Ventilating and Air

Conditioning Pathway on Friday and Sunday in Bl........cccccoenvviiaiciinnnne. 82
Particle concentrations measured in the Heating Ventilating and Air
Conditioning Pathway on Friday and Sunday in B2.........ccccccceviviiiinnennnn... 83
Particle concentrations measured in the Heating Ventilating and Air
Conditioning Pathway on Friday and Sunday in B3........cccceviiveiiinnnnee. 84
Particle concentrations measured in the Heating Ventilating and Air
Conditioning Pathway on Friday and Sunday in B4............cccccevvveeneee... 85
After filter particle concentrations as a percentage of before filter particle
concentrations for all four participant buildings..........cccccceevievieiecicnennenn.. 86
LIST OF FIGURES

A schematic representation of the major respiratory tract regions of the
American Conference of Governmental Industrial Hygienists...................... 4
Representation of Metone 3113 particle counter on trolley with 1sok1nenc
probe attached to mpod durmg sampling of partlcle concentrations in a

participant building. .. e
Floor plan of bui ldlng one outhnmg the samplmg zones selected on all three
levelS IROIo Sehle) conmnsiismmnrt v A e A 25
Floor plan of building two outlining the sampling zones selected on all three
leVels (NOL 10 SCALE). .....vveereeeericieieeeeite et ceeeascsee s saeassess e ssrsesessssesneesseeans 25
Floor plan of building three outlining the sampling zones selected on all
three levels (N0 10 BEANE). «.c.vwmmmmisssmsmmmcrsessmmmmsamimmussasas s msso s 26
Floor plan of building four outlining the sampling zones selected on all
thirse Ievels ot T SCRIE): v s ARG 26

Summary of total indoor sampling performed in participant buildings....... 28

ix



Figure 8.

Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.

Figure 25.
Figure 26.

Figure 27.
Figure 28.

Figure 29.
Figure 30.

Figure 31.
Figure 32.

Figure 33.
Figure 34.

Figure 35.

Residual plot of log particle concentrations on Friday in four participant

L T—— 36
Residual plot of log particle concentrations on Sunday in four participant
buildings.... - wDF
Residual plot of log partlcle concenlrations on Frlday w1th B4 L1 1 Zl and
72 excluded... .
Residual plot of log partlcle concentratlons on Sunday Wlth B4 LI 1 Zl and
2 SXIA i civinvsinmsiiivsasisiss st s s e s G 38
Residual plot of log particle concentrations on Friday in four participant
BRIRNGS. -t s s G R s Ras 39
Residual plot of log particle concentrations on Sunday in four participant
BN oo i i i e S R 40
Residual plot of log data while participant buildings were occupied with B4,
L11, Z1, and Z2 excluded. .. .40
Residual plot of log data whlle partlmpant bulldmgs were Sunday thh B4
L11,Z1, and Z2 excluded.. .41
Residual plot of log parllcle concentratlons on Fnday in four part1c1pant
buildings.... - .
Residual plot of log parncle concemranons on Sunday in four partlcipant
buildings.... s .43
Residual plot of iog pamcle concentratlons on Frlday WIth B4 Ll 1 Z3 and
74 excluded... .43
Residual plot of log partlcle Loncentratlons on Sunda} w;th B4 Ll 1 Z3 and
74 excluded... .44
Residual plot of log pamcle eoncentranons on Frlday in four partmpant
buildings.... ey sceis D
Residual plot of log partlcle concentrations on Sunday in four paI'tIClpaIlI
buildings.... . 46
Residual plot of log pamcle concentratlons on Fnday in four pamelpant
buildings.... s L
Residual plot of log partlcle concentratlons on Sunday in four pamCIpant
buildings.... venen. 48
Particle concemratlons of 5 um in pammpant bulldmgs on Frldays and
Sundays.... .50

Conﬁdence mtervals for Fnday and Sunday for the pamcle size S AL conss D2
Particle concentrations of 3pum in participant buildings on Friday and

Confidence intervals for Friday and Sunday for the particle size 3um. ...... 56
Particle concentrations of 1um in participant buildings on Friday and

Confidence intervals for Friday and Sunday for the particle size 1um. ...... 60
Particle concentrations of 0.5um measured in four participant buildings
while occupied on a Priay. ..usaussssisssoussssiamsiisvssinsssiviossvensiss 61
Confidence intervals for Friday and Sunday for the particle size 0.5um. ... 63
Particle concentrations of 0.3um in participant buildings on Friday and
SUBAT oo ssass v e T A RS A S AT b e AR 65
Confidence intervals for Friday and Sunday for the particle size 0.3pm. ... 67
Proximity of participant buildings to the motorway, the sea, and major
INTEESECHONS csiinssimmimmiiismas i i i s aeea e 73
Particle concentrations of Spum on Friday for all participant buildings. ...... 75



Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.

Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.

Figure 55.

Particle concentrations of S5pum on Sunday for all participant buildings...... 76
Particle concentrations of 3um on Friday for all participant buildings. ...... 77
Particle concentrations of 3um on Sunday for all participant buildings...... 77
Particle concentrations of 1pum on Friday for all participant buildings. ...... 78
Particle concentrations of 1um on Sunday for all participant buildings...... 79
Particle concentrations of 0.5um on Friday for all participant buildings. ... 80
Particle concentrations of 0.5um on Sunday for all participant buildings... 80
Particle concentrations of 0.3um on Friday for all participant buildings. ... 81
Particle concentrations of 0.3um on Sunday for all participant buildings... 81
After filter concentrations as a percentage of before filter concentrations. . 86
Particle concentrations of Spm measured at exterior and interior locations in
the four participant buildings on Friday. .. .. 88
Particle concentrations of Spm measured at exterior and mterlor locatmns in
the four participant buildings on Sunday. .. .. 88
Particle concentrations of 3um measured at exterior and interior locatlons in
the four participant buildings on Friday. .. . 89
Particle concentrations of 3um measured at exterior and interior loeanons in
the four participant buildings on Sunday. .. .. 89
Particle concentrations of 1um measured at exterior and interior locanons in
the four participant buildings on Friday. .. .90
Particle concentrations of 1pum measured at exterlor and interior locatrons in
the four participant buildings on Sunday. .. . 1)
Particle concentrations of 0.5um measured at exterior and interior locatlons

in the four participant buildings on Friday. .. =91
Particle concentrations of 0.5um measured at exterior and interior locatlons

in the four participant buildings on Sunday...........cccccevevivieerernnnnne .91
Particle concentrations of 0.3um measured at exterior and interior Iocatlonb

in the four participant buildings on Friday. .. 92
Particle concentrations of 0.3um measured at exterior and interior locanons

in the four participant buildings on Sunday... i 2

xi



1 INTRODUCTION

Indoor air pollution can have significant effects on the health of people. United States
Environmental Protection Agency (US EPA) studies of human exposure to air
pollutants indicate that indoor air levels of many pollutants may be 2-5 times, and
occasionally more than 100 times, higher than outdoor levels (United States
Environmental Protection Agency, 2001). High levels of indoor air pollutants are of
particular concern, not only because of occupational indoor exposures (Statistics New

Zealand, 2000) but because in general people spend over 90% of time indoors.

A 1984 World Health Organisation (WHO) Committee report suggests that up to 30
percent of new and remodelled buildings world-wide may be the subject of excessive
complaints related to indoor air quality (IAQ) (United States Environmental Protection
Agency, 2000). The term ‘building related illness’ (BRI) is used where symptom
complaints can be clinically defined and linked to identifiable airborne building
contaminants. However, there are situations in which building occupants experience
acute health and comfort effects that appear to be linked to time spent in a building, but
no specific illness or cause can be identified. This is described as the "Sick Building

Syndrome" (SBS) (World Health Organisation, 1982).

SBS symptom complaints may be localised in a particular room or zone, or may be
widespread throughout a building. Occupants will experience relief of SBS symptoms
soon after leaving a building. SBS problems can result when a building is operated or
maintained in a manner that is inconsistent with its original design or prescribed

operating procedures.

Elevated levels of indoor particles are identified as a causal factor of the SBS (Raw,
1993; Gyntelberg et al., 1994; Kemp et al., 1998). The main symptoms associated with
high particle levels indoors include irritation of the nose, eyes, and throat; dry
unproductive cough; fatigue; headache; and respiratory difficulties. These symptoms

can occur either singularly or in combinations.



The chemical and/or biological composition of each inhaled particle in conjunction with
their deposition on the human respiratory tract will determine the affect on the health of
the occupant. Particles of a size less than 1 micron (um) are part of the respirable mass
fraction and easily penetrate to the gas exchange region. Penetration of particles beyond
the terminal bronchioles is of concern as this region is non-ciliated and insoluble
particles deposited by sedimentation and diffusion have clearance averages of a month

Oor more.

The size, shape, density and velocity of the particle will affect the suspension time of
the particle in the environment and thus occupant exposure to the particle. Particles
with an aerodynamic diameter (the diameter of a unit density sphere of the same mass)
greater than Ipum on average settle within hours while particles below 1um can remain

suspended for days.

Indoor particle concentrations are a mixture originated from outdoor sources and indoor
sources. Particles are transported from the outdoors through unintentional pathways
such as small penetrations in the building envelope, and through intentional pathways
such as the heating, ventilating and air conditioning route. Occupants and visitors also
introduce particles from outside as they enter the work place. Occupants then generate

further particles by their daily activities and re-suspend settled indoor particles.

The measurement of particle concentrations inside and directly outside office buildings
will provide an understanding of particle sources and behaviour indoors, the influence
of the outdoor environment on particle concentrations indoors, and the influence of

occupants on particle concentrations through generation and re-suspension of particles.

This study will develop an understanding of the influence of the activity and presence of
people in the built environment on particle concentrations. The effect of intentional
pathways such as the heating, ventilating, and air conditioning system and unintentional
pathways such as the thermal stack effect on the transport of particles into, within and
from the building will also be explored. In conjunction with above two aims a
standardised procedure to ensure comparable data collection by the research will be

piloted.





