EVALUATING HUMAN HEALTH IMPACTS OF PRODUCTS FROM A LIFE CYCLE
PERSPECTIVE: METHOD AND CASE STUDIES

by
Shen Tian
BS in Environmental Sciences, Peking University, 2007
BA in International Relations, Peking University, 2007
MS in Environmental Sciences, Carnegie Mellon University, 2008
MS in Civil and Environmental Engineering, University of California, Davis, 2010

Submitted to the Graduate Faculty of
the Swanson School of Engineering in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

University of Pittsburgh
2018

UNIVERSITY OF PITTSBURGH
SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Shen Tian

It was defended on
November 13, 2018
and approved by
Radisav Vidic, PhD, Professor
Department of Civil and Environmental Engineering
Eric Beckman, PhD, Professor
Department of Chemical and Petroleum Engineering
Vikas Khanna, PhD, Associate Professor
Department of Civil and Environmental Engineering

Dissertation Director:
Melissa M. Bilec, PhD, Associate Professor
Department of Civil and Environmental Engineering

ii

Copyright © by Shen Tian
2018

iii

EVALUATING HUMAN HEALTH IMPACTS OF PRODUCTS FROM A LIFE CYCLE
PERSPECTIVE: METHOD AND CASE STUDIES
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The human health impacts of products, especially those may have consumer exposure, is a
crucial aspect in product safety assessment. Existing life cycle assessment (LCA) is well
established to evaluate products by traditional environmental metrics, such as global warming
potential. However, a holistic and comprehensive approach is needed to study the human health
impact of products along their life cycle and understand their fate, transport and distribution in
the environment.
This dissertation illustrated how human health impact assessment (HHIA) could be
conducted at product level from a life cycle perspective. This work showed that when advanced
environmental engineering modeling tools are combined with LCA in product safety assessment,
our understandings of chemical exposure and associated human health risks can be improved.
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In this research, a method was developed to integrate high resolution air dispersion modeling
and LCA to conduct HHIA, using publicly available inventory data. In particular, this method
was applied to Methylene Diphenyl Diisocyanate (MDI), a chemical commonly used in building
and construction products. It was found that the additional inhalation human health risks were
three orders of magnitude lower than the United States Environmental Protection Agency
(USEPA)’s risk management threshold.
Besides manufacturing stages, this research also evaluated the indoor air quality impact of
the spray polyurethane foam (SPF) through industrial hygiene (IH) measurement, lab chamber
testing and multi-media mass transfer modeling. The IH study revealed that MDI emitted from
SPF decayed rapidly in the indoor environment. Two mass transfer models were employed to
study the emission and distribution of Tris(1-Chloro-2-Propyl) Phosphate (TCPP), a flame
retardant in SPF, and quantify its human health risks in the indoor environment. Verified by field
measurements, the modeling results showed that TCPP was removed from indoor air primarily
through indoor-outdoor ventilation, followed by the sorption into indoor diffusional sinks such as
drywall. A screening level risk characterization revealed that in this SPF renovated house, TCPP
time weighted average ingestion exposure of the most sensitive population (1-2 years old) was
below (0.6 µg/kg BW/day) the threshold set by USEPA (10 µg/kg BW/day). The modeling
approach is transferable to study other indoor pollutants.

v

TABLE OF CONTENTS

NOMENCLATURE ................................................................................................................. xviii
ACKNOWLEDGEMENTS ....................................................................................................... xx
1.0

INTRODUCTION............................................................................................................. 1
1.1

PRODUCT SAFETY AND SUSTAINABILITY IN THE CHEMICAL INDUSTRY:
FOCUSES ON CHEMICAL EXPOSURE................................................................... 1

1.2

RESEARCH GOALS AND OBJECTIVES ................................................................. 3

1.3

BROADER IMPACTS ................................................................................................. 5

1.4

INTELLECTUAL MERIT ........................................................................................... 7

2.0

BACKGROUND AND LITERATURE REVIEW ........................................................ 8
2.1

CHEMICAL SAFETY REGULATIONS AND HHIA TOOLS .................................. 8

2.2

LCA AND HHRA: TWO POWERFUL METHODS IN HHIA ................................ 11
2.2.1

Life Cycle Assessment ........................................................................................ 11

2.2.2

Human health risk assessment............................................................................. 13

2.2.3

Previous work towards harmonizing LCA and HHRA for HHIA ...................... 14

2.2.3.1 Existing models in assessing human health impacts in LCA and HHRA. ... 16
2.2.3.2 Regionalization in LCA ............................................................................... 19
vi

2.2.3.3 Main obstacles in harmonizing existing tools for HHIA ............................. 22
2.3

PRODUCT EMISSION AND INDOOR AIR QUALITY WITH FOCUS ON SVOCs
..................................................................................................................................... 29
2.3.1

Definition of SVOCs and their presence in the indoor environment .................. 29

2.3.1.1 SVOCs in building and construction materials ............................................ 30
2.3.1.2 OPFRs in the indoor environment ................................................................ 32

2.4

2.3.2

SVOCs measurement methods ............................................................................ 35

2.3.3

SVOCs multi-media modeling ............................................................................ 40

INFORMATION OF CASE STUDY PRODUCTS AND CHEMICALS ................. 43
2.4.1

Methylene Diphenyl Diisocyanate and Spray Polyurethane Foam ..................... 44

2.4.1.1 Application and chemical properties ............................................................ 44
2.4.1.2 Environmental fate of MDI in air ................................................................. 45
2.4.1.3 Human health effects and exposure threshold of MDI ................................ 47
2.4.2

Tris(1-Chloro-2-Propyl) Phosphate..................................................................... 48

2.4.2.1 Application and chemical properties ............................................................ 48
2.4.2.2 TCPP presence in the indoor environment ................................................... 49
2.4.2.3 Human health effects and exposure threshold of TCPP............................... 50
3.0

INTEGRATING SITE-SPECIFIC DISPERSION MODLEING INTO LIFE
CYCLE ASSESSMENT: FOCUS ON INHALATION RISKS IN CHEMICAL
PRODUCTION ............................................................................................................... 52
3.1

INTRODUCTION ...................................................................................................... 53
3.1.1

The chemical industry and chemical management regulations ........................... 53
vii

3.2

3.3

3.4

3.1.2

Existing methods to evaluate human health impacts of far-field chemical
emissions ............................................................................................................... 54

3.1.3

Previous work to evaluate the human health impacts of far-field chemical
emissions ............................................................................................................... 57

3.1.4

Objectives ............................................................................................................ 59

3.1.5

Case study: cradle-to-gate production of MDI.................................................... 59

METHODS ................................................................................................................. 60
3.2.1

Scope of the case study (Step 1).......................................................................... 61

3.2.2

Developing a regionalized LCI (Step 2) ............................................................. 64

3.2.3

Performing air dispersion modeling (Step 3a) .................................................... 64

3.2.4

Calculating inhalation risks of site-specific unit processes (Step 3b) ................. 66

3.2.5

Calculating inhalation risks of non-site specific unit processes (Step 4) ............ 67

3.2.6

Combine the risk characterization values of all unit processes (Step 5) ............. 68

3.2.7

Identifying inhalation risk hotspots and patterns in GIS (Step 6) ....................... 68

RESULTS ................................................................................................................... 69
3.3.1

Site-specific unit processes ................................................................................. 69

3.3.2

Non-site specific unit processes .......................................................................... 74

3.3.3

Total inhalation risks of cradle-to-gate MDI production .................................... 76

DISCUSSION ............................................................................................................. 76
3.4.1

Comparisons between HEM-3/AERMOD and USEtox ..................................... 76

3.4.2

Impact of emission compartments in USEtox ..................................................... 78

3.4.3

Relative unit process contribution to the inhalation risks ................................... 79
viii

3.4.4
3.5
4.0

Limitation of this study ....................................................................................... 81

CONCLUSIONS......................................................................................................... 83
AN INDOOR AIR QUALITY EVAULATION IN A RESIDENTIAL RETROFIT
PROJECT USING POLYURETHANE FOAM .......................................................... 86

4.1

4.2

INTRODUCTION ...................................................................................................... 87
4.1.1

Indoor air quality and spray polyurethane foam ................................................. 87

4.1.2

Chemicals evaluated and their criteria values ..................................................... 89

METHODS AND MATERIALS ................................................................................ 91
4.2.1

Building information and insulation material applied......................................... 91

4.2.2

Analytical methods and sampling procedure ...................................................... 92

4.2.2.1 Airborne MDI............................................................................................... 93
4.2.2.2 Aldehydes ..................................................................................................... 95
4.2.2.3 Blowing agent and flame retardant .............................................................. 96
4.2.2.4 Airborne particles ......................................................................................... 96
4.2.2.5 TCPP accumulation onto building materials ................................................ 97
4.2.2.6 Air changes per hour .................................................................................... 98
4.2.2.7 Sampling schedule........................................................................................ 99
4.3

RESULTS AND DISCUSSION ............................................................................... 101
4.3.1

Airborne MDI.................................................................................................... 101

4.3.2

Aldehydes .......................................................................................................... 104

4.3.3

Blowing agent and flame retardant ................................................................... 107
ix

4.3.4

Airborne particles .............................................................................................. 109

4.3.5

TCPP accumulation onto building materials ..................................................... 110

4.3.6

Air changes per hour ......................................................................................... 117

4.4

LIMITATIONS AND FUTURE STUDIES ............................................................. 117

4.5

CONCLUSIONS....................................................................................................... 119

4.6

ACKNOWLEDGEMENT ........................................................................................ 120

5.0

INDOOR FATE OF FLAME RETARDANTS IN A RESIDENTIAL BUILDING
RENOVATED
WITH
SPRAY
POLYURETHANE
FOAM:
MODEL
PARAMETERIZATION AND RESULT INTERPRETATION ............................. 121
5.1

5.2

INTRODUCTION .................................................................................................... 121
5.1.1

SVOCs and OPFRs ........................................................................................... 121

5.1.2

TCPP in the indoor environment and multi-media models ............................... 122

5.1.3

Objective and scope .......................................................................................... 124

METHODS AND MATERIALS .............................................................................. 125
5.2.1

Field measurements ........................................................................................... 125

5.2.2

Mass balance ..................................................................................................... 125

5.2.3

IECCU model .................................................................................................... 126

5.2.4

Chamber testing................................................................................................. 129

5.2.4.1 House dusts collection and preparation ...................................................... 129
5.2.4.2 Chamber testing systems ............................................................................ 131
5.2.4.3 Sampling schedule and procedure .............................................................. 133

x

5.2.4.4 Extraction and analytical methods ............................................................. 133
5.2.4.5 Quality assurance and control .................................................................... 133
5.2.4.6
5.2.5

SVOC modeling parameterization and TCPP mass balance in the test
chamber ...................................................................................................... 134

IECCU Modeling software and parameterization ............................................. 137

5.2.5.1 Building and environment .......................................................................... 137
5.2.5.2 Sources ....................................................................................................... 138
5.2.5.3 Sinks ........................................................................................................... 139
5.2.5.4 Settled dusts................................................................................................ 140
5.2.5.5 Airborne particles ....................................................................................... 141
5.2.5.6 Modeling scenarios .................................................................................... 142
5.3

RESULTS AND DISCUSSION ............................................................................... 143
5.3.1

Chamber testing................................................................................................. 144

5.3.1.1 Chamber wall effects .................................................................................. 144
5.3.1.2 TCPP diffusion coefficient in settled dusts (Dd) ........................................ 145
5.3.1.3 TCPP sorption rate ..................................................................................... 150
5.3.1.4 Direct contact with chamber wall............................................................... 154
5.3.2

TCPP mass balance in the tested house ............................................................ 154

5.3.3

Modeled TCPP mass distribution in the tested house ....................................... 156

5.3.4

Comparison between field measurements and IECCU modeling results ......... 160

5.3.4.1 Airborne TCPP concentration .................................................................... 160
xi

5.3.4.2 TCPP surface accumulation ....................................................................... 162
5.3.5
5.4
6.0

Averaged TCPP exposure and risk characterization ......................................... 164

CONCLUSIONS AND FUTURE STUDIES ........................................................... 167
CONCLUSIONS ........................................................................................................... 169

6.1

INTEGRATION OF HIGH-RESOLUTION ENVIRONMENTAL MODELING
TOOLS INTO LCA .................................................................................................. 169

6.2

CHEMICAL EMISSIONS IN PRODUCT USE PHASE ........................................ 170

6.3

INDOOR MULTI-MEDIA MASS TRANSFER MODELING IN HUIMAN
HEALTH RISK ASSESSMENT .............................................................................. 171

6.4

SUMMARY .............................................................................................................. 173

6.5

RECOMMENDATIONS FOR FUTURE WORK ................................................... 174

APPENDIX A ............................................................................................................................ 177
APPENDIX B ............................................................................................................................ 179
BIBLIOGRAPHY ..................................................................................................................... 188

xii

LIST OF TABLES

Table 1: Summary of recent LCIA methods ................................................................................. 13
Table 2: Range of OPFRs concentration in various indoor media (Jayjock, Kroner et al. 2015,
Wei, Li et al. 2015) ........................................................................................................ 34
Table 3: Existing LCIA method/model in assessing human health impacts ................................ 56
Table 4: Classification of unit processes (based on ACC LCI, (American Chemistry Council
2011b)) ........................................................................................................................... 63
Table 5: Unit processes and site-specific modeling/average stack parameters (U.S.
Environmental Protection Agency 1999)....................................................................... 66
Table 6: Chemical plants production capacity in relative high risk area ...................................... 73
Table 7: Inhalation risks of unit processes without exact location (HAPs emitted to the
continental air compartment) ......................................................................................... 75
Table 8: County level inhalation risk statistics (AERMOD) ........................................................ 77
Table 9: Inhalation risks of site-specific unit processes (if using USEtox) (Assume HAPs were
emitted to the urban air compartment) ........................................................................... 78
Table 10: Inhalation risks of non-site specific unit processes (Assume HAPs were emitted to the
urban air compartment) .................................................................................................. 79
Table 11: HAPs mass distribution in different environmental compartments .............................. 83
Table 12: Criteria values for chemicals evaluated in this study, all units are in μg/m3 ................ 90
Table 13: Chemicals analyzed and were above LOQ ................................................................... 91
Table 14: Sampling media summary and sampling schedule ..................................................... 100
Table 15: Log-Log regression between airborne concentration and time.a ................................ 108
Table 16: Measured ACH50 and calculated ACHnatural on each floor ........................................ 117
xiii

Table 17: i-SVOC modeling parameters..................................................................................... 135
Table 18: IECCU modeling parameters of building and environment ....................................... 138
Table 19: IECCU modeling parameters of sources .................................................................... 139
Table 20: IECCU modeling parameters of sinks ........................................................................ 140
Table 21: IECCU modeling parameters of settled dusts ............................................................. 141
Table 22: IECCU modeling parameters of airborne particles .................................................... 142
Table 23: IECCU modeling scenarios ........................................................................................ 143
Table 24: TCPP mass balance in the 36 Liter test chamber ....................................................... 145
Table 25: Best fit TCPP diffusion coefficient (Dd) within settled dusts ..................................... 148
Table B1: Curve fitting residuals for all three tests .................................................................... 179
Table B2: Other IECCU modeling parameters ........................................................................... 179

xiv

LIST OF FIGURES

Figure 1: Research areas and gaps in LCA and HHRA ................................................................ 15
Figure 2: Micro-chamber (114 ml) used in studying SPF SVOC emissions (top and side view) 38
Figure 3: Small chamber (36 liters) used in studying SPF SVOC emissions ............................... 38
Figure 4: Chemical structure of the monomeric MDI (left) and polymeric MDI (right) ............. 44
Figure 5: Chemical structure of TCPP .......................................................................................... 49
Figure 6: The system boundary of cradle-to-gate MDI production (modified based on (American
Chemistry Council 2011b))......................................................................................... 62
Figure 7: Census tract level inhalation of site-specific unit processes (Left: cancer risk, Right:
non-cancer HI) ............................................................................................................ 70
Figure 8: County level average inhalation of site-specific unit processes (Left: cancer risk, Right:
non-cancer HI) ............................................................................................................ 71
Figure 9: Distribution of inhalation risks associated with site-specific unit processes at county
level (Left: Cancer risk, Right: Non-cancer Hazard Index) ........................................ 71
Figure 10: Site-specific plant locations and high cancer risks area .............................................. 72
Figure 11: Site-specific plant locations and high non-cancer hazard index area .......................... 73
Figure 12: Inhalation risk distribution of census tracks within the highest county (Left: cancer
risk, Right: Non-cancer HI) ........................................................................................ 74
Figure 13: Inhalation risk contribution by HAPs for non-site specific unit processes ................. 75
Figure 14: Relative unit processes contribution to inhalation risks .............................................. 80
Figure 15: First and second floor plan view of the residential home............................................ 93
Figure 16: Sampling equipment .................................................................................................... 95
Figure 17: TCPP accumulation samplers ...................................................................................... 98
xv

Figure 18: SPF application first floor exterior façade (left) and second floor interior wall (right)
................................................................................................................................... 102
Figure 19: Airborne MDI concentration during application ....................................................... 102
Figure 20: Airborne MDI concentration after application .......................................................... 103
Figure 21: Airborne aldehydes concentration (during and after application) ............................. 106
Figure 22: Airborne SolsticeTM LBA (a) and TCPP (b) concentration (During and after
application) ............................................................................................................... 108
Figure 23: Mean airborne concentration and confidence interval by particle ............................ 110
Figure 24: TCPP concentration (Cm, µg/m3) in carpet and drywall, compared with Liu’s chamber
study data (Liu, Allen et al. 2016a)........................................................................... 112
Figure 25: TCPP concentration (Cs, µg/m2) in carpet and drywall by total exposed area .......... 113
Figure 26: Averaged TCPP accumulation rate (Rm: µg/h/m3), compared with Liu chamber study
data.(Liu, Allen et al. 2016a) .................................................................................... 115
Figure 27: TCPP surface specific averaged accumulation rate (Rs: µg/h/m2) and comparisons
with data in Liu (2016) (Liu, Allen et al. 2016a) ...................................................... 116
Figure 28: Schematic of the studied residential house................................................................ 126
Figure 29: Schematic diagram for the MSS method and the local two-phase mass transfer theory
................................................................................................................................... 128
Figure 30: Dust samples and blank filter placed in the small chamber ...................................... 130
Figure 31: Schematic of the two-chamber testing system .......................................................... 132
Figure 32: Micro-chambers (Source) and small chambers (connected with micro-chambers) .. 132
Figure 33: Comparison between i-SVOC modeling and measured results for 25-90 µm dust .. 146
Figure 34: Comparison between i-SVOC modeling and measured results for 90-150 µm dust 147
Figure 35: Comparison between i-SVOC modeling and measured results in Liu et al (Liu, Allen
et al. 2016b) .............................................................................................................. 148
Figure 36: Measured chamber air normalized TCPP sorption rates on settled dusts ................. 151
Figure 37: Modeled chamber air normalized TCPP sorption rates on settled dusts ................... 151
Figure 38: Modeled chamber air normalized TCPP sorption rates on settled dusts tested by Liu et
al. (Liu, Allen et al. 2016b) ....................................................................................... 152
xvi

Figure 39: TCPP mass balance in the living area during the sampling period ........................... 155
Figure 40: TCPP mass balance in the attic during the sampling period ..................................... 155
Figure 41: TCPP mass accumulated in each environmental media in the living area ................ 157
Figure 42: TCPP mass distribution percentage in living area relevant to inhalation and ingestion
exposure .................................................................................................................... 158
Figure 43: TCPP mass accumulated in each environmental media in the attic .......................... 158
Figure 44: TCPP mass distribution percentage in attic relevant to inhalation and ingestion
exposure .................................................................................................................... 159
Figure 45: TCPP airborne concentration: modeled vs. measured............................................... 160
Figure 46: Modeled TCPP airborne concentration ..................................................................... 162
Figure 47: TCPP accumulation on settled dusts and sinks: modeled vs. measured ................... 163
Figure 48: Modeled TCPP surface accumulations (sink + settled dusts) ................................... 164
Figure 49: The averaged TCPP exposure level of different age groups ..................................... 165
Figure B1: Modeled TCPP mass distribution in each indoor media in attic (HHH and LLL
scenarios are listed in Figure 43) .............................................................................. 183
Figure B2: Modeled TCPP mass distribution percentage in attic relevant to inhalation and
ingestion exposure (HHH and LLL scenarios are listed in Figure 44) ..................... 184
Figure B3: Modeled TCPP mass distribution in each indoor media in living area (HHH and LLL
scenarios are listed in Figure 41) ............................................................................. 185
Figure B4: Modeled TCPP mass distribution percentage in living area relevant to inhalation and
ingestion exposure (HHH and LLL scenarios are listed in Figure 42) ..................... 186
Figure B5: Modeled TCPP airborne concentration .................................................................... 187
Figure B6: Modeled TCPP surface accumulations (sink + settled dusts)................................... 187

xvii

NOMENCLATURE

ACC

American Chemistry Council

ACH

Air Changes per Hour

CF

Characterization Factor

CTU

Comparative Toxic Unit

DALY

Disability Adjusted Life Years

DCP

Directory of Chemical Producers

EDIP

Environmental Design of Industrial Products

EIA

Environmental Impact Assessment

EUSES

European Union System for the Evaluation of Substances

HAPs

Hazardous Air Pollutants

HHIA

Human Health Impact Assessment

HHRA

Human Health Risk Assessment

HI

Hazard Index

IAQ

Indoor Air Quality

IECCU

Indoor Environmental Concentrations in buildings with Conditioned and
Unconditioned zones

iFs

Intake Fractions

IH

Industrial Hygiene

LCA

Life Cycle Assessment

LCI

Life Cycle Inventory

LCIA

Life Cycle Impact Assessment

LOQ

Limit of Quantification

MDI

Methylene Diphenyl Diisocyanate

MSS

Modified State-Space
xviii

OPFRs

Organophosphate Flame Retardants

PNEC

Potential Non-Effect Concentration

RA

Risk Assessment

RCR

Risk Characterization Ratio

REACH

Registration, Evaluation, Authorization and Restriction of Chemicals

RfC

Reference Concentration

RfD

Reference Dose

SPF

Spray Polyurethane Foam

SVOCs

Semi-Volatile Organic Compounds

TCPP

Tris(1-Chloro-2-Propyl) Phosphate

TRACI

Tool for the Reduction and Assessment of Chemical and other Environmental
Impacts

USEPA

United States Environmental Protection Agency

VOC

Volatile Organic Compounds

WHO

World Health Organization

xix

ACKNOWLEDGEMENTS

This research would not be possible without my advisor, Professor Dr. Melissa Bilec. I
would like to thank her for her patience, diligence, critical and constructive guidance and
feedbacks during my entire Ph.D. career at the University of Pittsburgh. Under her direction, I
trained and transformed myself from someone who has not much experience in academic writing
to a veteran researcher who feels very comfortable in doing research independently. I also would
like to thank all my committee members, Drs. Radisav Vidic, Eric Beckman and Vikas Khanna
for their contributions in this work both academically and administratively.
I am also so grateful for my current employer, Covestro, to provide financial support for my
study and the flexibility for my work/study/life balance. I want to specifically thank my former
manager, mentor and true friend, Mr. George Pavlovich. He worked so hard within Covestro to
get me this opportunity to continue my Ph.D. study at Pitt and supported me spiritly throughout
the entire process. He is such a good mentor and manager who always thinks his employees first
and put their career development and needs as the first priority. Without George, I would not be
able to finish my study. There are quite a few other colleagues at Covestro who helped me in my
Ph.D. time including Drs. Irene McGee, Janet Mostowy, Robert Skoglund, Mr. Chris Hazen,
Scott Ecoff, John Sebroski, Jason Miller, Rich Peterman, Ms. Cathie Sayles and Dianna Kelly
and other colleagues throughout Product Safety and Regulatory Affairs. I specifically want to
thank my current manager Cathie for her continuous support on my research.
xx

Outside Covestro, I had the great opportunity to collaborate and learn from other top
researchers in this field, including but not limited to Drs. Zhishi Guo and Xiaoyu Liu and Mr.
Mark Mason at the USEPA, Dr. Dustin Poppendieck at NIST and other colleagues with the
ASTM D22.05 committee. Thank you all for your suggestions and recommendations to this
research.
Last but not the least, I would like to thank my family for their support during my busiest
time in the past two years, taking care of the two boys and sharing the responsibilities at home.
With the joy brought by my two children, I was able to finish this work and continue working
full time at Covestro. It is the strength and support that my family gave to me ensured the
completion of my study.
I hope this work provides valuable information for the chemical industry and specifically for
the product safety and sustainability community. It will be my greatest pleasure if this work will
promote more sustainable products in the market place and help people live in a healthier life.

xxi

1.0

1.1

INTRODUCTION

PRODUCT SAFETY AND SUSTAINABILITY IN THE CHEMICAL INDUSTRY:
FOCUSES ON CHEMICAL EXPOSURE

The chemical industry is the second largest manufacturing sector in the United States (US) on
the value-added basis (Office of Energy Efficiency & Renewable Energy 2011), supplying
nearly 15% of world’s chemicals, accounting for 14% of US goods export (American Chemistry
Council 2017) and producing more than 70,000 products among over 10,000 firms (International
Trade Administration 2018). In 2017, the chemical industry generated $397 billion to the US
Gross Domestic Product (GDP), accounting for roughly 2% of the total (Bureau of Economic
Analysis 2018). Chemical products are essential to everyday life. It was estimated that 96% of all
manufactured goods are directly touched by the chemical industry (American Chemistry Council
2017).
Product safety, especially those products with potential chemical exposure to consumers, is a
high priority for the chemical industry. There were many product safety related lawsuits which
caused high attention from the public. The two most recent ones which had high publicity were
the Johnson & Johnson baby powder case (Hsu 2018) and the Monsanto Roundup weed killer
case (Reuters 2018), which were both ordered by the court to pay millions to billions of dollars
to the plaintiffs. In order to determine whether a product is safe to use, deep knowledge and
sophisticated tools in toxicology, exposure sciences and sustainable and environmental

1

engineering (SEE) are truly needed. In addition, a large quantity of measured or modeled data
related to chemical hazard, manufacturing processes and product use patterns are required to use
those tools. However, such data is often proprietary or not readily available.
There are many methods and tools to evaluate the human health impacts and risk of a
product, such as life cycle impact assessment (LCA) and human health risk assessment (HHRA).
However, each method and tool has its strengths and weaknesses (Tian and Bilec 2018). In order
to evaluate the human health impacts of a product along its entire life cycle, multiple tools may
be required. For example, to evaluate cradle-to-gate chemical emissions to the outdoor
environment, LCA tools such as USEtox (Rosenbaum, Bachmann et al. 2008) can be combined
with

a

classic

environmental

engineering

tool,

the

American

Meteorological

Society/Environmental Protection Agency Model (AERMOD) (U.S. Environmental Protection
Agency 2012a), to provide high resolution human health risk assessment and guide pollution
prevention efforts (Tian and Bilec 2018).
Indoor near-field chemical exposure from building & construction products and consumer
products is even more important than outdoor far-field exposure since in the US, people spend
approximately 87% of their time indoor and 6% of time in vehicles (Klepeis, Nelson et al. 2001).
In addition, human intake of chemicals is three orders of magnitude higher in the indoor
environment than outdoors (Ilacqua, Hänninen et al. 2007, Nazaroff 2008). Many indoor models
have been developed and applied in the past two decades to study the emission, transport and
distribution of chemicals, especially the semi-volatile organic compounds (SVOCs) (Matoba,
Yoshimura et al. 1998, Bennett and Furtaw 2004, Xu and Little 2006, Weschler and Nazaroff
2008, Xu, Cohen-Hubal et al. 2009, Zhang, Diamond et al. 2009, Clausen, Liu et al. 2010, Little,
Weschler et al. 2012, Shin, McKone et al. 2013, Tian, Sebroski et al. 2017). However, many of

2

these models are more modeling shells which need the model users to have extensive knowledge
in product emission characteristics and provide key modeling input parameters such as the
Indoor Environmental Concentrations in Buildings with Conditioned and Unconditioned Zones
(IECCU) and i-SVOC models developed by United States Environmental Protection Agency
(USEPA). In order to use these models with confidence in product safety, sustainability and
chemical exposure assessment, an approach to estimate a comprehensive list of modeling input
parameters needs to be developed.

1.2

RESEARCH GOALS AND OBJECTIVES

The overarching goal of this research is to propose a method to quantify the chemical exposure
and human health impacts of products along their life cycle stages. This proposed method
improves conventional LCA in the area of human health impact assessment (HHIA) from two
aspects: 1) utilize high resolution SEE tools to increase geographical relevance for far-field
chemical exposure and HHIA, and 2) apply product specific mass transfer models to address the
near-field or indoor chemical exposure, often lacking in conventional LCA. This research applies
the far-field air dispersion modeling and the near-field mass transfer modeling to evaluate
chemical exposure along a product’s manufacturing and use phases. By specifically studying
methylene diphenyl diisocyanate (MDI) and spray polyurethane foam (SPF) insulation material,
this research demonstrates the feasibility of applying the proposed method on building
construction materials and potentially expanding it to any other products, especially those are
used indoor. The work also provides the first-hand field measurement data to validate and
compare modeling results.
3

The research increases our understandings of a product’s far-field human health impacts at a
refined geographical scale and expands current knowledge on the emission, transport and
distribution of chemicals associated with installing and using a product in the near-field
environment. Demonstrated in this dissertation, the combination of advanced SEE modeling
tools and LCA techniques can advance product safety and sustainability assessment and
prioritize risk mitigation strategies so that multi-stakeholders along a product’s value chain can
work together to design, manufacture and deliver safer and more sustainable products to the
market place. The specific objectives of this research are:
1)

Develop and test a method to integrate existing HHIA tools (high resolution air dispersion
modeling and LCA) to evaluate far-field chemical exposure and risks with high
geographical relevance, using publicly available data. Through a case study using MDI as
an example, this method aims to improve conventional LCA by providing more insights of
the human health risk spatial distribution and developing environmental impacts reduction
strategies.

2)

Quantify the near-field indoor air quality (IAQ) impacts of product emissions in a field
study, using Industrial Hygiene (IH) methods to measure the airborne chemical
concentrations found in a building and construction product (SPF) made of MDI. Evaluate
the chemical concentrations in various indoor media in a residential building renovated
with SPF.

3)

Demonstrate a mathematical modeling approach to quantify product emissions mass
distribution in the indoor environment, determine multi-pathway chemical exposure level
and characterize human health risks of using a product (SPF) during its use phase.
Summarize existing methods and propose new methods to generate key multi-media mass
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transfer modeling parameters to study product emissions and IAQ, using an
organophosphate flame retardant (Tris(1-Chloro-2-Propyl) Phosphate, TCPP) contained in
SPF as an example. Discuss health risk mitigation strategies.

1.3

BROADER IMPACTS

This research broadens the scope of product safety and sustainability assessment by adding both
far-field and near-field exposure assessment to the conventional hazard only assessment and
toxicity evaluation. Historically, product safety in the chemical industry often heavily focuses on
the inherent toxicity of a product but lacks the ability to assess its human exposure due to limited
exposure data available along the value chain. As a result, risk characterization is often
qualitative and screening in nature that risk mitigation strategies are limited to eliminate hazards
(American Chemistry Council 2011a). However, such strategies are not the most efficient way to
manage the human health risks of a product because when human exposure is controlled, a
product contains hazard chemical can be used safely. The overall benefit of using such products
may be lost if product safety assessment is solely focused on hazards.
This research brings a new perspective in product safety assessment to raw material
suppliers, product research and developers, product safety professionals and regulators. The
entire project aligns well with the risk evaluation process defined in the amended Toxic
Substances Control Act (TSCA) (U.S. Environmental Protection Agency 2017b) and the RISK
21 program managed by the Health and Environmental Sciences Institute (HSEI) (Health and
Environmental Sciences Institute 2017). Both processes highlight the importance of conducting
thorough exposure assessment of chemical substances in addition to hazard assessment.
5

Particularly, RISK21® emphasizes the need of estimating relevant product chemical exposure up
front to prioritize and determine data needs. The case studies provide information on chemical
and product specific emission data along the life cycle stages, methods to measure and estimate
key indoor mass transfer modeling parameters and field monitoring validation for key indoor
contaminants occurred during the product installation and use phase. The entire product safety
community can benefit from this research by applying it to other chemicals and products.
The work pertaining to the development of a regionalized HHIA method by integrating sitespecific air dispersion modeling and LCA provides a feasible approach to quantify human health
risks at refined geographical scales. In addition, since this method only uses publicly available
emission data along a product’s supply chain, it can be expanded to other products in the
chemical industry without collecting any sensitive proprietary data.
The near-field IAQ and mass transfer modeling studies were collaborated through the
American Chemistry Council (ACC) and the American Society for Testing and Materials
(ASTM). Governmental researchers from USEPA and National Institute of Standards and
Technology (NIST) have provided valuable input to the work. Part of the outcome from this
work was incorporated into the IECCU model. This part of the research expands our knowledge
of the behavior of indoor pollutants, especially SVOCs. The approaches to quantify key
modeling input parameters can be applied beyond the case study product and chemical to a broad
spectrum of building construction materials and consumer products.
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1.4

INTELLECTUAL MERIT

This work not only develops a feasible approach to use publicly available data in far-field
chemical exposure in HHIA but also demonstrates how to evaluate the near-field chemical
exposure resulted during the application and use phase of a product. The novel method resolves
a long-standing obstacle that proprietary data is needed to perform high resolution HHIA along a
product’s life cycle stages. The IAQ study and the mass transfer modeling study provide both
first hand measurements and quantitative relationships to quantify many key IAQ parameters. A
few of the mass transfer modeling parameters such as the settled dusts diffusion coefficient were
first measured or derived by this research. This research is also the first to develop the values for
a full list of modeling parameters required by IECCU and compared the modeling results with
field measurements. Although significant future research is needed to expand our knowledge in
product safety and HHIA, this work is among the first few studies to use the modern risk
assessment techniques to promote comprehensive product safety and sustainability assessment.
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2.0

BACKGROUND AND LITERATURE REVIEW

This chapter starts with a review of chemical safety regulation history in the US and introduces a
few regulatory tools commonly used in HHIA. Two of these tools are LCA and HHRA which
are briefly summarized in Section 2.2. In the same subsection, previous work towards
harmonizing LCA and HHRA for HHIA is reviewed and the main obstacles to harmonize these
two tools are discussed. Section 2.3 introduces SVOCs, an emerging group of chemicals recently
studied in the area of HHRA, especially on their indoor exposure to building occupants. Two key
methods (chamber testing and multi-media modeling) to quantify human health risks resulted
from SVOCs exposure are also included in this subsection. The last subsection of this chapter
provides information on the case study product, SPF and two case study chemicals, MDI and
TCPP.

2.1

CHEMICAL SAFETY REGULATIONS AND HHIA TOOLS

The first federal regulations related to the chemical industry was the Federal Insecticide Act
(FIA) of 1910 (The 61st United States Congress 1910). At the end of World War II, large
quantity of pesticides such as Dichlorodiphenyltrichloroethane (DDT) was used in both
agriculture and household. In 1947, the congress passed the Federal Insecticide, Fungicide, and
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Rodenticide Act in 1947 to enhance FIA (The 80th United States Congress 1947). In 1962, with
the publication of Silent Spring and growing concerns of the environmental and human health
impacts of pesticide chemicals, the USEPA was formed in late 1970. To better manage all
chemicals, the first comprehensive chemical management law, TSCA, was passed to regulate
new and existing chemicals to prevent “unreasonable risk to health or to the environment” in
1976 (The 94th United State Congress 1976). Forty years later, congress started to amend TSCA,
and the Frank R. Lautenberg Chemical Safety for the 21st century Act (LCSA) was passed to
strengthen the chemical management framework in 2016 (The 114th United State Congress
2016). In LCSA, USEPA is required to use a three-stage process to evaluate the safety of
existing chemicals, which includes prioritization, risk evaluation and risk management (U.S.
Environmental Protection Agency 2018b). For each stage, qualitative and quantitative tools have
been developed and applied to aid the evaluation process.
The prioritization step aims to designate a chemical substance to be either high or low
priority. The high priority chemicals will be further evaluated in the three-stage process. USEPA
has developed a few prioritization tools including the Stochastic Human Exposure and Dose
Simulation Model – High Throughput (SHEDS-HT) model (Isaacs, Glen et al. 2014), the
Exposure and Fate Assessment Screening Tool (E-FAST) (Versar 2007) and the Chemical
Screening Tool for Exposures and Environmental Releases (ChemSTEER) (Office of Pollution
Prevention and Toxics 2013). Besides the USEPA tool, chemical management agencies in
Europe and research institutes around the globe also have developed prioritization tools for
chemical human health assessment. For example, the European Centre for Ecotoxicology and
Toxicology of Chemicals developed the Target Risk Assessment (TRA) tool is designed to
evaluate both occupational and consumer health risks of chemicals. TRA has been identified by
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the European Commission’s Regulation on Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) as a preferred tool in chemical HHRA. TRA tool is a
screening tool in nature because it uses highly simplified and conservative exposure assessment
algorithms. For instance, when a chemical is assessed for its occupational exposure through
inhalation pathway, instead of quantitatively modeling the airborne concentration based on the
chemical’s emission mechanism, TRA assigns an airborne concentration based on the chemical’s
vapor pressure range. This simplification allows a wide range of chemicals with different vapor
pressure to have the same exposure level through the inhalation pathway. The benefit of using a
screening tool like TRA is the increasing speed of assessment which fits well with the
prioritization stage. However, more advanced tools are needed for further refined assessment.
Besides TRA, the United Nations Environment Programme (UNEP) has endorsed the USEtox as
a scientific consensuses model for characterizing human health impacts of chemicals. The
characteristics, strength and weakness of each model has been thoroughly discussed by Egeghy
et al. (Egeghy, Vallero et al. 2011).
In the risk evaluation step, higher tier tools are used to quantify the human health risks of
chemicals under the conditions of use and determine if such risks are unacceptable to the general
public or susceptible subpopulations. For exposure assessment in the risk evaluation step, higher
tiered tools often require more information on chemical, physical properties and use information.
For example, the two higher tiered models (i-SVOC and IECCU) used in this research require
detailed knowledge on both of the targeted chemicals and the product contains such chemicals in
order to simulate the chemical emission, transport and distribution in the indoor environment. In
order to interpret results from these models with confidence, field studies to validate modeling
results are often required.
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2.2

2.2.1

LCA AND HHRA: TWO POWERFUL METHODS IN HHIA

Life Cycle Assessment

LCA is standardized according to ISO 14040 and 14044 and contains four basic steps: goal and
scope definition, life cycle inventory analysis (LCI), life cycle impact assessment (LCIA) and
interpretation (International Standard Organization 2006a, International Standard Organization
2006b). The common approach of an LCA is first to define the goal and scope of this study
which includes functional unit, system boundary, data quality requirement and cut off criteria.
The cut off criteria is used to determine which material, energy flow or environmental impact
can be excluded from the study. Second, an LCI will be developed to identify and assess the
environmental loads with the life cycle phases of the studied system. Third, a characterization
model represents the environmental mechanism that is used to quantify the potential
environmental or human health impacts caused by the derived LCI. Lastly, based on the LCIA
results, conclusions and recommendations will be given to highlight the hotspots in terms of
environmental impacts along the life cycle phases and how to improve the environmental
performance if possible. The LCA steps are often iterative.
The earliest LCIA method development started in 1990s such as the critical volumes method
(Guinee and Heijungs 1992, Guinée and Heijungs 1993) and Ecoscarcity (Finnvedcn and
Lindfors 1996) in which only a few environmental impacts were assessed. The Institute of
Environmental Sciences (CML) at the University of Leiden developed CML 1992 and PRe11

Consultants introduced Eco-indicator 95 as two of the LCIA methods which are still in use
today. Entering the 21st century, over a dozen LCIA methods have been developed and they can
be classified into three types: midpoint, endpoint and combined.
Examples of midpoint or problem oriented LCIA methods are CML 2001 (Guinée, Gorrée et
al. 2001), Environmental Design of Industrial Products (EDIP) 2003 (Hauschild and Potting
2005) and the Tool for the Reduction and Assessment of Chemical and other Environmental
Impacts (TRACI) (Bare 2011). This approach aims to reduce uncertainties and the amount of
data needed in the modeling process; however, the environmental relevance may be reduced.
This is because that the linkage between emissions and the impact indicator results increases
when the LCIA method characterizes emissions closer to the endpoint of the cause-effect chain.
One example of endpoint or damage oriented LCIA methods is the Eco-Indicator 99 (EI99)
by PRe Consultants (Goedkoop and Spriensma 2001). The endpoint approach attempts to
quantifiably model the environmental damages or human health impacts caused by the emission
inventory. While environmental relevance increases in the endpoint modeling approach,
uncertainties are also increased due to the lack of quantifiable scientific information along the
cause-effect chain.
More recent LCIA methods are the combined midpoint and endpoint methods such as
ReCiPe (Goedkoop, Heijungs et al. 2008), IMPact Assessment of Chemical Toxics 2002+
(IMPACT2002+) (Jolliet, Margni et al. 2003) and IMPACT World+ (Jolliet 2014). Synergies
exist between some of these methods. For instance, IMPACT2002+ and ReCiPe adopted the
damage factor (Disability Adjusted Life Years or DALY) from EI99. Table 1 summarizes the
number of impact categories of the most recent developed LCIA methods. The trend shows
recent LCIA methods adopt the combined approach of both midpoint and endpoint indicator
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results. These new LCIA methods can help LCA practitioners better understand the
environmental mechanisms of each impact category and make comparisons at both stages of the
cause effect chain.

Table 1: Summary of recent LCIA methods

Start
Year
EDIP 2003
1997
BEES
1998
EI99
1999
CML
2001
IMPACT2002+ 2002
TRACI 2
2002
USEtox
2008
ReCiPe
2008
Method

Latest
Update
2003
2010
2000
2012
2012
2010
2013
2010

Number of IA
Categories
6
12
9
14
10
9
2
12

Geographical
Application
Europe
USA
Europe
Europe
Europe
USA
Worldwide
Europe

Type
Midpoint
Midpoint
Endpoint
Midpoint
Combined
Midpoint
Midpoint
Combined

Both midpoint and endpoint categories are counted and depend on impact category definition. BEES
= Building for Environmental and Economic Sustainability (Lippiatt, Greig et al. 2010)

2.2.2

Human health risk assessment

HHRA is a tool to characterize the nature and magnitude of health risks to human and ecological
receptors from chemical contaminants and other stressors that may be presented in the
environment (U.S. Environmental Protection Agency 2016a). Risk assessment has been widely
used in evaluating chemicals, nanotechnology, remediation of superfund site, environmental
impact assessment (EIA) and planning. HHRA is one of the two most important branches of risk
assessment (RA) which focuses on estimating the adverse health effects in humans potentially
exposed to toxic chemicals. A typical HHRA includes the following four steps: First, the hazard
identification process uses toxicokinetic and toxicodynamic studies to determine whether
13

exposure to a stressor can cause adverse health effects. Secondly, the dose-response assessment
quantitatively links the amount and condition of exposure to a stressor(s) to the likelihood and
severity of adverse health effects. Thirdly, exposure assessment studies how much of the
stressor(s) people are exposed to and how many people are exposed. Lastly, the risk
characterization step gives the numerical results of the additional human health risk caused by
the stressor(s).
Both HHRA and LCA can be used to assess human health and ecological impacts of targeted
system with similarities of these two tools. In terms of data demands of emissions inventory,
application of the tools involves collecting the amount of chemicals emitted to the environment
for a specified system. At the assessment level, most recent LCIA methods adopt some of the
HHRA techniques at the global or regional level. For example, ReCiPe uses fate model at the
European Union scale to calculate the environmental impacts of chemical releases. Similar fate
models are also used in smaller scales (e.g. city level) in RA. A few LCIA methods such as EI99,
ReCiPe and IMPACT2002+ adopt the Disability Adjusted Life Year (DALY) concept which is
widely used in HHRA (World Health Organization 2018).

2.2.3

Previous work towards harmonizing LCA and HHRA for HHIA

While Owens in 1997 pioneered the relation between LCA and RA via analysis of the massbased accounting system of LCA, he also pointed out the limitations of existing impact
assessment methods in terms of the loss of spatial, temporal, dose-response and threshold
information (Owens 1997). Additionally, human health which is modeled as one single impact
assessment category can oversimplify the problem and cannot assess actual adverse health effect
and risk. Human health assessment in LCA often serves as a complementary tool for RA and
14

EIA. During the past 15 years, several groups or individuals have developed framework and
models to bridge the gaps between LCA and RA (McKone, Hall et al. 1997, Olsen, Christensen
et al. 2001, Ciroth, Hagelüken et al. 2002a, Ciroth, Hagelüken et al. 2002b, Bare 2011, Humbert,
Marshall et al. 2011, Sleeswijk 2011). These efforts can be highlighted as exploring the
opportunity to provide regionalized LCIA with RA techniques in assessing human health and
other environmental impacts. Figure 1 demonstrates the unique features and common research
areas of LCA and RA. A detailed discussion is included in this section.

Figure 1: Research areas and gaps in LCA and HHRA
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2.2.3.1 Existing models in assessing human health impacts in LCA and HHRA Human
health assessment is a standard impact category listed in most LCIA methods and the main focus
of HHRA. However, human health assessment is often not included in the LCAs conducted
outside of academia since the uncertainties associated with the underlying human health models
in LCIA are high (Hauschild, Huijbregts et al. 2008, Rosenbaum, Bachmann et al. 2008, Pizzol,
Christensen et al. 2011, Rosenbaum, Huijbregts et al. 2011). In addition, human health is a sitedependent or site-specific impact category which cannot be well quantified in spatial and
temporal generic models used in most current LCIA methods (Humbert, Manneh et al. 2009).
Multi-media and multi-pathways models (Mackay 2001) were recognized as a promising
approach to calculate fate and exposure factors in LCA for the human health impact category
(De Haes, Finnveden et al. 2002). Quite a few existing LCIA methods adopt this approach in
evaluating the human health impacts of toxic substances at global, continental and regional
scales. These models include Berkeley-Trent North America contaminant fate model (BETR
North America) (MacLeod, Woodfine et al. 2001), BETR World (Toose, Woodfine et al. 2004),
IMPACT North America (Humbert, Manneh et al. 2009), USES-LCA 2.0 (Zelm, Huijbregts et
al. 2009) and GLOBOX (Wegener Sleeswijk and Heijungs 2010). These models use dozens to
hundreds of parameters and mass balance equations to model global, continental and regional
environmental conditions and study the partition of toxic chemicals emitted to various
environmental compartments such as air, lake, river, ocean and land. In current practice, human
health impacts in existing LCIA methods can be summarized as direct impact from toxic
substances and indirect impact caused by other impact categories such as photochemical ozone
creation. At the midpoint level, by using fate and exposure models at a given geographical level
(e.g. Europe), existing LCIA methods characterize each toxic substance into a benchmark

16

chemical by assigning Characterization Factors (CFs) to each substance. For example, IMPACT
2002+ uses a western Europe based multimedia chemical fate and exposure model and calculates
CFs in terms of chloroethylene emitted to air (Jolliet, Margni et al. 2003). At the endpoint level,
a few other midpoint categories such as ozone depletion, photochemical oxidation and
respiratory effect also contribute to human health at the endpoint category. With the WHO
DALY approach to account the severity of each type of cancer or noncancer diseases, the
midpoint indicator results from various impact categories can be quantified into human life years
lost or disabled.
Quite a few models which were originally designed for RA purpose have been applied in
LCIA to evaluate the human health impacts such as CalTox, USEtox and the European Union
System for the Evaluation of Substances (EUSES). In the early development of LCIA, CalTox
version 2.2 was adopted in the first version of USEPA’s TRACI in 2002 (Bare 2002). CalTox
model is a steady state, multimedia fate and multi-exposure model with fixed generic parameter
for the United States. CalTox was originally developed for assessing human exposure and
defining soil clean-up levels at uncontrolled hazardous waste site, and not for LCA purposes
(McKone, Hall et al. 1997). In 2008, TRACI 2 switched to use USEtox to model human health
impacts of chemical releases (even though USEtox is not U.S. specific). Building on USEtox,
the Uniform System for the Evaluation of Substances adapted for LCA purposes 2.0 (USESLCA 2.0) (Zelm, Huijbregts et al. 2009) is a multimedia fate, exposure and effect model to
calculate both human and ecological toxicity developed in Europe based on the EUSES model,
which is widely used for regulatory risk assessment purpose.
The recent research effort of HHIA in LCA is focusing on improving the calculation of
intake fractions (iFs) by developing specific indoor exposure models and using GIS to include
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meteorological and demographical information (Mutel and Hellweg 2009, Mutel, Pfister et al.
2011). iFs also known as exposure efficiency was first defined by Bennett (2002) as “the fraction
of chemical mass emitted into the environment that eventually passes into a member of the
population through inhalation, ingestion, or dermal exposure” (Bennett, Margni et al. 2002).
Numerous indoor exposure models have been proposed in LCA since the indoor pollutant
concentration is generally higher and chemical iFs in the indoor environment is up to three
orders of magnitude higher than outdoor (Humbert, Marshall et al. 2011). Meijer et al. developed
a methodology to calculate damages to human health by indoor pollutants emitted from building
materials by using a conceptual Dutch reference dwelling (Meijer, Huijbregts et al. 2005a,
Meijer, Huijbregts et al. 2005b). When the DALY approach was applied to calculate the damage
factor, the contribution of carcinogenic effect was generally within one order of magnitude of
non-carcinogenic effect. Compared to the rest of the life cycle phases of building materials,
emissions emitted into the second floor of the Dutch reference dwelling may cause 20 times
more damage.
Besides the indoor emissions from building materials, Meijer et al. also studied the human
health impacts from outdoor traffic pollution using the Dutch reference dwelling (Meijer,
Huijbregts et al. 2006). The results showed the human health damage due to indoor exposure to
traffic pollutants and noise was in the same order of magnitude with the damage associated with
the life cycle of dwellings. To compare the toxicity impacts from indoor and outdoor sources,
Collinge et al. proposed a dynamic LCA framework to include indoor environmental quality
metrics where he found the indoor pollution indicator results for cancer effect was one order of
magnitude greater than outdoor source for an academic building located in the city of Pittsburgh
(Collinge, Landis et al. 2013). Another important indoor exposure for industrial process happens
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at the manufacturing plant or application site (e.g. solvent plant or indoor spray foam insulation
application). However, very little studies have been done in this field. The regionalization in
LCIA development for human health impacts is further reviewed in Section 2.2.3.2, as this area
of background is critical to the proposed research.

2.2.3.2 Regionalization in LCA It is well known that spatial differentiation exists in process
technology and affects the impact of environmental emissions. LCA has been criticized as a
“site-generic” method since spatial information in both LCI and LCIA is not always included
(Larry Barnthouse 1997, Owens 1997, Humbert, Manneh et al. 2009). In terms of LCI, the
spatial differentiation is from available technologies, energy grid mix, political and economic
conditions and transportation mode. Ciroth et al. showed the impact of geographical
differentiation on the LCI to the same type of waste incinerator in Spain, Germany and
Switzerland due to regional background energy supply (Ciroth, Hagelüken et al. 2002a, Ciroth,
Hagelüken et al. 2002b). Regarding LCIA, the environmental impact from the same emission
emitted to different locations may vary. A common issue in LCIA results is its limitation to
express known environmental impacts with regionally specific clarity. For example, summer
smog or photochemical ozone creation is determined by background airborne concentration of
Volatile Organic Compounds (VOCs) and NOx, but most current LCIA methods only have an
average CF at country scale. Shah and Ries studied the spatial and temporal resolution of
photochemical precursors for LCA in the U.S. and found the CF of NOx has up to one and two
orders of magnitude difference among the 50 states and DC (Shah and Ries 2009).
LCIA methods developed in Europe started to include spatial information into LCI and
LCIA. For example, Hauschild and Potting classified LCIA into three types: “site-generic”,
“site-dependent” and “site-specific” in the EDIP method (Hauschild and Potting 2005). Site19

generic LCIA assumes all emissions contribute to the same generic receiving environment, and
no spatial differentiation is considered in the assessment. While site-dependent and site-specific
LCIA employ a moderate to high spatial differentiation, respectively. In traditional LCIA
methods, the site-generic global and continental scale models are common. Recently, however,
LCA has moved towards the direction of developing a more site-dependent and site-specific
models (Potting and Hauschild 1997, Tolle 1997, Potting, Schöpp et al. 1998, Shah and Ries
2009, Gallego, Rodríguez et al. 2010, Sala, Marinov et al. 2011, Sleeswijk 2011, Brown 2012,
Dresen and Jandewerth 2012). Two aforementioned regionalization approaches, archetype
regionalization and site-specific approach (Hauschild 2006, Potting, Hertel et al. 2006, Humbert,
Manneh et al. 2009), are under development, but only the former one is being integrated in
mainstream LCIA methods.
In archetype regionalization approach (or site-dependent characterization), specific emission
location information is not needed. Geographical variability is identified as a few distinct
categories with characteristics instead such as air emissions from high or low chimneys to high
or low population density areas. Potting et al. first described the concepts although the word of
“archetype” was not used (Potting and Hauschild 1997). Further, Hauschild et al. applied the
archetype approach into EDIP method to derive site-dependent photochemical ozone formation
CFs (Hauschild 2006). Similarly, Shah and Ries used a photochemical air quality modeling
system (CAMx-MM5-SMOKE) to develop CFs for photochemical ozone creation in 50 U.S.
states and DC (Shah and Ries 2009). Another example is that Gallego et al. studied the spatial
characteristics of three ecosystems in northwest Spain and developed regional CFs for aquatic
eutrophication (Gallego, Rodríguez et al. 2010). More thorough discussions about archetype
regionalization can be found at Humbert et al. (Humbert, Manneh et al. 2009, Humbert, Marshall
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et al. 2011). Humbert et al. (2009) developed the IMPACT North America which is a multimedia
environmental fate and exposure model to calculate the iFs of emissions in the U.S. and Canada.
They found the biggest difference of iFs can be six orders of magnitude between site-generic
assessment and the site dependent archetype approach in a specific region such as Alaska. They
also discovered in North America, two important archetypes in characterizing HH impact from
emissions are population density and agriculture production rate for air and oral intake pathway,
respectively. In addition to EDIP, current ReCiPe method adopts this approach in characterizing
air, water and soil emissions even though a few archetypes are available to choose (Goedkoop,
Heijungs et al. 2008). It is worthwhile to mention that not all archetype CFs are available in
commercial LCA software.
In the site-specific approach, a high resolution model is often developed by using GIS (Kim
and Dale 2009, Geyer, Lindner et al. 2010, Geyer, Stoms et al. 2010, Mutel, Pfister et al. 2011,
Saad, Margni et al. 2011, Civit, Arena et al. 2012, Dressler, Loewen et al. 2012), instead of
classifying geospatial characteristics into categories. Geyer et al. first modeled a regionalized
LCI for foreground process (e.g. air emission from an agriculture product production in central
valley), input them into GIS system and manually apply the CFs derived from a regionalized
LCIA method (e.g. land use impact based on regional species richness). However, due to the
difficulties of gathering spatially differentiated background data such as diesel production used
in agriculture, LCA practitioners are often left with no options but to use the site genetic CFs in
existing LCIA method (Mutel and Hellweg 2009). Normally the background processes are less
sensitive to regionalization since energy supplies are spread out over the world and the spatial
differences are more likely to be offset. Therefore, this “modeled LCI” approach is a
compromise between the need of spatial differentiated LCIA results and the effort of collecting
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data. However, it was only applicable to a few special cases such as land and water use. No study
has been done for human health impacts using this approach. In addition, Mutel pointed out it is
possible to miss important impacts along the supply chain without regionalizing the foreground
processes (Mutel and Hellweg 2009). He proposed a buffering zone concept in GIS to include
spatial uncertainties for foreground LCI, but the probability of the activity occurred in each
buffered region is not totally objective.
Besides current method development in regionalization of fate and exposure models, there is
a strong need for population specified exposure modeling. Children and elder citizens are more
vulnerable than young adults to pollutants. This is because children have a higher chemical
intake rate per body weight through both air and oral pathways and their organs are still under
development. Although the variability in exposure factor is low among different age groups
compared to several orders of magnitude differences in the spatial differentiation, it is
worthwhile to develop an exposure model to combine the spatially differentiated iFs approach to
protect vulnerable population such as children.

2.2.3.3 Main obstacles in harmonizing existing tools for HHIA Previous work reveals the
obstacles to harmonize existing tools such as LCA and HHRA for HHIA.
Complexity in supply chain and the lack of consistent prioritization process.
A large number of raw materials and intermediates could be involved in a chemical’s life
cycle. For example, a total of 19 raw materials and intermediates are used to produce MDI, a raw
material for many industrial and consumer products (American Chemistry Council 2011b).
Along this supply chain, each raw material has hundreds of chemical emissions and the emission
locations are often unknown. Even a single manufacturer often has the same type of raw material
provided by different suppliers in different locations. Currently, manufacturers only track the raw
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material suppliers instead of the manufacturing location of each shipment. As a result, it is
impossible to conduct site specific HHRA for every chemical along the supply chain, due to the
lack of geographical information and the complexity of the supply chain. A consistent and
practical prioritization process is truly needed.
Fugacity based multi-media models were first brought to attention for its potential of
studying chemical fate and transport in the environment and potential human exposure (Mackay
2001). Based on this approach, a few multi-media box models have been developed over the past
two decades to study the fate and transport of chemicals in the environment (McKone, Hall et al.
1997, Georgopoulos and Lioy 2006, Arnot 2009). For example, EUSES model has been used by
the European Chemical Agency (ECHA) as screening level risk assessment tools (TSA Group
Delft bv 2008). However, each model often has its own strength in a particular area of chemical
fate and exposure (Egeghy, Vallero et al. 2011). For instance, the Stochastic Human Exposure
and Dose Simulation Model – High Throughput (Stochastic Human Exposure and Dose
Simulation (SHEDS)-HT) primarily focuses on the near-field consumer exposure (Isaacs, Glen et
al. 2014), while the USEtox model most commonly used in LCA focuses on the far-field
environmental releases (Rosenbaum, Huijbregts et al. 2011). Recent research indicates the
chemical near-field exposure is the most predictive to the overall human exposure to chemicals
(Wambaugh, Setzer et al. 2013, Wambaugh, Wang et al. 2014). However, to fully evaluate the
human health impacts of a chemical, a combined approach to address both near and far-field
exposure from a chemical life cycle perspective is required and becoming an emerging research
area (Isaacs, Glen et al. 2014, Jolliet, Ernstoff et al. 2015).
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Existing individual assessment tools alone does not meet the regulatory and market needs
for chemical human health assessment
Current chemical human health assessment has two primary goals. First, from the perspective
of regulatory agencies such as USEPA, a quick but technically rigorous high throughput method
is needed to screen large amount of chemicals and identify those high priority chemicals based
on their toxicity and exposure potentials. To achieve this goal, USEPA has been working with
the industry participants such as the ACC to develop methods and framework such as the
ToxCastTM (U.S. Environmental Protection Agency 2018c) and ExpoCastTM program
(Wambaugh, Setzer et al. 2013). In the EU, REACH regulation approves to use a tier one
screening tool (TRA) to evaluate chemicals by their use pattern and potential exposure pathways
with conservative assumptions (European Centre for Ecotoxicology and Toxicology of
Chemicals 2004, European Centre for Ecotoxicology and Toxicology of Chemicals 2014). The
high priority chemicals are further evaluated by higher tier methods which require more specific
manufacturing and use pattern information instead of default values. Second, in addition to
knowing where the human health hotspots are, both the regulatory agencies and general public
are interested to quantify the human health risks which could be used to guide regional or local
policy for human health risk mitigation. For example, one concern of the HHRA of building
products and green building programs is burden shifting from one region or life cycle phase to
another (Cellarius 2014, Pierce 2014). To avoid this, additional data collection such as chemical
reaction kinetics and emission locations is required for a more comprehensive HHRA of
chemicals.
To meet the above two goals, existing tools alone are not sufficient due to the complexity of
chemical human health assessment. Two of the primary tools involved in HHIA are LCA and
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HHRA are different in several aspects. First, LCA is a product-based tool which uses the concept
of functional unit that includes all inputs and outputs to fulfill this function along a product’s life
cycle. All impacts are based on the studied functional unit. The midpoint and endpoint human
health impact indicator results usually have their own units (e.g. Comparative Toxic Unit or CTU
in USEtox and DALY for endpoint human health category in EI99, IMPACT 2002+ and
ReCiPe). HHRA is a receptor-based tool which focuses on the human health impacts of one or
several hazardous chemicals and one or several life cycle stages of these chemicals for targeted
population (e.g., a specific location or an age group). Starting with certain production volume,
HHRA transfers chemical emission rates into ambient concentrations with a fate and transport
model, then applies an exposure model to calculate the human exposure dose and finally
compare it to toxicological threshold (e.g. Integrated Risk Information System or IRIS) to derive
hazardous quotient or risk characterization ratio (RCR). The risk characterization step usually
gives a unitless numeric value for certain endpoint effects (e.g. one additional cancer case in a
million people). Sleeswijk and Olsen et al. identified functional unit as a fundamental difference
between LCA and HHRA (Olsen, Christensen et al. 2001, Sleeswijk 2011). This is because all
emissions are allocated to one functional unit in LCA whereas emissions are evaluated based on
their locations or temporal patterns in HHRA (e.g. SO2 resulted from producing 1 kWh
electricity vs. SO2 from a coal power plant located in Pittsburgh). Second, LCA uses the
principle which is often referred as “less is better” which means LCA assumes a linear
relationship between human health impacts vs. chemical emissions. In contrast, RA uses the risk
minimization principle as the basis which assumes only the emission over the environmental
capacity will cause harm. This approach is commonly referred to as “only over the threshold”
(Potting, Hauschild et al. 1999).
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Due to the different focuses of LCA and HHRA, each tool alone cannot fulfill the two goals
discussed above. For example, the screening level USEtox tool often used in LCA aggregates all
relevant chemical releases together which aims to conduct efficient high throughput
prioritization for the first goal. However, the loss of emission location information reduces the
geographical relevance and may not be able to achieve the second goal. At the same time,
traditional HHRA only focuses on the human health impacts of one or a few chemicals but
ignores its origin and allocation throughout a product’s life cycle phases. For example, the
National-Scale Air Toxic Assessments identifies the top Hazardous Air Pollutants (HAPs) that
contribute to regional or local human health impacts but it cannot track or allocate them to
certain products or services (e.g., electricity generation) (ICF International 2011). Therefore,
there is an emerging need for all parties involved to develop a systematic and practical method to
meet the goals of chemical human health assessment, especially using more geographical and
product specific information.

A holistic method including the high throughput/tiered approach and utilizing existing
tools with higher geographical and temporal resolution needs to be developed for chemical
HHIA.
In order to bridge the gaps of individual tools in assessing chemical human health impacts,
there have been a few studies suggesting for using multiple tools. In 2004, Sonnemann proposed
an integrated method to use LCA and RA for industrial processes which first uses traditional
large scale LCIA models to identify a group of chemicals with an arbitrary 10% cut off rule
based on the LCIA result. The site-specific impact assessment is then conducted for the selected
chemicals (Sonnemann, Castells et al. 2004). However, the technical challenge is that this
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method can be only used for a system (e.g., product or service) with a small amount of unit
processes. When the human health impacts of each unit process are evenly distributed based on
the traditional LCIA results, the number of unit process and associated chemicals which require
site-specific assessment is too large. In addition, the methodology challenge is that by using
traditional large scale LCIA models, the uncertainties embedded are carried over to the high
priority chemical list. For example, if TRACI v2.1 were selected as the prioritization method, the
uncertainty of USEtox causes heavy metals dominate the priority chemical list. Later on,
Sleeswijk discussed that although existing tools such as LCA and RA cannot be fully integrated
together due to LCA uses functional unit as the comparison basis while RA uses the ambient
concentration of pollutants, these two tools can work together to assess human health impacts
(Sleeswijk 2011). This research focuses on separating the areas by whether the threshold is
exceeded and assess the environmental impacts separately. Sleeswijk introduced the concept of
Sensitivity Factor (SF) and Threshold Factor (TF) which takes account the regional differences
that SF and TF could be used to quantify the human health impacts in areas which are sensitive
to this impact category and the human health threshold has been exceeded. However, no
prioritization process was proposed in this work and the determination of SF and TF is
subjective. More recently, outside the academia, individual companies such as BASF developed
a framework called “Proscale” to use the TRA screening models in REACH to evaluate chemical
human health impacts from a life cycle perspective (Kalberlah, Schwarz et al. 2015). The basic
idea is to use TRA tool to look at individual chemical in a product by each life cycle phase and
then calculate an overall human health score. The goal of this effort is to bring regulatory models
and life cycle thinking together to rank products based on their human health impacts. Although
the general approach is appreciated to look at chemical hazard and exposure for each life cycle
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phase, the complex supply chain prevents doing that for every single chemical, its upstream raw
material and downstream products. A screening and prioritization process are needed. In
addition, Proscale simply multiplies a hazardous score which is derived from the Potential NonEffect Concentration (PNEC) and an exposure score which is the RCR calculated from PNEC.
The hazardous information was double counted and created methodological difficulties for this
approach.
In summary, to better assess the chemical human health impacts from a life cycle
perspective, there is an inevitable need to use more regional and temporal specific models to
quantify the human health impacts for both far-field and near-field chemical exposure. Previous
research has demonstrated the possibility of using existing tools such as LCA and HHRA
together to achieve such goal. On one hand, with the improvement and increased efficiency of
site-specific environmental fate, transport and exposure modeling (U.S. Environmental
Protection Agency 2012a, EC/R Incorporated 2014), a combination of existing tools can better
assess chemical human health impacts than using any individual one alone. On the other hand,
HHIA should not be limited to far-field environmental chemical exposure but include near-field
exposure, especially focusing on those vulnerable subpopulations. This research will be
presented in chapter three aims to propose a practical and scientific rigorous approach to
illustrate how existing tools could be used together for chemical HHIA.
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2.3

PRODUCT EMISSION AND INDOOR AIR QUALITY WITH FOCUS ON
SVOCS

The relationship between IAQ and product emissions (or commonly called “off-gassing”) has
been studied for decades and well characterized in the literature. However, the majority of these
research studies focuses on the VOC, the emission mechanism, fate and transport of SVOCs in
the indoor environment are still an emerging research area. Although many research studies exist
in the area of VOCs and their impact on IAQ, this section primarily focuses on summarizing
current SVOC research, specifically how SVOCs are measured and the development of recent
indoor SVOC models.

2.3.1

Definition of SVOCs and their presence in the indoor environment

SVOC is a class of chemical that can have meaningful abundance in both gas and condensed
phases. The actual definition of SVOCs could vary by organizations and governmental
authorities. WHO defines SVOCs by boiling point range (240 ~ 400 °C) (World Health
Organization 1989) but a common approach in SVOC research is to define it by chemical vapor
pressure (10-9 to 10 Pa) (Weschler and Nazaroff 2008, Xu and Zhang 2011). In comparison,
VOCs have a higher but narrower vapor pressure range between 10 Pa to 104 Pa. SVOCs in the
indoor environment can be grouped into the following categories by chemical class or use
function: organophosphate flame retardants (OPFRs) and plasticizers, brominated flame
retardants (BFRs), phthalate esters, synthetic musks, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls, pesticides, polyfluorinated alkyl substances (PFASs), chlorinated
paraffins, dechlorane and parabens.
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SVOCs can be found in many indoor environmental media including air, airborne particles,
settled dusts, sink materials such as building construction materials and consumer products such
as electronics, cleaning products and furniture (Weschler and Nazaroff 2010, Liu and Little
2012, Liu, Allen et al. 2016a, Lucattini, Poma et al. 2018). The type and quantity of SVOCs
presented in the indoor environment vary by product types and functions. Lucattini et al. did a
literature review on SVOCs presence in indoor materials and products with a total of 259
publications. They reported the SVOC weight percentage ranges in each type of indoor material
and media (Lucattini, Poma et al. 2018).

2.3.1.1 SVOCs in building and construction materials For building construction materials,
three of the most common SVOC types are flame retardants in insulation foam and wall paper
(Lazarov, Swinnen et al. 2016, Liu, Allen et al. 2016a), phthalate based plasticizers in vinyl
flooring (Clausen, Xu et al. 2007, Xu, Cohen-Hubal et al. 2009, Xu, Liu et al. 2012, Liang and
Xu 2014, Liang, Caillot et al. 2015) and polychlorinated biphenyl (PCBs) congeners based resin
or soft agents in paint, adhesive and sealants (Andersson, Ottesen et al. 2004, Hu and
Hornbuckle 2010, Liu, Guo et al. 2015, Liu, Guo et al. 2016a, Liu, Guo et al. 2016b).
Flame retardants found in insulation and wall paper include BFRs such as polybrominated
diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD) and OPFRs such as TCPP. OPFRs
are relative newer flame retardants to replace BFRs in the past decade due to the phase out
requirements (Dodson, Perovich et al. 2012, van der Veen and de Boer 2012, U.S.
Environmental Protection Agency 2013a, U.S. Environmental Protection Agency 2017c).
Kemmlein et al. reported TCPP was one of the most commonly emitted OPFRs in polyurethane
(PU) foam application. The weight percentage of TCPP ranges from 5% in the polyisocyanurate
insulating boards (PIR) to 20% in the one component PU foam. The authors also performed
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emission studies using testing chambers (0.02 and 1 m3) and cells (0.001 m3). Depending on the
sample type, area specific emission rates (SER) of TCPP varied from 20 ng/m2/h to 140 µg/m2/h
(Kemmlein, Hahn et al. 2003).
Plasticizers are additives to enhance flexibility of plastics. Phthalates are a group of
chemicals often used as plasticizers in vinyl flooring, carpet padding and PVC products.
Common phthalates include dibutyl phthalate (DBP), di(2-thylhexyl) phthalate (DEHP) and
diisononyl phthalate (DINP). The weight percentage of plasticizers in polyvinyl flooring ranges
from 13% (Clausen, Liu et al. 2012) to 30% (Cadogan and Howick 2000). Phthalates based
plasticizers are not bounded chemically to the product material matrix. Plasticizer emissions
from product occurs and have been studied using chamber testing methods (Carlsson, Nilsson et
al. 1997, Hartmann, Bürgi et al. 2004, Clausen, Xu et al. 2007, Xu, Cohen-Hubal et al. 2009, Xu,
Liu et al. 2012, Liang and Xu 2014). Xu et al. designed a special “sandwich” chamber with a 2liter volume to test DEHP emission SER from vinyl flooring, which ranged from 0.14-0.18
µg/m2/h (Xu, Liu et al. 2012). Liang et al. conducted a similar test for vinyl flooring DEHP and
DINP emissions and reported SERs of 3.2 and 2.7 µg/m2/h (Liang, Caillot et al. 2015). With the
restriction on using phthalates in toys and children’s products, alternative plasticizers with higher
molecular weight such as diisononyl cyclohexane-1,2-dicarboxylate (DINCH) and di(2ethylhexyl)adipate (DEHA) were used (Weschler 2009).
Polychlorinated biphenyls have 209 congeners and different mixture of these congeners were
sold under various commercial names, for example, the Aroclors marketed by Monsanto
(Andersson, Ottesen et al. 2004, Guo, Liu et al. 2012a). PCBs were mainly used in caulk, paint,
coating and fluorescent light ballasts, especially for buildings built or renovated between 1950
and 1979 (U.S. Environmental Protection Agency 2015b). In caulking materials, PCB may
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account up to 30% of weight (Guo, Liu et al. 2012a). In plasters and paints, one of the PCB
congener (PCB7) concentrations are up to 2.9×105 ng/g and 1.9×106 ng/g (Andersson, Ottesen
et al. 2004). As the other two main SVOCs found in the indoor environment, PCBs have been
widely tested in the past two decades in the laboratory and field (Vorhees, Cullen et al. 1999,
Herrick, McClean et al. 2004, Kohler, Tremp et al. 2005, Robson, Melymuk et al. 2010, Guo,
Liu et al. 2012b). In Guo’s study conducted at the USEPA, caulk materials were reported to have
up to 136 mg/g PCB with a mean of 50.3 mg/g and median of 42.6 mg/g. A linearly relationship
was established between PCB congeners concentration in the caulk and the SER.
The common challenge faced by researchers in studying SVOC emissions from building and
construction material is that the weight percentage of SVOCs in the product is often labeled as a
trade secret therefore not mandatory to be reported (Lucattini, Poma et al. 2018). However, such
information is crucial in SVOC emissions mechanism research and modeling. Due to the
difficulties in SVOCs measurement, deriving the initial SVOCs content in a product such as SPF
is a challenge (Sebroski, Miller et al. 2017). In order to advance our understanding of SVOC
emissions and its IAQ impact, product transparency and disclosure are truly needed.

2.3.1.2 OPFRs in the indoor environment OPFRs are a group of chemicals which were used to
replace BFRs. Common OPFRs include halogenated organophosphorus chemicals such as TCPP,
Tris(2-chloroethyl) phosphate (TCEP), Tris(1,3-dichloro-2-propyl) Phosphate (TDCPP), and
non-halogenated organophosphorus chemicals such as Triethyl phosphate (TEP) and Tripropyl
phosphate (TPP). OPFRs have been evaluated for their presence in various indoor media
including air (including airborne particles) (Sanchez, Ericsson et al. 2003, Hartmann, Bürgi et al.
2004, Marklund, Andersson et al. 2005, Saito, Onuki et al. 2007, Bradman, Castorina et al. 2014,
Fromme, Lahrz et al. 2014, Yang, Ding et al. 2014), household dusts (Ingerowski, Friedle et al.
32

2001, Marklund, Andersson et al. 2005, Wensing, Uhde et al. 2005, Van den Eede, Dirtu et al.
2011, Brommer, Harrad et al. 2012, Fromme, Lahrz et al. 2014, Cowell, Stapleton et al. 2017,
Wang, Wang et al. 2018), furniture (Stapleton, Klosterhaus et al. 2009, Cowell, Stapleton et al.
2017) and consumer products such as baby products (Stapleton, Klosterhaus et al. 2011),
household products (Ingerowski, Friedle et al. 2001, International Agency for Research on
Cancer 2015) and electronics (Kemmlein, Hahn et al. 2003, Saito, Onuki et al. 2007, Kajiwara,
Noma et al. 2011).
Wei et al. and Jayjock et al. did thorough literature reviews on OPFRs presence in the indoor
environment (Jayjock, Kroner et al. 2015, Wei, Li et al. 2015). Table 2 summarized their
findings and additional literature reported common OPFRs concentration ranges in the indoor
environment.
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Table 2: Range of OPFRs concentration in various indoor media (Jayjock, Kroner et al.
2015, Wei, Li et al. 2015)

Environmental
media

TCPP

TCEP

TDCPP

TEP

TPP

Indoor air
ng/m3
a
b
c
d
a
Home
nd -2,660
nd -6,000
nd -61.4b
nda-511b
ndc-17.5b
Office
nde-850f
ndc-870g
ndc-35.0h
ndf-91.0c
ndf-2.70 c
h
i
h
h
h
h
School
31.0 -200
0.70 -590
<0.30 -1.70
<0.40h-2.80h
Hotel
69.0h
2.20h
<0.60h
<0.30h
c
c
h
c
c
h
c
c
Daycare
1.30 -72.0
2.50 -230
nd -59.0
0.80 -20.0
ndc-0.90c
Hospital
1.00g-750g
2.20e-350g
<0.20h-150h
7.00g-13.0g
4.80h
h
h
h
prison
570
17.0
6.00
<0.40h
Indoor dust
µg/g
Home
<0.01j-462k <0.008j-2,320k <0.009j-864k
<0.005l-3.31k
<0.005l-1.13k
Office
<0.01j-120c
<0.008j-260c
<0.009j-91c
ndc-0.10c
m
m
m
m
m
m
School
2.90 -50.0
1.60 -94.0
0.84 -5.70
n
n
n
m
n
n
n
n
Hotel
1.00 -9.80
0.08 -3.90
0.07 -18.0
<0.02 -0.09
Store
0.58o-24.4o
<0.08o-5.46o
<0.08o-56.2o
<0.05o-0.37o
Daycare
0.80m-12.0c
0.82c-150c
1.80m-150c
ndc-4.70c
c
c
c
c
c
c
Hospital
2.30 -5.30
0.56 -2.10
1.00 -3.80
prison
<0.01m-134m <0.008m-13.7m <0.005m-620m
Indoor products
µg/g
Baby
1,000p–
1,110p-14,400p
2,400p-124,000p
products
12,800u
q,v
Household
0.90 4.5q,v- 44,870s,w <1.00×10-4 t,x – 11t,y 1.8t,z - 3,230t,w
Products
180,000d,w
Electronics
nda-1,700a
nda-13,000a
nda-290m
3.00×10-4 t –0.19t 0.56t-14,000t
nd = not detected; a: (Saito, Onuki et al. 2007); b: (Kanazawa, Saito et al. 2010); c: (Bergh,
Torgrip et al. 2011); d: (Ingerowski, Friedle et al. 2001); e: (Hartmann, Bürgi et al. 2004); f: (Björklund,
Isetun et al. 2004); g: (Staaf and Östman 2005); h: (Marklund, Andersson et al. 2005); i: (Mäkinen,
Mäkinen et al. 2009); j: (Abdallah and Covaci 2014); k: (Araki, Saito et al. 2014); l: (Ali, Ali et al. 2013);
m: (Marklund, Andersson et al. 2003); n: (Takigami, Suzuki et al. 2009); o: (Van den Eede, Dirtu et al.
2011); p: (Stapleton, Klosterhaus et al. 2011); q: (Nagase, Toba et al. 2003); s: (Stapleton, Sharma et al.
2012); t: (Kajiwara, Noma et al. 2011); u: (Ionas, Dirtu et al. 2014); v: Furniture cushion; w: PU foam;
x: Curtain; y: Insulation board; z: Wall paper

34

2.3.2

SVOCs measurement methods

In order to measure product emissions and their impact on IAQ, researchers have developed
chamber methods to quantify chemical emission rates from products. Compared to the field
sampling studies, the primary advantage of these chamber methods is that they are conducted in
a more controlled laboratories environment so researchers can control factors which may impact
product emission rates and chemical’s indoor fate and transport behavior. In addition, chamber
tests often require less time and resources. However, the disadvantages of using chambers
include the chamber wall sink effects and the difficulties in extrapolating chamber studies results
to actual building. Due to SVOCs’ low vapor pressure and high material-air partition
coefficients, they tend to be absorbed onto the chamber walls and therefore may not be captured
by air sampling techniques. The measured SVOCs concentration in the chamber air may be
underestimated due this chamber wall effect. Another difficulty in using chamber test results to
predict product’s emission profile and its IAQ impact is that chamber tests often have different
“external conditions” than the actual building. For example, the gas phase mass transfer
coefficient is a function of ambient air velocity and dimensions of the products. Due to the
volume differences between the chamber and actual building, air velocity can be quite different
in the chamber vs. the actual room. Besides volume, the product loading factor (product surface
area/chamber or room volume) can be different which may result that the emission factors
derived from the chamber studies are not representative if the products were placed in an actual
room.
There are a few types of chamber testing system developed in VOC and SVOC research in
the past three decades. Each system has its own set of specifications which could be
overwhelming. A brief description is summarized to introduce each system. The volume of these
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chamber system varies from 35 milliliter (ml) to large chamber with a volume of 300 Liters (L)
(Liang, Liu et al. 2018b). In certain cases, large room size spray booth is also used in SVOC
research (Wood 2017). The early developed chambers include the Field and Laboratory
Emission Cell (FLEC) and the Chamber for Laboratory Investigations of Materials, Pollution
and Air Quality (CLIMAQ).
FLEC was developed initially for testing VOCs (Wolkoff, Clausen et al. 1991). It is a
stainless-steel circular cell with a maximum test material surface area of 1.77× 10-2 m2. Test
material is placed on the bottom of a FLEC. Air is introduced into the chamber from two
diagonally positioned inlets and leaves from the top center of the chamber, which provides a
constant air flow over the tested materials. It has been applied to test VOC and SVOC emissions
from carpet, paint, sealants (Wolkoff, Clausen et al. 1993), flooring adhesives (Yu and Crump
2003) and plasticizers (Clausen, Xu et al. 2007, Clausen, Liu et al. 2012) and furniture (Wolkoff
1996, Marć, Zabiegała et al. 2012).
CLIMAQ is made of panes of window glass, stainless steel and aluminum. The developers
validated CLIMAQ by testing carpet, linoleum, wall paint and sealant simultaneously in the
chamber (Gunnarsen, Nielsen et al. 1994) and compared results with four other chambers with
volume ranged from a 28 m3 large booth to a 35 ml FLEC. They discovered the chemical
measurement differences were up to one order of magnitude for the same tested product in
different chambers. The possible reasons discussed for such differences include those
environmental parameters which impact the emission rates such as specific ventilation rates and
air velocity over the tested products and sink properties.
In recent development, micro-chamber and sandwich shape emission cells were developed
and used to minimize the sink wall effects in product emission testing (Xu, Liu et al. 2012, Liang
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and Xu 2014, Sebroski, Miller et al. 2017). Micro-chamber is a stainless chamber with a volume
as small as 44 ml (Markes International 2018). An ASTM standard was developed to standardize
the testing parameters such as air change rate and temperature for the micro-chamber (ASTM
International 2017a). Katsumata developed a two-step method to use a micro-chamber with a
volume of 390 ml to test SVOC emissions from various indoor materials. In order to minimize
the chamber wall effect, the authors first collected the air when the material was in the chamber,
then the material was removed and additional air volume was collected while the chamber was
heated. They also validated their method through recovery rate and reproducibility tests
(Katsumata, Murakami et al. 2008). Sebroski used a micro-chamber with a volume of 114 ml to
study SPF emissions (shown in Figure 2) and compared with a 36-liter small scale chamber
(shown in Figure 3). It was found that due to the higher air exchange rate and material loading
factor, micro-chamber produced higher TCPP emissions compared to the 36-liter chamber but
the difference was within one order of magnitude (Sebroski, Miller et al. 2017). Xu et al.
developed a circular sandwich type of chamber which was designed to position the test material
as the top and bottom of the chamber. This design maximized the surface area of the emission
sources and at the same time minimized the chamber wall sink effects (Xu, Liu et al. 2012). The
authors used this sandwich chamber to measure phthalate plasticizers from vinyl flooring
materials. Compared to FLEC and CLIMAQ, the time to take the chamber wall to be saturated
with the testing chemical reduced from 5 months to 1 months. The authors also further applied
this special chamber to other building materials (Liang and Xu 2014).
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Figure 2: Micro-chamber (114 ml) used in studying SPF SVOC emissions (top and side view)

Figure 3: Small chamber (36 liters) used in studying SPF SVOC emissions
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Small scale chambers have volume up to 1 m3 and the corresponding ASTM standard is the
ASTM D5116-17 (ASTM International 2017c). The small chambers were originally designed for
VOC testing but recent studies started to use them in SVOC research (Office of Chemical Safety
and Pollution Prevention 2017, Liang, Liu et al. 2018a, Liang, Liu et al. 2018b). Liang et al. used
two 53-liter small chambers in series to measure the parameters that control OPFR emissions.
They used the first chamber as the source chamber to generate constant gas phase OPFRs and
placed polyisocyanurate foam as samples in the second chamber to absorb OPFRs. With
measured airborne OPFRs concentration and the amount of OPFRs absorbed onto the solid
materials, the authors fitted their data to the degree of sorption saturation (DSS) model to
estimate important IAQ modeling parameters such as the partition and diffusion coefficients for
OPFRs. Similarly, Liu et al. used the same chamber system to test these key parameters for PCB
congeners and OPFRs for more products found in the indoor environment such as clothing and
building construction materials (Liu, Guo et al. 2014, Liu, Allen et al. 2016a).
A typical full-scale (large) chambers have a volume of 30 m3 and the corresponding ASTM
standard is the ASTM D6670 (ASTM International 2018). A full-scale chamber is not
commercially available therefore not used as widely as the micro and small chambers in the
SVOC research. The Center of Polyurethane Industry (CPI) has sponsored one study to evaluate
VOC and SVOC emissions from high pressure applied SPF system in a laboratory spray booth
(Wood 2017). Liang et al. used a full-scale chamber (4.8 m × 3.7 m × 3.0 m height) to study the
phthalate emissions from flooring materials. They developed a fundamental mechanistic model

to interpret the full-scale chamber measurement results and concluded that temperature and air
mixing above the source are important factors that impact phthalate emission but air change rate
is not (Liang, Caillot et al. 2015).
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2.3.3

SVOCs multi-media modeling

Measuring SVOCs have posed a few significant challenges include low chemical volatility,
strong chamber wall sorption effect and lab chemical contaminations (Guo 2013, Liu, Ye et al.
2013). In addition, SVOC emissions testing is often limited to a specific testing condition which
may be quite different than the real indoor environment. Results from chamber studies may not
be extrapolated to reflect the realistic indoor environment. Finally, SVOC testing requires
significant time and resources commitment. To overcome these challenges, researchers extended
VOC emission models, and many SVOC multi-media models have been developed as viable
alternatives for chamber or field SVOCs testing. In the past two decades, over 15 multi-media
models have been developed to study SVOC emission mechanisms and their fate and transport in
the indoor environment. These models are often developed for a specific chemical class and
validated through experimental studies. The multi-media models typically define an indoor
environment into several “compartments” such as the source, sink, indoor air, airborne particle
and settled dust. Depending on model assumptions, each compartment is represented based on
different mass transfer models. The first type of model represents indoor sources and sinks using
the fugacity concept. Matoba et al. developed a series of fugacity-based models to study
emission, transport and distribution of pesticides used in the indoor environment and made these
models available as Excel based software (Matoba, Ohnishi et al. 1993, Matoba, Ohnishi et al.
1994, Matoba, Ohnishi et al. 1995, Matoba, Yoshimura et al. 1998). Similarly, Bennett and
Furtaw developed a dynamic mass balance compartment model which includes indoor air, sinks
(carpet, flooring and wall) and six size fractions of particulate matter. They compared their
model with field measured pesticide concentrations in air and carpet (Bennett and Furtaw 2004).
Weschler et al. systematically studied SVOCs in the indoor environment by developing a steady
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state fugacity-based model. Their model evaluated the influences of key modeling parameters
that impact SVOC indoor behaviors such as the octanol-air partition coefficient (Weschler and
Nazaroff 2008).
More recent model development focused on better describe the mass transfer mechanism of
SVOC emission sources and indoor sinks. Xu and Little first extended a VOC mass transfer
model to describe the emission mechanism of DEHP, a plasticizer, from vinyl flooring. In their
model, a boundary layer was defined to separate the area immediately above the source material
from the rest of bulk air in the indoor environment. SVOC concentration in this boundary layer is
determined by the partition coefficient between source material and air, external convective mass
transfer coefficient which is a function of air velocity, temperature and source material
dimensions, and the SVOC sorption to indoor sinks such as airborne particles. The authors
provided an analytical solution for the mass balance equations to calculate the bulk air SVOC
concentration based on the initial SVOC concentration and physical properties (partition
coefficient between source and air) of the source material and the external conditions (air
properties and indoor sinks) (Xu and Little 2006). This model was further developed into a twozone model to study the DEHP sorption on indoor surfaces such as human skin, carpet, wood and
dust (Xu, Cohen-Hubal et al. 2009, Xu, Cohen-Hubal et al. 2010). Liang also used this model to
study the influences of surface sorption and air flow on phthalate emissions from vinyl flooring
in specially designed stainless steel and wood chambers (Liang and Xu 2015). Shortly after,
Liang applied the same model in a large chamber test for vinyl floor phthalate emissions (Liang,
Caillot et al. 2015). Additional research was conducted to evaluate the SVOC sink sorption
mechanisms. Liu et al. applied the DSS model through chamber testing to characterize the
sorption properties of polychlorinated biphenyl (PCB) congeners and OPFRs (Liu, Guo et al.
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2014, Liu, Allen et al. 2016a). Similarly, Liang et al. conducted chamber tests to study OPFRs
sorption onto impervious surfaces (chamber wall) and fitted the measured data with simplified
Langmuir and Freudlich isotherms. They concluded the Freudlich isotherm fits better for OPFR
sorption on impervious surfaces than the Langmuir isotherm.
The latest SVOC model development is centered in the Modified State-Space (MSS) method
developed by Guo (Guo 2013, Guo 2014). MSS method was built on the State-Space (SS)
method first introduced by Yan et al. into the indoor environmental modeling field (Yan, Zhang
et al. 2009). The SS method divides a slab of material into a finite number of layers with the
same thickness and chemical concentration in each layer is assumed to be uniform during the
entire emission process. At the material surface layer, mass transfer process is determined by the
fugacity difference at the interface, material-air partition coefficient and external convective
mass transfer coefficient. Within the source, mass transfer is controlled by the fugacity
difference between two adjacent layers and the solid phase mass transfer coefficient. Guo
improved the SS method by making the following modifications: 1) introduced a local two-phase
mass transfer theory to simulate mass transfer rate at the interface between solid material and air,
and interface between the two solid materials (Lewis and Whitman 1924), as cited in (Guo
2014); 2) defined the thickness of the air exposed layer to be 10-7m for practical and
computational purposes; and 3) for the interior layers, the thickness of the inner layer is twice of
the outer layer. The MSS method has improved previous mass transfer models by transforming
complex partial differential equations to a series discrete, ordinary differential equations which
increased computational efficiency (Guo 2013). Moreover, the MSS method allows to model
multiple sources, sinks and include chemical barriers, which better reflects the realistic indoor
environment.
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Among the most recent SVOC models, the MSS method is one of the few methods which
have been integrated into a publicly available software, i-SVOC, by USEPA (U.S.
Environmental Protection Agency 2013b). i-SVOC is a single zone multi-media model
specifically designed to study the emission, fate and transport behavior for SVOCs. Tian et al.
applied the i-SVOC software to study TCPP emission from SPF and compared the modeling
results with data measured from field studies and micro-chamber tests. They concluded i-SVOC
modeling results are highly sensitive to the source related input parameters such as the materialair partition coefficient (Tian, Sebroski et al. 2017).

2.4

INFORMATION OF CASE STUDY PRODUCTS AND CHEMICALS

In this research, an organic chemical insulation material, SPF, was selected as the case study
material to illustrate the quantitative approach to evaluate human health impacts of a product
through its life cycle phases. For this case study product, two main chemical components were
focused in this research. MDI accounts for 50% of the raw materials in weight to produce SPF
and has been placed under USEPA’s action plan to manage its human health risks (U.S.
Environmental Protection Agency 2011b). Due to short half-life (about 15 hours by
photochemical reaction in the atmosphere) of MDI in the environment (Tury, Pemberton et al.
2003), this research only evaluates its human health impacts in the cradle-to-gate and application
phases. TCPP is a non-reactive flame retardant added to the SPF formulation and has a longer
presence in the indoor environment than MDI. TCPP is selected as the case study chemical to
evaluate the human health impacts of SPF during use phase.
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2.4.1

Methylene Diphenyl Diisocyanate and Spray Polyurethane Foam

2.4.1.1 Application and chemical properties MDI is a very versatile chemical which is used in
various industrial applications such as foam mattresses, pillows, shoe soles, carpet backing
materials, insulation, binding agents and automotive parts. The most common type of MDI is the
polymeric MDI mixture which is composed of MDI monomers (e.g., 2,4’- MDI or 4,4’-MDI)
and high molecular weight polymeric MDI, as shown in Figure 4. The most common chemical
reaction of MDI is the formation of polyurethane which was first discovered by Otto Bayer in the
1930s.

Figure 4: Chemical structure of the monomeric MDI (left) and polymeric MDI (right)

SPF is one type of insulation materials made of MDI and polyol. Due to its high performance
in promoting energy efficiency, most recent data project SPF market will surpass 2.5 billion
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USD by 2024 (Global Market Insights Inc 2017), which has the highest growth rate in the entire
polyurethane foam sector (ReportsnReports 2018). SPF is often installed onsite in a newly built
or renovated building by mixing the A side (polymeric MDI) and the B side (polyols, catalysts,
flame retardants and blowing agents) and spraying these chemicals to a building cavity. When
the A and B side chemicals meet together, chemical reaction occurs and forms polyurethane.
The physical and chemical properties of MDI are unique and have a high impact to its
emission, transport and distribution in the outdoor and indoor environment. Vapor pressure is
one of the key chemical properties that determine the environmental behavior of MDI. At the
production temperature (about 200°C), monomeric MDI has a vapor pressure of 700 Pa but the
final MDI product is often kept at 40 to 50°C that the vapor pressure is orders of magnitude
lower (8.2 × 10-3 – 2.5× 10-2 Pa) (International Isocyanate Institute 2003). At room temperature,

pure MDI is a waxy solid with a white to yellow color. Pure MDI monomer has a vapor pressure
of 6.2 × 10-4 Pa at 20°C while polymeric MDI’s vapor pressure is essentially negligible. MDI is

almost insoluble in water solubility and has a higher density than water. It has a melting point of
34 to 43°C, depending on specific monomers (e.g., 2,4’- MDI or 4,4’-MDI). MDI can react with
many functional groups such as the hydroxyl (-OH) and amino (-NH) groups. The reaction
kinetics are not only important for MDI’s industrial applications but also impact its
environmental behaviors.

2.4.1.2 Environmental fate of MDI in air MDI can be released into the environment through
multiple pathways. During the cradle-to-gate manufacturing phase, MDI can be emitted to the
outdoor air through equipment leaks or stack emissions. At downstream usage stages, MDI can
be released to both industrial and residential indoor environment through various processes such
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as foaming and spraying. The atmospheric chemistry of MDI is complex and an ongoing
research but previous research findings are summarized herein.
Due to the low vapor pressure of MDI, atmospheric chemistry studies on MDI were
conducted using para toluene isocyanate (PTI) and Toluene Diisocyanate (TDI) due to their
similarity in chemical structure. Carter et al. studied the half-life of Para Toluene Isocyanate
(PTI) through atmospheric photochemical reaction as a surrogate to MDI because MDI is
“essentially a dimer of PTI” (Carter, Luo et al. 1999). They concluded that photochemical
reaction with OH radical is the primary atmospheric removal mechanism of MDI in the outdoor
environment. Tury et al. summarized Carter’s study and concluded that the half-life of MDI in
the atmosphere is about 15 hours at the global average OH radical concentration (Tury,
Pemberton et al. 2003). Besides the photochemical reaction, hydrolysis is another possible
reaction to remove MDI from the atmosphere since MDI reacts with hydroxyl groups. However,
previous research has proved that no matter MDI is present as vapor or airborne particles,
hydrolysis is not a significant reaction to affect MDI fate in the atmosphere. Holdren et al.
performed a chamber test to study the hydrolysis reaction of TDI in the atmosphere as a
surrogate to MDI. They concluded that TDI vapor does not react with water vapor in the air
(Holdren, Spicer et al. 1984). Hugo et al. studied the surface hydrolysis of MDI droplets and
concluded that under a relative humidity of 40%~70%, a maximum of 10% MDI (as a droplet on
a petri dish) reacted with water vapor in 24 hours (Hugo, Fishman et al. 2016).
In the indoor environment, when MDI is sprayed, the primary form of emission is an
overspray aerosol (Lesage, Stanley et al. 2007). MDI airborne concentration resulted from spray
application is highly influenced by the relative location to the emission source. Researchers
surveyed SPF applicators at various indoor and outdoor locations and concluded that MDI
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airborne concentration was higher at closer locations to the spray gun (Bilan, Hafladson et al.
1989, Crespo and Galán 1999). The indoor half-life of MDI is in order of days. Ecoff et al.
reported that airborne MDI drops below the detection limit within 24 to 48 hours after spray
application is finished (Ecoff, Tian et al. 2017). When MDI is not sprayed, MDI emitted to the
air as a vapor, involves the formation of “condensation aerosols” which means vapor phase MDI
condenses to nuclei in the air to form aerosols. However, this phenomenon only occurs when
MDI vapor concentration is relatively high (~ 100 μg/m3) such as in an occupational setting. It is
different in residential settings. Skarping et al. have generated MDI vapor in an emission
chamber and studied how MDI vapor interacted with room air. They concluded that when the
total MDI concentration in the air was low (< 5 μg/m3), even with nuclei, the majority (>70%) of
MDI remained in the gas phase during the first hour after MDI vapor was generated (Skarping,
Karlsson et al. 2011).

2.4.1.3 Human health effects and exposure threshold of MDI MDI is not classifiable for
cancer effect but is known as dermal and inhalation sensitizers and may cause contact dermatitis,
skin and respiratory tract irritation and occupational asthma if exposed workers are not properly
equipped with protection equipment (The National Institute for Occupational Safety and Health
1996, Krone and Klingner 2005). When uncured MDI is inhaled either as an aerosol or vapor, it
can act as an agent to cause occupational asthma. In the early literature, isocyanates related
asthma cases were extensively reported (The National Institute for Occupational Safety and
Health 1978).
MDI exposure threshold values vary by organizations. The National Institute for
Occupational Safety and Health (NIOSH) sets an 8-hour time weighted average recommended
exposure level (REL) at 50 μg/m3 and a ceiling level of 200 μg/m3 (The National Institute for
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Occupational Safety and Health 2007). In comparison, California Office of Environmental
Health Hazard Assessment has a chronic reference exposure level at 0.08 μg/m3 (Office of
Environmental Health Hazard Assessment 2016).

2.4.2

Tris(1-Chloro-2-Propyl) Phosphate

2.4.2.1 Application and chemical properties TCPP is an OPFR often used in polyurethane
foam applications such as building insulations and refrigerator casings (Jayjock, Kroner et al.
2015). TCPP is one of the chemical to replace the phased-out PBDE flame retardants (U.S.
Environmental Protection Agency 2013a). The typical weight % of TCPP in polyurethane foam
is about 8-10% (European Commissions 2008). TCPP is also reported to be used in textiles as a
plasticizer (Andresen, Grundmann et al. 2004, Agency for Toxic Substances and Disease
Registry (ATSDR) 2009).
TCPP is a colorless liquid with a mild odor and has a solubility in water ranges from 1.2 g to
1.6 g/L (Hazardous Substance Data Bank (HSDB) 2013). The reported TCPP vapor pressure
varies by one order of magnitude from 1.4 × 10-3 (European Commissions 2008) to 2.0 × 10-2 Pa
(U.S. Environmental Protection Agency 2012b) at 25°C but all of them fall into the range of

SVOCs. As a SVOC, TCPP has a relatively high molecular weight and high octanol-air partition
coefficient (koa) ranges from 1.6 × 108 (U.S. Environmental Protection Agency 2012b) to 4.8 ×
108 (Wang, Zhao et al. 2017). These properties determine its fate and transport in the

environment. For example, with a high koa, TCPP is lipophilic and tends to be partitioned in the
indoor sinks with organic content such as flooring, carpeting and settled dusts more than the
VOCs.
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Figure 5: Chemical structure of TCPP

2.4.2.2 TCPP presence in the indoor environment TCPP can be present in different indoor
environmental media: vapor phase, airborne particle, settled dust and accumulation onto indoor
surfaces such as carpeting and flooring. Each environmental media contributes to the overall
human exposure to TCPP through different exposure pathways (Agency for Toxic Substances
and Disease Registry (ATSDR) 2009). TCPP in vapor phase and airborne particles can be
inhaled (European Commissions 2008, Yang, Ding et al. 2014), TCPP in settled dust can be
ingested by infants and young children (García, Rodríguez et al. 2007) and TCPP accumulated
on indoor surfaces can be up taken by dermal contracts (National Research Council 2000).
Many previous research studies have measured the indoor airborne TCPP concentration in
various settings, including houses, offices, schools, hospitals and retails. TCPP airborne
concentration ranges from a few ng/m3 up to 1,260 ng/m3 found in Japanese houses (Saito,
Onuki et al. 2007). Besides the true differences in airborne concentration, sampling techniques
could contribute to such differences since among these studies, some use quartz fiber filter
sampler (Carlsson, Nilsson et al. 1997) but others use solid phase extraction membranes
(Tollbäck, Isetun et al. 2010) or cartridges (Marklund, Andersson et al. 2005).
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TCPP found in the indoor environment is primarily emitted from various building
construction materials, furniture and consumer products. Salthammer et al. reported TCPP
emissions from polyurethane foam and recycled plastics used as flooring materials (Salthammer
and Schripp 2015). Ingerowski et al. have measured high level of TCPP in furniture and
household products with a range from 150,000 ng/g in wood coating to 180,000,000 ng/g in
polyurethane foam fillers (Ingerowski, Friedle et al. 2001). TCPP can also be emitted from
electronics such as television and laptop computers. Kajiwara et al. found up to 150 ng/g TCPP
in the AC adaptor of a laptop (Kajiwara, Noma et al. 2011). Saito et al. reported computer
monitors emit up to 1,700 ng/m2/hr using chamber testing methods (Saito, Onuki et al. 2007).

2.4.2.3 Human health effects and exposure threshold of TCPP Toxicological thresholds have
not been systematically established for TCPP, largely due to the lack of toxicity studies with
good data quality. There is no Reference Dose (RfD), Reference Concentration (RfC) or cancer
assessment established for TCPP in the USEPA IRIS database (U.S. Environmental Protection
Agency 2018a). For occupational exposure, no REL nor threshold value (TLV) was established
by NIOSH or American Conference of Governmental Industrial Hygienists (ACGIH). Due to the
lack of data, no minimum risk levels were reported in the Agency for Toxic Substances and
Disease Registry (ATSDR) toxicological profile (Agency for Toxic Substances and Disease
Registry (ATSDR) 2009). The USEPA alternative assessment classifies TCPP hazard profile as
high in reproductive and developmental endpoints, moderate in carcinogenic and neurological
endpoints and low in acute toxicity, genotoxicity, skin sensitization, eye and skin irritation. For
the two high hazard endpoints, toxicological data were limited. One study conducted at TNO
reported that rats fed with TCPP had decreased body weight, food consumption and number of
pups delivered in mid and high dose parental animals and all dosed animals showed effects on
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uterus (European Commissions 2008). There were two other studies with lower data quality did
not show the same reproductive and developmental effects (Kawasaki, Murai et al. 1982,
Freudenthal and Henrich 1999). Based on limited information, a screening level provisional RfD
was established for subchronic and chronic exposure at 0.1 mg/kgBW/day and 0.01
mg/kgBW/day (U.S. Environmental Protection Agency 2012c).
In terms of human health risks, early literature concluded that TCPP has low risk due to low
exposure (International Programme for Chemical Safety 1998). EU risk assessment report
concluded that TCPP human health risk is limited to occupational dermal exposure during
manufacturing phase in relation to effects on fertility and developmental toxicity while for other
endpoints such as irritation, sensitization, mutagenicity and carcinogenicity, there is no need to
apply risk reduction measures beyond those which are being applied already (European
Commissions 2008). However, these assessments only address TCPP exposure to general
population but did not evaluate human health risks associated with TCPP emitted from a specific
product such as SPF.
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3.0

INTEGRATING SITE-SPECIFIC DISPERSION MODLEING INTO LIFE

CYCLE ASSESSMENT: FOCUS ON INHALATION RISKS IN CHEMICAL
PRODUCTION

The following chapter contains material reproduced from an article published in the
Journal of the Air & Waste Management Association with the citation:
Tian, S. and M. Bilec (2018). "Integrating site-specific dispersion modeling into life
cycle assessment, with a focus on inhalation risks in chemical production." Journal of the Air &
Waste Management Association: 1-15.
The article appears as published per the copyright agreement with Taylor & Francis,
publisher of
Journal of the Air & Waste Management Association
Portions of the Supporting Information submitted with Journal of the Air & Waste
Management Association appear in this chapter and the remaining portions appear in Appendix
A.
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3.1

3.1.1

INTRODUCTION

The chemical industry and chemical management regulations

In the U.S., the chemical industry supported 25% of the GDP and produced 15% of the world’s
chemicals in 2015 (American Chemistry Council 2016, Bureau of Economic Analysis 2016).
According to the U.S. Environmental Protection Agency (USEPA), there are currently over
84,000 chemicals listed in the TSCA inventory (United States Government Accountability Office
2013). Federal and state agencies have set laws and regulations to manage hazard, exposure and
risks along a chemical’s supply chain. TSCA was passed to evaluate hazards and potential risks
from new or existing chemicals in 1976. In 1986, Toxic Release Inventory (TRI) was created to
address chemical releases from industrial facilities under the Emergency Planning and
Community Right-to-Know Act. Under LCSA, the strengthened chemical management law
framework (The 114th United State Congress 2016), USEPA has developed the ToxCastTM and
ExpoCastTM programs to prioritize chemicals of concern (Wambaugh, Setzer et al. 2013, Isaacs,
Glen et al. 2014, Wambaugh, Wang et al. 2014, Biryol, Nicolas et al. 2017, Bonnell, Zidek et al.
2018). To achieve the goal of environmental and human health protection, many tools have been
developed by federal agencies and academia to assess the impact of chemicals (Centers for
Disease Control and Prevention 2012). For example, ExpoCast used two far-field tools: the
USEtox model and the Risk Assessment IDentification And Ranking (RAIDAR) Model to
prioritize chemical exposure among 1,936 chemicals (Wambaugh, Setzer et al. 2013) However,
each existing tool has its strength and weakness.
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3.1.2

Existing methods to evaluate human health impacts of far-field chemical emissions

HHRA and LCA are two methods that can be used to quantify chemical human health impacts.
HHRA is a receptor-based method which evaluates the human health impacts of chemicals
emitted to the environment for targeted population. HHRA often focuses on a chemical (e.g., is
Bisphenol A safe?). Since it is a receptor driven method, HHRA is often conducted for
individual life cycle phase separately. However, LCA considers the environmental and human
health impacts from all life cycle emissions of a chemical. Another key distinction between
HHRA and LCA, subsequently described, is the risk minimization principle. HHRA assumes
only the risks over certain threshold (e.g., cancer risk: one in a million, non-cancer Hazard Index
(HI): one) should be managed (U.S. Environmental Protection Agency 2005b).
LCA is another method to study the environmental and human health impacts of processes
and products. Unlike HHRA, LCA defines a functional unit as the basis to collect the emission
inventory released into the environment along life cycle phases and in the LCIA step, the toxic
chemical emissions such as HAPs are characterized into human health endpoints, such as cancer
and non-cancer. Depending on the geographical scale of the LCIA models, human health impacts
can be evaluated at global, continental or regional levels. Some of the widely used LCIA models
for HHIA are listed in Table 3. The more recent model development focuses on providing more
geographical relevance by quantifying regional environmental characteristics. For example,
USEtox 2.0 provides regionalized environmental conditions for 24 regions in the world
(Rosenbaum, Huijbregts et al. 2011).
Although HHIA in LCIA has been improved by regionalizing the environmental
compartments, research efforts are still desirable to overcome two major obstacles in order to
assess the health risk of chemicals along their life cycle phases. First, disaggregated LCI data
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with site-specific geographical information is lacking. In current LCI databases such as Gabi and
Ecoinvent (Weidema, Bauer et al. 2013, Thinkstep 2014), the location of emissions is recorded at
a large and often generic geographical scale, such as the continental air of North America,
instead of a specific geographical coordinate. Except certain unit processes, most chemicals are
produced in chemical plants which have geographical coordinates recorded in publicly available
databases, such as EPA’s TRI and National Emission Inventory (NEI). With the exact emission
location, site-specific human health impacts can be assessed for a unit process using localized
meteorological, terrestrial and demographical information. Second, current LCIA models assume
that chemical distribution in each environmental compartment is homogeneous. However, in a
real-world scenario, chemical concentrations vary both temporally and geographically. For
example, USEtox assumes everyone in the entire continental compartment (a population of 998
million) has the same level of inhalation exposure. This approach fits the purpose of high
throughput assessment but may neglect the temporal and geographical differences within each
environmental compartment. For chemicals emitted into the air, it is expected that the inhalation
risk is higher for people living closer to the emission source. With current LCIA methods and
regionalization approaches, such differentiations may not be achieved. Therefore, the
homogeneous environmental compartment assumptions may not be adequate for a
comprehensive HHIA. A method is truly needed to derive site-specific LCI using public
information and assess human health impacts at a finer geographical scale.
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Table 3: Existing LCIA method/model in assessing human health impacts

LCIA Method/HH Characterization
Model
TRACI 2/USEtox (Bare 2011)
CML/USEtox (Rosenbaum, Bachmann
et al. 2008, Rosenbaum, Huijbregts
et al. 2011)

Last Update
to HH CFs
2016

Level of Regionalization

USEtox divides the world into 24
regions* and provides regionalized
2010
environmental landscape parameters
for each region.
USES-LCA 2.0 provides default
environmental landscape parameters
at three geographical scales (Global,
ReCiPe/USES-LCA 2.0 (Zelm,
Continental and Urban). ReCiPe
2015
Huijbregts et al. 2009)
provides different CFs based on
“archetype LCIA” such as high vs.
low population density areas and high
vs. very high stress watersheds.
IMPACT North America divides
the U.S. and Canada into 1° x 1° air
cells, 523 watersheds and five coastal
IMPACT North America (Humbert,
zones. Within each cell or zone, the
2013
Manneh et al. 2009)
“archetype LCIA” is used to
differentiate high vs. low population
density area and high vs. low
agricultural production regions.
GLOBOX divides the world into
GLOBOX (Wegener Sleeswijk and
2011
250 regions and provides default
Heijungs 2010)
environmental landscape parameters.
Notes: * With overlap (e.g., North America vs. USA & Southern Canada)
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3.1.3

Previous work to evaluate the human health impacts of far-field chemical emissions

There are approaches and case studies that combine HHRA and LCA to advance HHIA of
chemicals (Sonnemann, Castells et al. 2004, Sleeswijk 2011, Walser, Juraske et al. 2014). In late
1990s, Spadaro and Rabl proposed a framework to calculate the endpoint impact of air pollutants
by utilizing both short range (<50 km) and long range (>50km) air dispersion modeling. The
calculated airborne concentration is coupled with population data, dose-response curves and
monetary valuation to derive the “real damage” from air pollutants (Spadaro and Rabl 1999). In
the early 2000s, researches adopted the iFs or similar concepts to increase the geographical
relevance in LCIA (Moriguchi and Terazono 2000, Yurika, I. et al. 2002). For example, Yurika et
al. applied the CALPUFF air dispersion model to evaluate the human health risk reduction from
insulation materials in four U.S. regions. Moriguchi and Terazono used the Gaussian dispersion
equations to develop an exposure per emission coefficient which can differentiate the amount of
air emissions intake by population in different regions. Later in mid 2000s, Sonnemann proposed
to combine the multi-media models with site-specific impact assessment to evaluate industrial
processes. More recently, LCA and RA have been used together to study indoor chemical
exposures (Hellweg, Demou et al. 2009, Walser, Juraske et al. 2014, Rosenbaum, Meijer et al.
2015). These studies have been thoroughly discussed by Harder et al. (Harder, Holmquist et al.
2015).
At the national level, the USEPA has published the National Air Toxics Assessment (NATA)
since early 2000s to characterize nationwide chronic cancer risk and non-cancer HI of HAPs.
NATA, essentially a national level HHRA, uses NEI data of point and mobile sources, applies air
dispersion modeling to quantify the human health impacts of HAPs, and identifies risk hotspots
throughout the country. The most recent NATA was published in 2015, using 2011 NEI data
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which included 180 pollutants (Office of Air Quality Planning and Standards 2015). The USEPA
has also created the Risk Screening Environmental Indicator (RSEI) model, integrating TRI data,
chemical toxicity values, air dispersion modeling, and population census to calculate the relative
hazard-based and risk-based scores for one facility. At the state level, a few authors quantified the
human health risks of chemical emissions from manufacturing facilities, especially HAPs by
analyzing the TRI and NEI datasets (Neumann, Forman et al. 1998, Morello‐Frosch., Woodruff et
al. 2000, Tam and Neumann 2004). Although these national and state level assessments have the
potential to offer rich data sources for the often data-scarce LCA community, their goal is not to
evaluate the human health impacts of one product but rather focus on one facility or an industry
sector.
Previous work identified two major obstacles to combine tools in HHRA and LCA for human
health assessment of chemicals. The most discussed is the different fundamental assumptions in
HHRA and LCA regarding the human health impact. HHRA assumes that chemicals will only
cause damage when the health risk exceeds a certain threshold, and therefore should be managed.
LCA assumes a linear cause-effect relationship between chemical emissions and health impacts;
therefore, more emissions will cause additional health damage. Walser et al. studied the human
health impacts of printed magazines by conducting an LCA using the USEtox model and an
HHRA for indoor chemical exposures (Walser, Juraske et al. 2014). They found the two methods
did not necessarily identify the same health hotspots. The second obstacle is that HHIA in LCA
is based on a functional unit, while HHRA often focuses on one facility or industry sector.
Previous research discovered that the functional unit is one of the major differences between
HHRA and LCA (Olsen, Christensen et al. 2001, Sleeswijk 2011). Therefore, any improvement to
include site-specific modeling in HHRA and LCA should first develop a regionalized LCI based

58

on the selected functional unit and conduct the human health assessment with site specific
environmental fate and transport tools.

3.1.4

Objectives

One goal of this research was to develop a method to assess the human health impacts of
chemicals and products along their life cycle phases with high geographical relevance by
combining site-specific air dispersion modeling and LCA, using publicly available data. An
approach to derive a regionalized LCI is described and can be used to bridge the gaps, lacking in
current LCI databases. The outcome reveals the geographical pattern of health risks and
prioritizes pollution reduction measures both along a chemical’s life cycle phases and at a finer
geographical scale. A case study of quantifying the inhalation risks of MDI is presented to
demonstrate the development and application of this proposed method. The method is presented
and immediately following each method subsection is case study information to better
contextualize the method. For the purpose of this research, only chemicals listed as HAPs were
included. Criteria air pollutants and other chemical emissions such as NOx and ammonia may be
characterized to have human health impacts in traditional LCIA methods but are excluded from
this assessment. Therefore, the results of this case study are not directly comparable with a
conventional LCA.

3.1.5

Case study: cradle-to-gate production of MDI

MDI was chosen as the case study material, since it is a chemical widely used in the production of
many common products such as mattress foam, building insulation material, oriented strand
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board, footwear, coating and sealants (American Chemistry Council 2015). MDI is produced
worldwide by five major manufacturers with a capacity of 6.51 million tons/year, in which 1.27
million tons are produced in the U.S. (Afshar 2014). There are only three locations in the U.S.
where MDI is produced. These locations are Baytown and Freeport in Texas and Geismar in
Louisiana, but many other production sites are involved in producing the raw materials needed for
MDI. In 2011, ACC published an LCI report which summarized the raw materials and emissions
involved in cradle-to-gate MDI production (American Chemistry Council 2011b). In this report,
LCI emissions were reported for each unit process, which made it possible to track the exact
emission location by geocoding the raw material suppliers. MDI is also an important chemical
from a regulatory perspective. USEPA had an action plan to address the concerns of ‘uncured’
MDI products in locations where the general population could be exposed (U.S. Environmental
Protection Agency 2015a). The case study also aimed to show how human health assessment can
be performed along a chemical’s cradle-to-gate life cycle phases that health risks (inhalation) can
be addressed with high geographical relevance at the same time.

3.2

METHODS

This section introduces a method that describes how publicly available datasets can be used to
derive regionalized LCI, then apply site-specific air dispersion modeling to evaluate the human
health risks of a case study chemical with a focus on inhalation pathway. The main steps can be
summarized as: 1) Define the scope of the study and identify unit processes which emit Hazard
Air Pollutants (HAPs); 2) Develop a regionalized LCI for the selected unit processes by
geocoding manufacturing plants; 3) Perform air dispersion modeling (Step 3a) and calculate the
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inhalation risks of the unit process for which exact manufacturing locations are known (sitespecific unit process) (Step 3b); 4) Calculate the inhalation risks of unit processes for which the
exact locations are unknown (non-site specific unit process) using the USEtox model (Step 4); 5)
Combine the risks calculated to derive the total inhalation risks (Step 5); and 6) Identify risk
hotspots and patterns (Step 6).

3.2.1

Scope of the case study (Step 1)

The system boundary defined for this case study is “cradle-to-gate” which starts from raw
material extraction and ends at the manufacturing plant where MDI is ready to be shipped, see
Figure 6. The functional unit is 1,000 kg of MDI produced. The unit processes to be included and
studied in future site-specific modeling were identified by the following steps. First, on-site (i.e.,
gate-to-gate) emissions were obtained from the ACC report (American Chemistry Council
2011b), as shown in Figure 6. It should be noted that the red dashed boxes indicate that gate-togate emissions of a few unit processes are aggregated together, since they are often co-produced
at one plant. Second, unit processes that emit HAPs were identified based on the HAPs list (U.S.
Environmental Protection Agency 2016b) as shown in Table 4 under “site-specific dispersion
modeling (exact location is known).” Third, the Directory of Chemical Producers (DCP) was used
to locate the manufacturers of the identified unit process (e.g., Benzene) (Stanford Research
Institute 2011) for site-specific dispersion modeling. If the manufacturers could not be identified
in the DCP, such as crude oil and natural gas, then they were excluded from site-specific
modeling but included in the multi-media modeling. For cradle-to-gate MDI production, a total of
five unit processes were identified for site-specific modeling and three unit processes were
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identified for multi-media modeling as shown in Table 4. The remaining unit processes in this
cradle-to-gate LCI do not have HAPs reported in the LCI developed by ACC.

The red dashed boxes indicate that gate-to-gate emissions of a few unit processes are
aggregated together since they are often coproduced at one plant. The HAPs emission associated
with each unit process or group of unit processes are listed in Table 4.
Figure 6: The system boundary of cradle-to-gate MDI production (modified based on
(American Chemistry Council 2011b))
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Table 4: Classification of unit processes (based on ACC LCI, (American Chemistry Council
2011b))

Model Scenarios

Site-specific
dispersion
modeling
(Exact location is
known)

Unit process

HAPs emitted

Total # of
plants*

Cl2 and NaOH

Benzene, CCl4, Cl2, Pb and Hg (II)

14

Aniline

Pb

5

Pyrolysis Gas (Olefins)

Cl2

3

Benzene

Cl2
Cl2, Formaldehyde, Methanol, Cl2
and CCl4

16

MDA/MDI
Non-site specific
Multi-media
modeling
(Exact location is
unknown)

Crude oil production
and processing
Natural gas production
and processing

4

As (V), Benzene, Cl2, Cr (VI),
Ethyl benzene, Ethylene
Dibromide, Hg (II), Ni (II), PAH
as B(a)P, Sb (V), Toluene and
Xylene

N/A.

No HAPs emission reported at the
manufacturing site

N/A.

Salt mining
Ammonia
Not modeled

Methanol
Hydrogen

Carbon Monoxide
Notes: * Total number of plants which were included for site-specific modeling that covers 85%
of the annual production capacity.
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3.2.2

Developing a regionalized LCI (Step 2)

In order to assess the inhalation risks of each unit process at the site-specific level, a regionalized
LCI is required. The first step was geocoding the unit process identified in step 1. TRI is a
publicly available database which contains the latitude and longitude coordinates of each plant
(U.S. Environmental Protection Agency 2018d). The geocoded plant locations were entered into a
Geographical Information System (ArcGIS) (Environmental Systems Research Institute 2015).
For certain unit process (e.g., Benzene) which has multiple plants (may be owned by the same
company) in the U.S., a cut off criteria was applied as described below. All plants were ranked by
their production capacities from the highest to the lowest and the production capacities were
summed. Only the plants (from the highest to the lowest production capacity) which contribute to
the top 85% production capacity were included for site-specific modeling. For example, there
were 36 plants in the U.S. that produce benzene, the top 16 of them accounted for over 85% of the
total production capacity (Stanford Research Institute 2011). Therefore, the cut off criteria was set
to include the top 16 plants (based on production capacity) in site-specific modeling. When two
plants had the same capacity, the one in proximity to Houston, TX or Geismar, LA was selected
as these two locations are the primary regions of MDI production. Individual plant capacity was
also recorded for future analysis.

3.2.3

Performing air dispersion modeling (Step 3a)

EPA’s Human Exposure Model (HEM-3) with American Meteorological Society/Environmental
Protection Agency Model (AERMOD) (SC&A Incorporated 2017) was used for site-specific air
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dispersion modeling. AERMOD is different than LCIA models as it uses site-specific
meteorological and geographical conditions to study the fate and transport of HAPs, while LCIA
approaches largely assume the aforementioned conditions are homogeneous within one
environmental compartment. AERMOD calculates the airborne HAPs concentration at a certain
distance from the emission source. This concentration can be linked with a specific census block
(i.e., receptor). The common trend is that the airborne concentration is higher at receptors which
are closer to the emission sources. Key input files needed to perform such modeling include:
emission, meteorological and surface terrain files.
In site-specific modeling, the amount of HAPs emitted from each unit process at an individual
plant was calculated based on the functional unit (mt HAPs emitted per 1 mt MDI produced). All
emissions were modeled as a point source located at the coordinates as previously geocoded in
ArcGIS. One important component in the emission profile is the stack parameters. The NEI
Standard Classification Code (SCC) average stack parameters were chosen for the unit processes
as listed in Table 5. Meteorological and surface terrain files were obtained from weather stations
closest to the manufacturing plant according to the station list provided by HEM-3. A total of 36
unique plants which produced one or more of the five unit processes listed in Table 5 were
modeled.
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Table 5: Unit processes and site-specific modeling/average stack parameters (U.S.
Environmental Protection Agency 1999)

Unit Process
Cl2 and NaOH
Aniline
Pyrolysis Gas
(Olefins)
Benzene
MDA/MDI

3.2.4

Height (m)
10.68
16.73

Average Stack Parameters
Diameter (m) Exit velocity (m/s)
0.92
8.94
1.17
8.20

Exit Temperature (K)
318.61
399.73

25.10

1.31

4.75

409.72

14.67
5.87

0.23
0.12

0.31
1.00

297.13
315.28

Calculating inhalation risks of site-specific unit processes (Step 3b)

Two human health endpoints (cancer and non-cancer) were evaluated based on the modeled
average airborne concentration of each HAP at a specific census block and its toxicity values in
the reference library of HEM-3 (SC&A Incorporated 2017). At a specific census block, the cancer
risk of HAPs by inhalation pathway was expressed mathematically as Equation 1.
p

n

m

k

j

i

Cancer risk = (∑∑∑ Ci , j × UREi × EFi ,k × PCk , j ) × PMDI ×1.1

ton
mt

Equation 1

Where,
Ci , j (μg/m3 per ton of HAP) is the modeled yearly average airborne concentration of HAP i at
a specific census block based on 1 ton HAP i emission from plant j. UREi (m3/μg) is the
inhalation cancer Unit Risk Estimate of HAP i that represents the upper-bound excess lifetime
cancer risk estimated to result from continuous exposure to an agent at a concentration of 1 μg/m3
in air (U.S. environmental Protection Agency 1996). EFi,k (emission factor, mt HAPi/mt MDI) is
the amount of HAP i emitted from unit process k per functional unit (1,000 kg MDI), PCk,j (%) is
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the plant j’s production capacity percentage among all plants which produces unit process k, PMDI
(mt) is the total MDI production capacity in the U.S., m is the number of HAPs emitted from unit
process k, n is the number of manufacturing plants which produces unit process k, and p is the
number of unit processes identified for site-specific air dispersion modeling.
Similarly, non-cancer risk of HAPs by inhalation pathway can be expressed as Equation 2.
The non-cancer hazard index can be calculated as:
p

n

m

k

j

i

(∑∑∑ Ci , j × EFi ,k × PCk , j ) × PMDI ×1.1
Non-cancer Hazard Index (HI) =

ton
mt

Equation 2

RfCi

Where,
RfCi is the reference concentration for non-cancer endpoints by inhalation pathway for HAP i.
For chemicals with multiple non-cancer endpoints, HEM-3 identifies all the targeted organs but
only the RfC which results the highest HI is included in the toxicity value reference library.
An example calculation can be found in the Appendix A.

3.2.5

Calculating inhalation risks of non-site specific unit processes (Step 4)

For unit processes without exact production location as shown in Table 4, the USEtox model was
used to provide screening level risk characterization. In this case study, the HAP emission rates
(kg/day) of non-site specific unit processes were calculated based on the emission factor per
functional unit and then scaled by annual MDI production capacity. The HAPs were assumed to
be released into the continental air compartment. For example, a total of 0.037 kg benzene is
emitted from all non-site specific unit processes per 1 metric ton of MDI produced. Based on the
annual MDI production of 1.27 million metric tons in the U.S., the average daily benzene
67

emission is 129 kg. In the USEtox model, HAP emissions from non-site specific unit processes
created an emission rate matrix containing an entry for the continental air compartment only. The
emission rate matrix was then multiplied by the fate factor matrix which describes the HAPs fate
and transport amongst different environmental compartments. The product of these two matrices
was the HAPs mass in each compartment at steady state. Then the HAPs mass was divided by the
air compartment volume defined in USEtox to calculate the steady state airborne concentration
(Urban: 5.76 x 1010 m3, Continental: 1.00 x 1016 m3 and Global: 4.60 x 1017 m3). Following the
Risk Assessment Guidance for Superfund (U.S. Environmental Protection Agency 1989), the
inhalation risk of each HAPs was calculated using the steady state airborne concentration and the
toxicity values provided in the reference library of HEM-3. For the same benzene example,
USEtox calculated the steady state benzene concentration in continental air compartment at
4.18 × 10-5 μg/m3. The corresponding cancer risk was 3.26 × 10-10 and non-cancer HI was 1.39 ×
10-6. Finally, the inhalation risk associated with non-site specific unit processes were calculated

by adding the risk characterization values of all HAPs involved in USEtox modeling.

3.2.6

Combine the risk characterization values of all unit processes (Step 5)

Finally, the total inhalation risks of the cradle-to-gate MDI production were calculated by adding
the site-specific (Step 3b) and non-site specific (Step 4) risk characterization values.

3.2.7

Identifying inhalation risk hotspots and patterns in GIS (Step 6)

In HEM-3, the modeled airborne concentration is at census block level, which is the smallest
graphical unit in the census (United States Census Bureau 2015). However, due to model
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uncertainties, it has been shown in previous studies that census block or tract level results should
only be used to identify geographical patterns of human health risks instead of pinpointing any
specific census block or tract (Office of Air Quality Planning and Standards 2015). Therefore, this
research investigated the census tract level results to identify the geographical pattern of
inhalation risks and used the total inhalation risk at the county level for risk characterization. The
census block level results were averaged within each census tract to represent tract level results
and plotted in ArcMap. Similarly, census tract results were averaged within each county to
represent county level results.

3.3

RESULTS

As described in the method Steps 4 and 5, inhalation risks associated with cradle-to-gate MDI
production were calculated separately for the site-specific and non-site specific unit processes.

3.3.1

Site-specific unit processes

A total of 36 plants were included in the site-specific modeling, which covered the five unit
processes listed in Table 5. All plants are located in the Gulf coast region including four states:
Texas, Louisiana, Mississippi and Alabama. Out of the 36 plants, one plant covers three unit
processes, four plants cover two unit processes, and the remaining plants cover only one unit
process. The inhalation risks were first plotted at the census tract level in ArcGIS to illustrate the
risk pattern in terms of plant locations (Figure 7). Then in Figure 8, the averaged census tract

69

result was chosen to represent the entire county. The color scheme only shows the absolute values
of inhalation risks and does not correspond to any risk management threshold values.
Overall, for the five unit processes involved in site-specific modeling, the accumulated
inhalation risks ranged from 10-12 to 10-9 for cancer risk and 10-6 to 10-3 for non-cancer HI. At the
county level, the highest average cancer risk was 1.70 × 10-9 at Ascension Parish, LA and the

highest average non-cancer HI was 1.53 × 10-3 at Iberville Parish, LA. The majority of the county

level average inhalation risk was much lower than the highest values. As shown in Figure 9, the
distribution of inhalation risk is skewed to the right for both cancer risk and non-cancer HI with
the majority of counties lower than 10-10 for cancer risk (45 out of 50) and 10-4 for non-cancer HI
(44 out of 59).

Figure 7: Census tract level inhalation of site-specific unit processes (Left: cancer risk,
Right: non-cancer HI)
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Figure 8: County level average inhalation of site-specific unit processes (Left: cancer risk,

Number of Counties

Number of Counties

Right: non-cancer HI)
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30
20
10
0

Non-Cancer HI (x 10-6)

Cancer Risk (x 10-12)

Figure 9: Distribution of inhalation risks associated with site-specific unit processes at
county level (Left: Cancer risk, Right: Non-cancer Hazard Index)
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In addition to the average inhalation risks shown at the county level, the census tract level
map reveals the spatial distribution of inhalation risks. Figure 10 and Figure 11 demonstrate that
higher potential inhalation risks occur in regions which have manufacturing plants with greater
production capacities. Two regions with relatively higher risks were identified: Houston and
Baton Rouge. Production capacities in these regions can be found in Table 6. The four counties
(Harris, Chamber and Brazoria in TX and Ascension Parish in LA) in these two regions were
among the highest cancer and non-cancer risk counties out of a total of 59 counties evaluated.
Plant production capacity was an important factor to determine the potential inhalation risks and
their spatial distribution. The majority of aniline, olefins and MDI were produced in these four
counties as shown in Table 6. In comparison, Jefferson County had four plants which only supply
14.0% of aniline and 8.55% benzene and ranked at the 20th for cancer risk and the 21st for noncancer HI out of the 59 counties evaluated.

Figure 10: Site-specific plant locations and high cancer risks area
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Figure 11: Site-specific plant locations and high non-cancer hazard index area

Table 6: Chemical plants production capacity in relative high risk area

Area
Houston
Baton Rouge
Sum

# of
Plants
10
7
17

Aniline
18.1%
55.3%
73.4%

Production Capacity by Mass
Benzene Cl2/NaOH Olefins
37.1%
26.5%
48.2%
0
6.0%
46.3%
37.1%
32.5%
94.5%

MDI
43.5%
56.5%
100%

All the plants modeled by site-specific modeling are located in the Gulf coast which is known
to be the petrochemical corridor of the U.S. However, the inhalation risks associated with MDI
production varied among and within counties. The ratio between the highest and lowest county
was 14,457 for cancer risk and 1,369 for non-cancer HI. Within the same county, inhalation risk
pattern could have significant spatial variations. For example, the cancer risk of the highest
census tract was about 20,000 times higher than the lowest one in Harris County as shown in
Figure 12. Such spatial differentiation revealed the limitation of existing LCIA models which
assume the homogeneity within each environmental compartment. The site-specific modeling
results showed that the variation in the same environmental compartment was not negligible.
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Therefore, the assumption that chemicals have a homogeneous steady state concentration in each
environmental compartment may not be valid in cases where geographical variations are
significant.

Figure 12: Inhalation risk distribution of census tracks within the highest county (Left:
cancer risk, Right: Non-cancer HI)

3.3.2

Non-site specific unit processes

Site-specific modeling was not feasible for those unit processes with unknown production
locations. Therefore, the USEtox model was used as an approach to assess inhalation risks
associated with these unit processes as explained in step 5 of the method. Table 7 illustrates the
total inhalation risks of non-site specific unit process in each modeled environmental
compartment. Urban and continental air compartments (cancer: 10-10, non-cancer: 10-6) had
similar risk results which were one order of magnitude higher than the global air compartment
(cancer: 10-11, non-cancer: 10-7). Figure 13 illustrates the relative contribution of HAPs to the
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inhalation risks. Benzene and Nickel compounds were the two major contributors in all
compartments and Ethylene Dibromide accounts for about 21% of the total non-cancer HI in the
global air compartment. The relative contribution of HAPs was similar in urban and continental
air compartments.

Table 7: Inhalation risks of unit processes without exact location (HAPs emitted to
the continental air compartment)

Environmental Compartment
Urban Air
Continental Air
Global Air

Volume (m3)
5.76 × 1010
1.00 × 1016
4.60 × 1017

Cancer Risk
4.42 × 10-10
4.61 × 10-10
2.13 × 10-11

100%

Ni (II)
Sb (V)
Hg (II)
Cr (V)
As (V)
Ethylene Dibromide
Toluene
B(a)P
Xylenes
Ethylbenzene
Benzene

Relative Contribution

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Non-cancer HI
4.46 × 10-6
4.65 × 10-6
1.52 × 10-7

Urban Air
Cancer

Non-Cancer

Continental Air
Cancer

Non-Cancer

Global Air
Cancer

Inhalation Risk

Non-Cancer

Figure 13: Inhalation risk contribution by HAPs for non-site specific unit processes
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3.3.3

Total inhalation risks of cradle-to-gate MDI production

Risk characterization results of site-specific and non-site specific were combined to derive the
overall inhalation risks of cradle-to-gate MDI production. To be conservative, the highest risk of
non-site specific unit processes among air compartments (continental air) and the highest county
level risks of site-specific unit process (Ascension Parish and Iberville Parish) were combined.
The combined overall inhalation risks are 2.16 × 10-9 for cancer risk and 1.53 × 10-3 for noncancer HI. These levels were three orders of magnitude lower than the EPA risk management

threshold values of 10-6 for cancer risk and 1 for non-cancer HI (Office Of Air Quality Planning
and Standards 1999).

3.4

3.4.1

DISCUSSION

Comparisons between HEM-3/AERMOD and USEtox

Two models were used to evaluate the unit processes in MDI production, depending on whether
the exact production location is known. Comparing to the multi-media modeling (USEtox), the
site-specific modeling (HEM-3/AERMOD) provides more information on the geographical
distribution of inhalation risks. Table 8 illustrates the inhalation risks of the cradle-to-gate MDI
production can vary significantly in terms of geographical locations. The highest averaged county
level cancer risk at Ascension Parish, LA was 5 orders of magnitude higher than the lowest value
at Wharton County, TX. Similarly, for non-cancer HI, this ratio was approximate 1,400 between
the highest value at Iberville Parish, LA and the lowest value at Stephens County, TX.
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Table 8: County level inhalation risk statistics (AERMOD)

Scenarios
Maximum
Median
Minimum

Cancer Risk
1.70 × 10-9
1.84 × 10-12
5.30 × 10-14

Non-Cancer HI
1.54 × 10-3
5.36 × 10-5
1.12 × 10-6

In order to demonstrate the differences between the two modeling approaches, a comparison
was made by assuming all HAPs modeled in HEM-3/AERMOD (from site-specific processes)
were emitted into the urban air compartment in USEtox. The mass of the HAPs that remained in
three air compartments (Global, Continental and Urban) at steady state were calculated and
converted to concentrations, using the volume of each environmental compartment. All the HAPs
included in AERMOD were considered in USEtox except Cl2, which has not been characterized
in the most recent version of USEtox.
Table 9 presents the results: for cancer risk, the urban, continental and global air compartment
results in USEtox were within one order of magnitude of the maximum, median and minimum
county level results in HEM-3/AERMOD, respectively. However, for non-cancer HI, only the
urban air compartment result was within one order of magnitude of the maximum county level
results in HEM-3/AERMOD. One possible reason of USEtox underestimating the non-cancer HI
is the lack of CF of Cl2. Such results also illustrated that inhalation risks can vary significantly
within the modeled domain (50 km radius from the source), when HAPs were evaluated using
HEM-3/AERMOD. In fact, the USEtox model can only calculate one risk value per air
compartment based on the steady state concentration. Without accounting for the geographical
differences, assuming a homogeneous environmental compartment could potentially over or
underestimate inhalation risks. Therefore, HEM-3/AERMOD can better characterize the
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inhalation risk of emissions if the production location is available since in a real-world scenario,
many factors may cause the homogeneous condition assumed in USEtox to be invalid. These
factors are the relative location of the receptor to emission source, meteorological and terrain
conditions in a specific region/site and removal mechanisms of chemicals such as dry and wet
depositions. Due to the non-homogeneous nature of each environmental compartment, the lack of
geographical granularity limits the use of USEtox beyond a high-throughput tool in human health
assessment.

Table 9: Inhalation risks of site-specific unit processes (if using USEtox) (Assume HAPs
were emitted to the urban air compartment)

Environmental Compartment
Urban Air
Continental Air
Global Air

3.4.2

Cancer Risk
1.99 × 10-9
1.14 × 10-12
3.25 × 10-13

Non-cancer HI
5.42 × 10-4
8.98 × 10-8
1.64 × 10-9

Impact of emission compartments in USEtox

This research demonstrates the possibility of tracking exact emission locations of unit processes
using publicly available data. However, such data is not always available for all unit processes. In
this case study, natural gas, crude oil and salt production were not included in the DCP. The
selection of the emission compartment in USEtox could impact risk characterization of the nonsite specific unit processes. If the HAPs of the aforementioned three unit processes were emitted
to the urban air compartment (Table 10) instead of the continental air compartment (Table 7),
inhalation risks in urban air compartment were increased by four orders of magnitude for both
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cancer risk and non-cancer HI. The cancer risk in the urban air compartment alone was even
higher than the 10-6 risk management threshold value. Such difference in risk characterization
demonstrates the need of regionalized LCI and the importance of identifying the HAPs emission
locations.

Table 10: Inhalation risks of non-site specific unit processes (Assume HAPs were emitted to
the urban air compartment)

Environmental Compartment
Urban Air
Continental Air
Global Air

3.4.3

Cancer Risk
1.83 × 10-6
4.60 × 10-10
2.13 × 10-11

Non-cancer HI
2.32 × 10-2
4.62 × 10-6
1.52 × 10-7

Relative unit process contribution to the inhalation risks

In the interpretation step of an LCA, the indicator results are often presented by unit process, so
that high impact processes can be identified. However, since the human health LCIA is conducted
at continental or global scale, such analysis fails to reveal the relative contribution of each unit
process at different geographical locations. In this research, site-specific modeling results were
analyzed to determine which unit processes contribute the most to the averaged county level
inhalation risks (Figure 14). In this cradle-to-gate LCI, among the five unit processes modeled
using AERMOD, only two unit processes (MDI and Cl2) emitted HAPs which have carcinogenic
effect. All five unit processes contributed to the non-cancer HI. HAPs emitted from Cl2
production contributed 100% to the cancer risk in 31 out of the 50 counties, and HAPs emitted
from MDI production (gate-to-gate) contributed more than Cl2 production in the remaining 19
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counties. In terms of non-cancer HI, 14 out of 59 counties had at least two unit processes which
contributed more than 10% of the overall inhalation risk. Most of the counties are located in the
two relative high inhalation risk regions (Houston and Baton Rouge). In other regions, Cl2
production had the highest impact which alone contributed more than 70% of the non-cancer HI
in 36 counties. In this analysis, HEM-3/AERMOD enabled us to identify the top contributing unit
processes in different regions. The results can guide decision makers to reduce the human health
impacts of MDI supply chain with a focus on specific unit process in a high-risk region. For
example, in the two counties with highest cancer risk (Ascension Parish, LA) and non-cancer HI
(Iberville Parish, LA), HAPs reduction should focus on the unit process of Cl2 and MDI since
they were the highest contributing unit processes.

Figure 14: Relative unit processes contribution to inhalation risks

80

3.4.4

Limitation of this study

The ACC MDI LCI was compiled by a third-party consulting firm, Franklin Associates, a
division of ERG. Air, water and solid waste emissions were collected for each unit process by
surveying representative plants. A standard emission survey form was used for all unit processes.
For air emissions, this LCI only includes HAPs based on the USEPA’s HAP list. However, there
could be other air pollutants which may cause adverse health outcomes were not included. The
reporting responsibilities of those air pollutants outside the USEPA’s HAP list vary by states.
Future work should be expanded to include those air pollutants which are in the state emission
inventory but not the federal EPA’s HAP list. In addition, data quality of this LCI relied on the
plant engineers who filled the survey form. As indicated the LCI report, some professional
judgements by the plant engineers were used for certain unit processes when measured values
were not available. The site-specific air dispersion modeling conducted in this case study assumed
that all HAPs emitted from a plant were point emissions from stacks, which modeling parameters
were based on the unit process’s SCC classification. However, a portion of the HAPs may be
modeled as fugitive emissions. Future studies should separate the point vs. fugitive emissions in
site-specific dispersion modeling when such data is available at unit process level in publicly
available emission inventory databases.
USEtox results indicate that inhalation may not be the primary exposure pathway of certain
chemicals. The steady state mass distribution of HAPs among different environmental
compartments depends on chemical characteristics such as vapor pressure, octanol-water partition
coefficient and degradation constant. Among the eleven HAPs modeled in USEtox, only five of
them had the majority of mass partitioned in the air compartments at the steady state condition.
Table 11 shows the mass distribution of HAPs when they were emitted to the continental air
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compartment. Although Nickel (II) contributed significantly to the total inhalation risks (Figure
13), only a tiny amount of nickel stayed in the air compartment. Similar results can be found for
other inorganics, which very little mass stayed in the air compartments at steady state while most
mass was distributed into the soil compartment. Therefore, ingestion pathway should be included
in future studies to evaluate the overall health risks of these inorganics in addition to the
inhalation pathway.
This research evaluated the inhalation risks associated with cradle-to-gate MDI production but
did not include downstream use of MDI. Future work should apply indoor fate and transport
models to evaluate the health risks of downstream products which are made from MDI such as
foam insulation.
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Table 11: HAPs mass distribution in different environmental compartments

HAPs

Air Compartments
(%)

As (V)
4.81 × 10-3
89.2
Benzene
Cr (VI)
4.41 × 10-2
98.0
Ethyl benzene
Ethylene Dibromide 72.1
Hg (II)
7.23 × 10-4
Ni (II)
6.53 × 10-5
PAH as B(a)P
1.03
Sb (V)
2.30 × 10-2
97.4
Toluene
97.6
Xylene
Note: Bold fonts are those chemicals with the
based on USEtox

3.5

Water Compartments
(%)

Soil Compartments
(%)

6.57
93.4
10.7
5.59 × 10-3
33.8
66.2
1.88
0.152
27.5
0.484
-2
99.9
7.39× 10
33.4
66.6
11.5
87.4
46.9
53.1
2.47
0.127
2.12
0.256
majority of mass distributed in the air compartment

CONCLUSIONS

Air dispersion modeling and LCA together can provide a holistic view of the human health risks
of a chemical. Many current human health LCIA models assume environmental compartments are
homogeneous and perform assessment under steady state conditions. However, such assumption
lacks the ability to identify the geographical difference and pattern of human health risks which is
an essential piece of information for decision makers to mitigate risk and improve manufacturing
process. A current challenge is to increase the geographical relevance of HHIA without using
confidential business information or proprietary data. This research demonstrates the development
of a regionalized LCI using publicly available data and illustrates the application of site-specific
air dispersion modeling together with USEtox to assess the inhalation risk of chemicals along the
supply chain. This work derives the first regionalized LCI of a chemical for the industry using
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publicly available data and evaluates inhalation risks along its cradle-to-gate production. With
regionalized LCI, air dispersion modeling can be performed simultaneously for multiple facilities
and unit processes in multi-facility HEM3. The case study uses MDI as an example but this
method could be applied to any other chemicals or products to address the question often faced by
decision makers: “Is manufacturing certain products along the life cycle adding unacceptable risk
to the society?”
The case study results show that the conservative overall inhalation risk of cradle-to-gate MDI
were three orders of magnitude lower than the EPA risk management threshold value. In addition,
it was found that the highest inhalation risks occurred in two counties in LA where HAPs emitted
from Cl2 and MDI production (gate-to-gate) contributed the most. The advantage of employing
site-specific air dispersion modeling is that geographical relevance in human health LCIA is
increased by better understanding the spatial pattern of risks. As a result, pollution reduction and
risk management actions can be implemented more efficiently.
This case study illustrates whenever feasible, site-specific air dispersion modeling should be
considered. For many chemicals used as raw materials in the commerce, the production location
and capacity can be obtained using publicly available data. However, such data for some other
chemicals (e.g., crude oil and salt) are not always available. To improve the geographical
relevance, emission inventory, manufacturer location and production capacity data should be
continually collected and made publicly available.
In future studies, additional exposure pathways need to be evaluated for inorganic HAPs
releases to the air. It will require regionalized or site-specific information on watersheds and
agricultural production. Furthermore, downstream applications and disposal options should be
included to assess the overall health risks along the rest of life cycle phases. In general, human
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health assessment could benefit by embracing life cycle thinking and employing the site-specific
modeling to increase geographical relevance.
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4.0

AN INDOOR AIR QUALITY EVAULATION IN A RESIDENTIAL RETROFIT
PROJECT USING POLYURETHANE FOAM

The following chapter contains material reproduced from an article published in the
Journal of Occupational and Environmental Hygiene with the citation:
Tian, S., S. Ecoff, J. Sebroski, J. Miller, H. Rickenbacker and M. Bilec (2018). "An
indoor air quality evaluation in a residential retrofit project using spray polyurethane foam."
Journal of Occupational and Environmental Hygiene 15(5): 363-375.
The article appears as published per the copyright agreement with Taylor & Francis,
publisher of
Journal of Occupational and Environmental Hygiene
Portions of the Supporting Information submitted with Journal of Occupational and
Environmental Hygiene appear in this chapter.
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4.1

4.1.1

INTRODUCTION

Indoor air quality and spray polyurethane foam

Chemicals emitted to indoor environment can have more significant impacts to building
occupants than outdoor emissions. Previous research has illustrated human intake of indoor
chemicals can be three orders of magnitude higher than outdoor sources (Ilacqua, Hänninen et al.
2007, Nazaroff 2008). In order to reduce exposure to indoor chemicals, some previous IAQ
studies have focused on quantifying emission rates of construction materials, as well as the
absorption potential of chemicals in the built environment (Batterman and Burge 1995, Wolkoff
1995, Yu and Crump 1998, Wolkoff 1999, Meininghaus, Gunnarsen et al. 2000, Kemmlein,
Hahn et al. 2003, Uhde and Salthammer 2007, Gunschera, Mentese et al. 2013, Liu, Allen et al.
2016a). Multiple research studies have also further described the human health impacts of
chemicals emitted from building materials (Jones 1999, Bennett, Margni et al. 2002, Sundell
2004, Wenger, Li et al. 2012, Collinge, Landis et al. 2013, Jolliet, Ernstoff et al. 2015).
SPF is a “spray-applied plastic that can form continuous insulation and air sealing barriers on
walls, roofs, around corners, and on contoured surfaces” (American Chemistry Council 2018).
Though the energy savings have been documented (Spray Polyurethane Foam Alliance 2012),
the potential health risk associated with SPF ingredients during and after spray application
should be further investigated to ensure the protection of construction workers and building
occupants (Manuel 2011, U.S. Environmental Protection Agency 2017a).
Existing literature on SPF and IAQ from a method perspective can be grouped into three
categories: 1) field IH surveys to evaluate airborne chemical concentrations during and after
spray application (Crespo and Galán 1999, Lesage, Stanley et al. 2007, Booth, Cummings et al.
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2009, Poppendieck and Connor 2015, Ecoff, Tian et al. 2017, Wood 2017); 2) chamber studies
(including spray booth) to evaluate chemical emissions during foam curing (Poppendieck,
Schlegel et al. 2017, Sebroski, Miller et al. 2017, Wood 2017); and 3) mathematical modeling to
study the fate and transport of chemicals (Bevington, Guo et al. 2017, Tian, Sebroski et al. 2017).
However, each of the above research methods only reveals partial information on the relationship
between SPF and IAQ. Field IH surveys use the “end-control” approach that measures the
airborne concentrations during the sampling period but often neglects to collect information on
the emission source such as SPF surface area and air velocity above the foam. Without
measuring these parameters, IH surveys may not quantitatively link the emission source to
airborne concentration and thus overlook emission sources required for the development of
emission control strategies. Chamber studies use the “front-control” approach which documents
the parameters that impact emission rates; however, without taking into account the field
conditions (e.g., air movement and emission sinks in a building), chamber study results may not
be extrapolated to predict airborne chemical concentrations in a real-world scenario.
Mathematical modeling studies tend to bring the IH and chamber studies together, but they
heavily rely on IH surveys to provide modeling input parameters. Without carefully planning the
IH survey, mathematical modeling may not yield a reliable result to help decision-making.
Therefore, a comprehensive approach is needed to integrate all three types of studies. A more
comprehensive IAQ research on SPF should design its sampling plan to address key human
exposure pathways. For example, in addition to measuring airborne chemical concentrations,
SVOCs accumulation on indoor surfaces should also be measured since SVOCs could be reemitted into the environment. Moreover, key mathematical modeling parameters should be
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collected such as air changes per hour (ACH), temperature, particle size distribution and
application time, so that models can be tested for their predictability.
This field study took place in a three-story, single-family house in New Martinsville, West
Virginia. The spray application took 4 days to finish in August 2016. This research aimed to
quantify the airborne concentrations of chemicals of interest during and after SPF application,
especially MDI in the first 24 hours after spray. This research also measured the natural ACH on
each floor, airborne particle size distribution and explored TCPP accumulation on to building
materials such as carpet and drywall. We also compared our field study results to a recent
chamber study to understand any differences between the two studies (Liu, Allen et al. 2016a).

4.1.2

Chemicals evaluated and their criteria values

The chemicals of interest in this study and their emission criteria values are listed in Table 12. In
addition, chemicals which were analyzed and had concentration levels above their Limit of
Quantification (LOQ) based on the analytical method used are listed in Table 13.
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Table 12: Criteria values for chemicals evaluated in this study, all units are in μg/m3

Chemical

4,4’-MDI

Formaldehyde

California
OEHHA CREL
(Office of
Environmental
Health Hazard
Assessment 2016)

OSHA
PEL
(Occupational
Safety and Health
Administration
1998)

NIOSH REL
(The National
Institute for
Occupational
Safety and
Health 2007)

ACGIH
TLV
(American Conference
of Governmental
Industrial Hygienists
2016)

USGBC
LEED v4
(U.S. Green
Building
Council
2015)

51
(TWA)

N.V.

CAS
Number

EPA Chronic
Inhalation RfC

101-68-8

0.6 (Greenberg
1998)

0.08

200
(Ceiling)

N.V.

9
(Chronic)
55
(Acute)

920
(TWA)
2,450
(STEL)

140

360,000
(TWA)

N.V.

45,000
(Ceiling)

140

N.V.

N.V.

N.V.

47,500
(TWA)

N.V.

N.V.
N.V.

N.V.
N.V.

N.V.
N.V.

N.V.
N.V.

N.V.
N.V.

50-00-0

Acetaldehyde

75-07-0

Propionaldehyde

123-38-6

TCPP
SolsticeTM LBAa

13674-84-5
102687-65-0

9
(National Center
for Environmental
Assessment 1991)
8
(Stanek,
Goldhaber et al.
2008)
N.V.
N.V.

50
(TWA)
200
(Ceiling)
19.6
(TWA)
122
(Ceiling)

370
(Ceiling)

27

LBA = Liquid Blowing Agent, CAS = Chemical Abstracts Service, RfC = Reference Concentration, N.V. = No Value, OEHHA = Office of Environmental Health Hazard Assessment, CREL = Chronic
Reference Exposure Level, OSHA = Occupational Safety and Health Administration, PEL = Permissible Exposure Level , NIOSH = National Institute for Occupational Safety and Health, REL =
Recommended Exposure Limit , TWA = Time Weighted Average, STEL = Short Term Exposure Limit, ACGIH = American Conference of Governmental Industrial Hygienists, TLV = Threshold Limit
Value, USGBC = U.S. Green Building Council, LEED = Leadership in Energy and Environmental Design.
a. SolsticeTM is a trade mark of Honeywell. University of Cincinnati Toxicology Excellence for Risk Assessment Center Workplace Environmental Exposure Level (8-hr TWA) is 4,240,000 μg/m3 (800
ppm).(Occupational Alliance for Risk Science 2013)
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Table 13: Chemicals analyzed and were above LOQ

Chemical Name
1-propoxy-2-propanol
Ethylene Glycol Monobutyl Ether
1,2-Dimethylimidazole (DMIAZ)
Triethyl phosphate (TEP)
Toluene

4.2

4.2.1

CAS Number
1569013
111762
1739840
78400
108883

Chemical Name
1,2-dichloroethane
1,2-dichloropropane
chlorobenzene
1,2-dichlorobenzene
Ethylene Glycol

CAS Number
107062
78875
108907
95501
107211

METHODS AND MATERIALS

Building information and insulation material applied

SPF was applied to the interior and exterior facade of a three-story, single-family house between
August 15 and 18, 2016. The dimension of the house was approximately 9.15 m by 9.15 m with
a 2.75 m ceiling on the first and second floors. The attic (third floor of the house) takes the shape
of the adjacent roof and is a triangular pyramid with a ceiling of 3.66 m at the highest point.
The SPF used was a two-component system that contained polymeric methylene diphenyl
diisocyanate (pMDI) (part A), and a mixture of polyhydroxy alcohol (polyol) and other additives
(together as part B). Part A contains approximately 50% monomeric MDI and the rest is higher
molecular weight oligoisocyanates (more than two rings). Part B often contains blowing agent
(SolsticeTM LBA in this study), flame retardant (TCPP in this study), catalysts, surfactants and
other additives in addition to the polyol. During application, the two components are
proportionally pumped towards the nozzle, heated, and mixed using Graco hydraulic spray foam
equipment. As the mixture is sprayed, the chemical reactions occur, and SPF is applied to the
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desired thickness (average 2~3 inches). The curing process (chemicals in the product are reacting
to produce SPF (U.S. Environmental Protection Agency 2017a)) generally takes 24 to 48 hours
to complete.

4.2.2

Analytical methods and sampling procedure

Multiple IAQ surveys were conducted over a three-month period between August and November
of 2016. Instead of assuming the entire house is well mixed, samples were collected in four areas
which were located on three floors of the house so that spatial variations within the building were
captured. As shown in Figure 15, the sampling locations were in rooms A, G and H, plus the
center of the attic (not shown in Figure 15). The finishing time of each room was tracked based
on the specific time of SPF application at each sampling location. For example, rooms G and H
were finished two days prior to the completion of the attic; therefore, post-application time zero
for the attic was actually 48 hours post application for room G and H. This is an important step to
later evaluate the decay rate of specific chemicals such as MDI, especially during the first few
days, since MDI decays rapidly during the first few hours after spray (Ecoff, Tian et al. 2017,
Sebroski, Miller et al. 2017, Wood 2017). The sampling schedule was also designed in this way
to account for future indoor modeling scenarios where it is essential to factor in the differences
of spray finishing time in each room.
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Figure 15: First and second floor plan view of the residential home

4.2.2.1 Airborne MDI Previous studies have shown that traditional IH sampling and analytical
methods such as the Occupational Safety and Health Administration (OSHA) method 47 are
suitable for assessing airborne MDI concentrations during SPF application. However, the method
is not sensitive enough for post application period because airborne MDI concentrations decrease
rapidly (Ecoff, Tian et al. 2017). OSHA method 47 recommends sampling 15 L at a flow rate of
1 L/min. The Reliable Quantitation Limit (RQL) (2.6 μg/m3) is not sufficient to determine the
chronic threshold values listed in Table 12. This is due to the low quantities of MDI collected on
the sampling filter (37-mm cassettes). As a result, sampling time should last longer than 12 hours
so that the LOQ can at least reach the California Office of Environmental Health Hazard
Assessment’s (OEHHA) Chronic Reference Exposure Level (CREL) (0.08 μg/m3) during post
application sampling periods. Previous research showed airborne MDI concentration decays
rapidly after application (Ecoff, Tian et al. 2017, Wood 2017), so a shorter sampling time with a
lower LOQ was required to capture the concentration changes, especially during the first 24
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hours. Therefore, a modified method based on both OSHA method 47 (Occupational Safety and
Health Administration 1989) and USEPA Conditional Testing Method (CTM) 036 (U.S.
Environmental Protection Agency 2005a) was used to increase sampling volume and lower the
LOQ. The RQL (0.01 μg/m3) in the revised method was two orders of magnitude lower than the
RQL (2.6 μg/m3) in the OSHA method 47. The modifications were made to the following:
1) Rather than using a 37-millimeter (mm) sampling cassette as specified in the OSHA 47
method, a 90-mm glass fiber filter was placed in an open face holder in order to increase
the sampling surface area. The 90-mm filter was treated with 1-(2- pyridyl piperazine)
before collecting samples and desorbed in the field with 5 ml 90:10 Acetonitrile:
Dimethyl Sulfoxide (DMSO). Field desorption can minimize isocyanate loss and
potential underestimation comparing to laboratory desorption (Schaeffer, Sargent et al.
2013).
2) Instead of using a personal sampling pump at 1 L/min and a total sampling volume of 15
L, a SKC Quick Take 30 pump was used at 15 L/min for 1 hour. The total sampling
volume is 900 L which is 60 times higher than that obtained in OSHA method 47.
3) Instead of using the High-Performance Liquid Chromatography (HPLC) with an
ultraviolet or fluorescence detector in OSHA method 47, an Agilent 6400 series triple
quadrupole liquid chromatography/Mass Spectrometry (MS) (Agilent Technologies,
Santa Clara, CA, USA) was used to increase sensitivity and remove the possibility of
interferences.
When airborne MDI was drawn through the filter, it was converted to a stable isocyanate
urea derivative and then desorbed in the Acetonitrile/DMSO solution at the end of the sampling
period. Then HPLC/MS was used to analyze the isocyanate urea and calculate the airborne MDI
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concentration. Lesage et al. indicated that the 37-mm cassette used in OSHA method 47 has low
particle capture efficiency due to large aerosol size during spray application (Lesage, Stanley et
al. 2007). The improved sampling method was expected to improve capture efficiency because
of the large sampling volume and higher velocity when particles reach the filter causing large
particles to break into smaller particles. Compared to the personal samples collected by Lesage et
al., this area sample (1.83 m from the applicator) should have fewer large particles because they
tend to fall out in a short range from the applicator or are flushed out of the room by mechanical
ventilation (fan with flexible ducts that exhaust air to the outside). Figure 16 illustrates the MDI
sampling equipment. The filter and holder were mounted to a tripod at 1.5-meter height.

(left: MDI, right: VOCs and blow agent thermal desorption tubes)

Figure 16: Sampling equipment

4.2.2.2 Aldehydes This work identified three aldehydes including Formaldehyde, Acetaldehyde
and Propionaldehyde. The sampling tubes (the tube left to the sampling pump as shown on the
right picture of Figure 16) contained silica adsorbent coated with 2,4-Dinitrophenylhydrazine
(DNPH). The DNPH reacts with aldehydes and then converts to hydrazone derivatives. The
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derivatives were analyzed with an Agilent 1100 series HPLC using methodology based on
ASTM D5197-09e1 (ASTM International 2009). The sampling volume was set to 0.25 L/min
and the sampling time was 60 minutes.

4.2.2.3 Blowing agent and flame retardant SolsticeTM LBA and TCPP were collected using
the stainless-steel Thermal Desorption (TD) tubes (the tubes in the GEMINI® twin port sampler).
Based on a previous study (Ecoff, Tian et al. 2017), a blowing agent should be collected at a
lower flow rate to prevent TD tube break-through. The TD tube for collecting SolsticeTM LBA
contains Tenax® TA 35/60, Carbograph™ 1TD 40/60, Carboxen® 1003 40/60. While the other
VOCs/SVOCs including TCPP were collected on TD tubes with 5mm Quartz Wool, Tenax® TA
35/60, Carbograph™ 5TD 40/60. Both TD tubes were manufactured by Markes International.
The flow rate was set to 0.05 L/min for the blowing agent TD tube and 0.2 L/min for the other
TD tube. The sampling time was 60 minutes. TD tubes were analyzed using an Agilent
7890/5975 GC/MS based on the method described in Sebroski et al (Sebroski, Miller et al.
2017).

4.2.2.4 Airborne particles Current research revealed that human exposure to SVOCs through
the inhalation of airborne particles cannot be ignored and since have developed models to
quantify SVOCs sorption onto particles (Xu and Little 2006, Weschler and Nazaroff 2008, Liu,
Ye et al. 2013, Liu, Allen et al. 2016a). These studies have shown that SVOCs are first adsorbed
onto and then migrate into the particles (Weschler and Nazaroff 2010, Guo 2014). Particle size
distribution during and after application were measured to provide essential input parameters for
future modeling work. Considering the potential high aerosol concentrations during SPF
application that could damage the continuous monitoring equipment, a Marple style personal
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cascade impactor (290 series, Tisch Environmental, Inc.) was placed in the middle of the attic to
collect any indoor particles (background and introduced by spray). The flow rate was set to 2
L/min and sampled for 90 minutes. The corresponding cut-point particle diameter collected on
each stage of the cascade can be found in the user manual (Tisch Environmental Inc. 2003).
Instead of following the sprayer to measure personal exposure as in the Lesage study (Lesage,
Stanley et al. 2007), the goal was to measure particle size distribution in the ambient
environment during spray. After the application was completed and the spray area was swept
(about 1 hour), a GrayWolf PC-3016A particle counter was placed in the middle of attic to
monitor 6 particle sizes (0.3, 0.5, 1.0, 2.5, 5.0 and 10.0 µm) continuously. The particle counter
had undergone annual National Institute of Standards and Technology (NIST) calibration to
ensure data accuracy.

4.2.2.5 TCPP accumulation onto building materials Several previous studies have shown
SVOCs absorbed onto indoor surfaces may be an important human exposure pathway (Weschler
and Nazaroff 2008, Weschler and Nazaroff 2010, Xu and Zhang 2011, Liu, Morrison et al. 2012,
Wenger, Li et al. 2012, Guo 2013). A recent study has quantified OPFRs sorption onto building
materials and consumer products through chamber work (Liu, Allen et al. 2016a) and found
gypsum wallboard (drywall) and carpet are two common building materials which have
significant sorption capacity of SVOCs. This work was designed to test and quantify TCPP
accumulation to these two materials. The drywall and carpet were purchased from a local store
and had a thickness of 1.91 cm and 1.27 cm. They were cut into 5.08 cm by 5.08 cm pieces and
put into aluminum trays (as shown in Figure 17). After SPF application stopped and spray debris
was cleaned, seven sets of building materials (1 carpet and 1 drywall are 1 set) were placed in
one aluminum tray and placed on the floors of room A and room H for a period of 7 weeks.
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Eight sets of building materials were placed in the attic to accommodate a longer time period of
3 months due to the higher volume of SPF applied. After the samples were collected from the
field, TCPP was analyzed using an Agilent 6890/5973 GC/MS with the analytical method
developed by Liu et al. (Liu, Allen et al. 2016a).

Figure 17: TCPP accumulation samplers

4.2.2.6 Air changes per hour Blower door tests were conducted using a Minneapolis Blower
Door System (Model 3, The Energy Conservatory). One whole house blower door test was
conducted before SPF was installed, and three blower door tests were conducted after SPF was
installed. The goal was to evaluate the ACH for each floor. The blower door test measured one
ACH50 (ACH at 50 pascals of negative pressure) which was then converted into ACHnatural (ACH
at natural ventilation) by dividing an adjustment factor (N). N is a function of local climate,
number of stories, sheltering and crack size of the house (American Society of Heating
Refrigerating and Air-Conditioning Engineers 1993, Reysa 2013). For the house studied, the
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factor N was calculated as 10.5, about half of the typical value (N=20) (Reysa 2013) because this
house was under major renovation and leakier than a typical residential building.

4.2.2.7 Sampling schedule The spray application process lasted 4 days: one day each for the
first and second floor and two days for the attic. Post application hours were tracked by each
floor. The sampling frequencies and schedules are listed in Table 14. MDI sampling was
collected up to 24-hours after spray. The chemicals collected by TD tubes were sampled more
frequently in the first 24-hours. The rest of samples were collected on Day 2, 3, 7; Week 2, 4, 7;
and Month 3, after the application was complete on each floor. The drywall and carpet samples
were tested more frequently in the first week. A duplicate set of samples was tested for the last
testing period. One blank sample of MDI filter and TD tubes was tested during each sampling
period. A total of four lab control sample sets (carpet and drywall) were also tested and the
results were averaged. Starting during Week 2, all sampling activities were conducted at the
same time on all floors, but time was tracked by floor, based on the actual hours after
application.
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Table 14: Sampling media summary and sampling schedule

Chemical

Sampling Media

4,4’-MDI

Open face filter

Aldehydes

DNPH tubes
(0.25L/min)

TCPP and
other VOCs

TD tubes
(0.2L/min)

SolsticeTM
LBA

TD tubes
(0.05L/min)

TCPP
Dry wall
accumulation /Carpet samples

Particles

During:
Impactor
After spray:
Gray Wolf
particle counter

Sampling Location

First floor Living
room,
Second floor 2G and
2H, and the Attic

First floor Living
room,
Second floor 2G, and
the attic

Impactor:
First floor Living
room and the attic
GrayWolf:
Attic only
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Sampling Time
During
After Spray
2hr, 4hr, 8hr,
12hr and 24hr
Yes

No

Yes

4hr, 8hr, 12hr,
24hr, Day 2, 3, 7,
Week 2, 4, 7 and
Month 3
Day 1, 3, 7,
Week 2, 4, 7 and
Month 3 (Attic
only), a duplicate
sample for each
material at the
last testing period
Impactor:
4 hr and 24 hr
GrayWolf:
Every 10 mins
until Week 4

4.3

RESULTS AND DISCUSSION

The sampling results presented in this section discuss the concentration and trend of airborne
MDI, aldehydes, SolsticeTM LBA, TCPP, and airborne particles during and after application. In
addition, TCPP accumulation on to building materials was also measured and compared with a
recent chamber study. Finally, ACHs before and after SPF application were reported.

4.3.1

Airborne MDI

During application, the airborne MDI concentration is a function of the relative location of the
sampling point to the spray gun, ventilation rate, room volume, and amount of SPF applied per
surface area. Figure 18 shows the locations of SPF installed. As expected, applying SPF on the
exterior wall cavity resulted in a much lower indoor airborne MDI concentration on the first
floor as shown in Figure 19 and Figure 20. Room H had a much higher concentration, since it is
a smaller room and the sampling point was relatively closer to the spray gun than other rooms.
During application, all measured airborne MDI concentrations were lower than the OSHA
Permissible Exposure Level (PEL) ceiling level (200 µg/m3). The highest MDI concentration
during application was 185 µg/m3 in room H. The airborne MDI concentration was 23.26 µg/m3
in the attic.
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Figure 18: SPF application first floor exterior façade (left) and second floor interior wall
(right)

200

OSHA

PEL

=

200

µg/m3

160
120
80

NIOSH REL = 50 (TWA)
40
0

0.276
First floor

2G

2H

Attic

OSHA = Occupational Safety and Health Administration, PEL = Permissible Exposure Level, NIOSH =
National Institute for Occupational Safety and Health, REL = Recommended Exposure Limit

Figure 19: Airborne MDI concentration during application
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0.08

0.048

0.04

When the attic was
sprayed

0.30

µg/m3

µg/m3

0.06

CA CREL = 0.08
0.068
When the second
floor was sprayed

0.20

0.02

0.10

0.00

0.00

CA CREL = 0.08
0.067

(a)

0.062

Legend
First floor
Attic
2G
2H

0.035

(b)

CA CREL = California Chronic Reference Exposure Level

Figure 20: Airborne MDI concentration after application

When spray application was stopped and there was no active spraying in the building, the
airborne MDI concentration decreased on all three floors. Two hours after SPF application,
airborne MDI concentrations decreased to 3.3×10-4 % (room H) ~ 0.11% (first floor) of the
concentration measured during spray. As shown in Figure 20, after application, all measured
values on the first floor and attic were less than the CA CREL – the most stringent of all
standards listed in Table 12 - with two values higher than the LOQ. In the two second floor
rooms, airborne MDI concentrations constantly decreased from the 2nd hour to the 18th hour with
values exceeding the LOQ threshold for only the first four hours. However, a sharp increase did
occur 24 hours after application on the second floor, which was influenced by the spray
application in the attic. Intra-zonal flows allowed MDI fumes to disperse in the home; our study
was able to capture this relationship further defining how chemical levels change over vertical
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gradients. When the attic and second floor were sprayed, the airborne MDI concentration
increased by a factor of 14, 8 and 3 on the second-floor rooms G, H and first floor, respectively.
The results suggest a plausible association between the transport of chemicals and exposure
at adjacent environments; based on these findings, workers should not occupy the building
without proper protection equipment while active SPF application is in process. When the twocomponent high pressure SPF application is complete, the industry recommended re-entry time
is 24 hours for unprotected applicators, helpers, other workers and building occupants such as
home owners (Center for the Polyurethanes Industry 2017).

4.3.2

Aldehydes

Background concentrations of aldehydes were collected one week before the spray application.
The first floor living area had relatively higher background Formaldehyde (12.8 µg/m3) and
Acetaldehyde levels (16.7 µg/m3) than the second floor and attic (both less than the LOQ at 3.1
µg/m3) attributed to the first floor being an active living area while the other two floors were
unoccupied. Propionaldehyde concentrations were less than the LOQ (3.1 µg/m3) on all three
floors.
In general, as shown in Figure 21, the aldehyde concentrations exceeded background levels
(first floor) or LOQ (second floor and attic) during application and up to 48 hours after
application. For example, the Formaldehyde level remained less than 9 µg/m3 (CA CREL)
starting from 24 hours in sampling areas except the first floor. For Propionaldehyde, the results
were compared with EPA IRIS RfC due to the lack of CA CREL limits. Except during
application, the airborne Propionaldehyde level was less than the RfC throughout the sampling
period. Compared to MDI, the first and second floor aldehyde concentrations did not show an
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increase, while other areas of the house were sprayed in the same house. Unlike MDI, aldehydes
are not intentionally added into the SPF formulation and have much less mass available for
emission. Therefore, migration of aldehydes in the house during spray was limited. In fact,
Formaldehyde is a trace component in the raw materials used to produce polyol (part B of SPF)
while Acetaldehyde and Propionaldehyde are formed during the foaming process on the
application site.
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Formaldehyde

Acetaldehyde

100

100
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10

1

1
1During

10

100
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1000

Elapsed Time (h)

µg/m3

100

1000

(b)

Propionaldehyde

100
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(a)

10
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µg/m3
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CA CREL = 9

Legend
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1
1During

10

100

Elapsed Time (h)

1000

(c)
CA CREL = California Chronic Reference Exposure Level, IRIS = Integrated Risk Information System,
RfC = Reference Concentration

Figure 21: Airborne aldehydes concentration (during and after application)
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4.3.3

Blowing agent and flame retardant

The LOQ for SolsticeTM LBA and TCPP were 9.8 and 2.2 µg/m3 respectively during the
background sampling, and none of the areas evaluated had concentrations greater than the LOQ
before SPF was applied. Based on the literature review and to the best knowledge, no regulatory
standards pertaining to the chemicals were identified. Both of the chemicals were generally
detected at elevated levels during application, but decayed in the first 24 hours, as shown in
Figure 22. Although the SolsticeTM LBA concentration was still greater than the LOQ in all areas
evaluated at the end of testing period, the decreasing trend was clear. TCPP concentration
dropped to the LOQ around 15 days after application on the first floor while it did not reach
below the LOQ until 48 days in the attic. The time series of SolsticeTM LBA and TCPP can be
best described in a log-log regression between airborne concentration (µg/m3) and time (hour) as
shown in Table 15. These regression equations were used to calculate the time weighted average
(TWA) airborne TCPP concentrations over the sampling period on each floor, since the total
TCPP available in the gas phase is important to TCPP mass transfer rates from indoor air to sinks
such as building interior materials, airborne particles and settled dusts.
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SolsticeTM LBA

100000

2G

2H

Attic
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TCPP
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1
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(a)
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LOQ during background sampling: SolsticeTM LBA = 9.8 µg/m3, TCPP = 2.2 µg/m3

Figure 22: Airborne SolsticeTM LBA (a) and TCPP (b) concentration (During and after
application)

Table 15: Log-Log regression between airborne concentration and time.a

Chemical

Room
A
B
R2
Log (Concentration, µg/m3) = A – B × log (Time, hr)

P

First fl. A
3.809
0.731
0.793
0.001
Second fl. G
3.522
0.533
0.733
0.001
Solstice LBA
Second fl. H
3.776
0.663
0.806
0.001
Attic
3.985
0.784
0.922
0.001
First fl. A
1.933
0.596
0.835
0.002
Second fl. G
2.473
0.691
0.731
0.003
TCPP
Second fl. H
2.174
0.546
0.840
0.001
Attic
2.234
0.479
0.828
0.001
a. Only post application airborne concentration higher than the LOQ was used in regression
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4.3.4

Airborne particles

On the first floor, all filters (during 4 hours and 24 hours) collected from the Marple 8-stage
personal cascade impactor were either less than or at the LOQ which is 30 µg/filter. During
application in the attic, 3 filters out of the 8 stages (particle diameter between 10 and 15, 6 and
10, 1.5 and 3.5 µm) had particle mass higher than the LOQ. The total mass collected on all filters
was 149 µg (0.83 µg/m3). At 4 hours and 24 hours after application, 1 filter out of the 8 stages
(particle diameter above 20) had particle mass (160 µg or 0.89 µg/m3) higher than LOQ.
Compared to during application particle concentration measured by Lesage et al. (Lesage,
Stanley et al. 2007), our results were 20% lower. This was expected because the impactor was
placed in the middle of the room rather than worn by the applicator as a personal sampler.
The airborne particle concentrations result (10 minutes average, N = 3,730) obtained by the
Gray Wolf PC-3016A particle counter is presented in Figure 23. When grouping the six particle
sizes into PM2.5 and PM10, the mean airborne concentrations were 16.23 ±0.35 and 22.49 ±1.05

µg/m3. These results will be used in Chapter 5 as input parameters in i-SVOC (version 1.0,
USEPA, Research Triangle Park, NC) and IECCU (version 1.0, ICF-International, Research
Triangle Park, NC) to study SVOCs sorption onto indoor particles.
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µg/m3
Figure 23: Mean airborne concentration and confidence interval by particle

4.3.5

TCPP accumulation onto building materials

The following indicators were used to evaluate the TCPP accumulation:
1) Concentration by volume (Cm: µg/m3): the total TCPP found on the material divided by
material volume (Figure 24);
2) Concentration by exposed surface area (Cs: µg/m2): the total TCPP found on the material
divided by the total exposed area (all sample surface area excluding the bottom) (Figure 25);
3) Volume specific time averaged accumulation rate (Rm: µg/h/m3) which was calculated as
Cm divided by the amount of elapsed time between two measurements (Figure 26) and;
4) Surface specific time averaged accumulation rate (Rs: µg/h/m2) which was calculated as Cs
divided by the amount of elapsed time between two measurements (Figure 27).
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The total amount of TCPP on the samples (Cm and Cs) increased over time on all three floors
at a decreasing rate, while the accumulation rates (Rm and Rs) decreased during the sampling
period. Comparing among floors, all four indicators were one order of magnitude lower on the
first floor than the other two floors, which was partially because airborne TCPP concentration
was lower on the first floor. TWA airborne TCPP concentration was evaluated by integrating the
regression curves listed in Table 15 and divided by 1,000 hours, which was 11.86, 7.51 and 3.37
µg/m3 for the attic, second floor and first floor, respectively.
An attempt was made to compare the results of this study to a chamber study conducted by
Liu et al. (Liu, Allen et al. 2016a). In general, the four indicators evaluated were within one order
of magnitude between this study and Liu’s study (Liu, Allen et al. 2016a) for most cases; there
were a few exceptions that, mostly on the first floor. One significant difference is that instead of
a relative constant sorption rate in the chamber study, Rm and Rs in the field decreased by
roughly 70% to 90% along the sampling period, depending on the type of sorption material and
sampling location. When the two types of material were compared, on all three floors, the field
study revealed that TCPP per volume (Cm) and per surface area (Cs) were very close between
carpet and drywall. However, in the chamber study, drywall contained more TCPP than carpet.
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Figure 24: TCPP concentration (Cm, µg/m3) in carpet and drywall, compared with Liu’s
chamber study data (Liu, Allen et al. 2016a).

112

First floor

2H
18

45
40

5.0E+04

16

Air Conc: μg/m3

35

12

Cs: μg/m2

1.0E+04

Cs: μg/m2

14
10
8

1.0E+03

6
4

30
25
20

5.0E+03

15
10
5

2
1.0E+02
0

500

1000

0
2000

1500

5.0E+02
0

1000

1500

0
2000

(b)

(a)
Attic

30

5.0E+03

20
10

5.0E+02
1500

Elaspsed Time (h)

Air Conc: μg/m3

Cs: μg/m2

40

1000

Legend

50

5.0E+04

500

500

Elaspsed Time (h)

Elaspsed Time (h)

0

Air Conc: μg/m3

1.0E+05

0
2000

(c)
Figure 25: TCPP concentration (Cs, µg/m2) in carpet and drywall by total exposed area

There are a few factors that explain the differences between the chamber and field studies.
One of the most important factors was the presence of indoor particles in the ambient air. In the
field study, TCPP can be absorbed onto indoor particles and then deposited onto other indoor
building materials. While in the chamber study, clean air was used. Based on our observations,
the carpet and drywall results were close to each other in the field study but were around one
order of magnitude different in the chamber study with no particles in the air. This difference
indicated that particle deposition could be a contributing factor to TCPP accumulation on the
drywall and carpet samples. Another important factor that may impact the four indicators was the
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airborne TCPP concentration. In the chamber study, it was relatively constant (1.08 to 1.80
µg/m3), while in our field study, airborne TCPP concentrations were higher than the level of the
chamber study in the first few days but reached a similar level after 7 weeks (~1,200 hours) into
the sampling period on the second floor and attic. The TWA TCPP concentration in the field
study was higher than the averaged TCPP concentration in chamber by a factor of 2 to 10.
Furthermore, the gas phase mass transfer coefficient (Hg) which is positively related Rm and Rs
may also contribute to the differences between the two studies. Hg is negatively related to the
characteristic length (L) of sorption materials, which is defined as the square root of the sorption
material surface area. Sorption materials used in the field study had a characteristic length of 5.1
cm, which was higher than materials used in the chamber study (L = 1.2 cm). However, in order
to quantify the impact of each factor on each indicator, advanced fate and transport modeling
such as i-SVOC and IECCU should be employed in future studies, as illustrated in Chapter 5.
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The two dotted lines on the bottom of each chart is the TCPP air concentration range in the sink chamber.
Carpet sorption rate was not reported by Liu (Liu, Allen et al. 2016a).

Figure 26: Averaged TCPP accumulation rate (Rm: µg/h/m3), compared with Liu chamber
study data.(Liu, Allen et al. 2016a)
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The two dotted lines on the of each chart is the TCPP air concentration range (± 1 standard deviation) in
the sink chamber of Liu (2016) (Liu, Allen et al. 2016a).

Figure 27: TCPP surface specific averaged accumulation rate (Rs: µg/h/m2) and
comparisons with data in Liu (2016) (Liu, Allen et al. 2016a)
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4.3.6

Air changes per hour

The measured ACH50 and calculated ACHnatural are listed in Table 16. Since the aged home was
under major renovations, there were many places for air leakage and infiltration. For example, in
order to spray on the exterior facade, outside sidings had to be removed leaving a large gap along
the perimeter of the house between the first and second floor wall studs. SPF was used as wall
insulation and not meant to be used for sealing such gaps. Due to the large areas for potential air
leakage, ACHnatural was not significantly reduced after SPF application, and to note, this is not
typical in most building renovation projects using SPF. Nonetheless, the measured ACH values
are essential to quantify chemical decay rates in IAQ studies since they are predictive of dynamic
and transient airflows (Bevington, Guo et al. 2017). Another blower door test is scheduled in the
home when the entire renovation project has been completed.

Table 16: Measured ACH50 and calculated ACHnatural on each floor

Location
Whole House
First floor
Second floor
Attic

Before SPF installed
After SPF installed

4.4

ACH50
32.52
28.40
24.20
43.87

ACHnatural
3.09
2.70
2.30
4.16

LIMITATIONS AND FUTURE STUDIES

Human exposure to SVOCs can occur by inhaling vapor directly and through inhalable airborne
particles which have SVOCs accumulated on the surface. Both exposure pathways are important
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to understand the human health impacts of SVOCs. In this research, a Zefon inhalable dust
sampler developed by the Institute of Occupational Medicine (IOM) was used to collect airborne
particles for the analysis of TCPP on the filter. However, due to the low particle concentration,
after sampling for 90 minutes at 2 L/min, only 4 out of the 15 IOMs had measurable weight
difference (> 30µg). In addition, because of the low particle mass difference on the IOM before
and after sampling, the filter and particles had to be analyzed together. Therefore, the measured
results from this analysis were the amount of vapor phase TCPP absorbed onto both filter and
particles, which cannot be separated. Any traditional filter method to collect airborne particles
would have the same issue if particles must be analyzed together with filter. Similarly, TCPP
accumulated on the drywall and carpet samples could come from two sources: TCPP vapor
absorbed onto the sample surface directly and settled particles that had TCPP absorbed on them.
There is a possibility that some of those settled particles were generated during application as
overspray. However, this effect should be reduced since most of overspray particles are large in
diameter and have been removed by mechanical ventilation during room cleaning after spray.
Future study should consider separating TCPP sorption onto particles from the TCPP absorbed
on the sink materials (e.g., drywall and carpet) directly. For example, the authors set large pans
made of aluminum foil for extended time to collect settled particles and analyzes TCPP sorption
onto particles. In addition, future research may consider using cyclone to collect airborne
particles.
The modified sampling and analytical method has improved the level of quantification of
MDI for area samples. However, further research should compare this method with the impinger
method to evaluate its accuracy.
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Although chemical conversion is out of the scope of this research, future studies may
consider to evaluate the potential creation of Methylenedianiline (MDA) in SPF application
phase, especially for occupational exposure. MDA is a carcinogen which may be generated when
MDI is hydrolyzed with water. The MDA concentration formed in the environment through
MDI-water reaction is low (J. Sekizawa and Greenberg 2000). However, the human health risk
of MDA in the indoor environment has not been well characterized.

4.5

CONCLUSIONS

During a 3-month sampling period in a residential retrofit project, indoor airborne
concentrations of MDI, aldehydes, a flame retardant (TCPP) and a blowing agent (SolsticeTM
LBA) were evaluated during and after SPF application. In this field study, the LOQ of MDI was
improved by using a more sensitive sampling and analytical method, ACHs were valuated before
and after SPF application, and TCPP accumulation on to building construction materials was
measured and compared with a chamber study. The results showed when spray application was
completed in the entire building, airborne concentration decreases over time for all measured
chemicals. Four hours after application, the MDI airborne concentration was at least 50% lower
than the most stringent standard (CA CREL) in all four measured areas. This study also
demonstrated and quantified chemical migration among building compartments, especially for
MDI. It is our recommendation that during SPF application, no one should return to the
application site without proper personal protection equipment as long as there are active spray
activities in the building. Although many factors may cause the differences between the field and
chamber study, such differences were generally within one order of magnitude. In order to better
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understand the fate and transport of SVOCs, such as TCPP, in the indoor environment, applying
advanced IAQ models is planned to further evaluate how to extrapolate and use the chamber
results to predict SVOCs behavior in the indoor environment.
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5.0

INDOOR FATE OF FLAME RETARDANTS IN A RESIDENTIAL BUILDING
RENOVATED WITH SPRAY POLYURETHANE FOAM: MODEL
PARAMETERIZATION AND RESULT INTERPRETATION

5.1

5.1.1

INTRODUCTION

SVOCs and OPFRs

SVOCs are considered to be organic chemicals with vapor pressure between 10-9 to 10 Pa
(Weschler and Nazaroff 2008). Due to their unique chemical and physical characteristics,
SVOCs behave differently in the indoor environment than high vapor pressure VOCs. With
lower vapor pressure and higher partition coefficient between solid materials and air than VOCs,
SVOCs tend to be partitioned more into materials such as indoor surfaces, airborne particles and
settled dusts. Therefore, SVOCs have a longer indoor residence time and higher exposure
potential, even after the primary source is removed from the indoor environment (Mølhave,
Clausen et al. 1997, Destaillats, Maddalena et al. 2008, Weschler and Nazaroff 2008, Xu and
Zhang 2011, Liu, Ye et al. 2013, Liu, Zhang et al. 2015). Many building and construction
materials, consumer products and furnishings contain SVOCs. One type of SVOCs that has been
studied in the past decades is the OPFRs. OPFRs are widely used as additives in industrial and
consumer products such as polyurethane foam insulation, furniture, electrical products and
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plastics (Van den Eede, Dirtu et al. 2011, Fromme, Lahrz et al. 2014, Tajima, Araki et al. 2014,
Jayjock, Kroner et al. 2015, Tan, Peng et al. 2017, Zhou, Hiltscher et al. 2017). The USEPA has
listed a few OPFRs including TCPP as Action Plan chemicals under the amended TSCA (U.S.
Environmental Protection Agency 2015c).

5.1.2

TCPP in the indoor environment and multi-media models

Human exposure to indoor chemicals can occur through various routes such as inhalation of gas
phase pollutants and airborne particles, ingestion of settled dusts and direct dermal contact with
contaminated surfaces. Extensive research has been conducted to evaluate TCPP concentration in
the indoor environment (Carlsson, Nilsson et al. 1997, Sanchez, Ericsson et al. 2003, Marklund,
Andersson et al. 2005, Saito, Onuki et al. 2007, Fromme, Lahrz et al. 2014, Yang, Ding et al.
2014, Liagkouridis, Cequier et al. 2017). Most of these studies use the “end control” approach
which reveals TCPP concentration in each indoor environmental media, but do not study the
mass transfer processes such as the emission mechanisms, sorption and desorption of TCPP from
indoor surfaces and how TCPP interacts with indoor SVOC sinks such as flooring, carpet and
settled dusts. Without a better understanding of these fundamental fate and transport processes,
risk mitigation and pollution control may not be effective. A few research studies have been
focused on measuring TCPP emission rates from consumer products and quantifying the
migration pathways, such as sorption on indoor sinks through chamber testing (Kemmlein, Hahn
et al. 2003, Liu, Allen et al. 2016a, Liu, Allen et al. 2016b, Liagkouridis, Lazarov et al. 2017,
Liang, Liu et al. 2018a). However, such studies are often time and resource intensive resulting in
a limited number of samples that could be collected and analyzed. An emerging need for IAQ
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assessment of OPFRs is to derive chemical concentration in each indoor media in a cost-effective
way (Tian, Sebroski et al. 2017, Tian, Ecoff et al. 2018).
Indoor mass transfer models are viable alternatives to chamber or field studies, since the
modeling approach requires less time, resources and it does not limit to certain chemicals or
indoor media, provided the required input parameters are available. In the past decades, many
multi-media models have been developed and applied to study the fate, transport and distribution
of SVOCs in the indoor environment, including pesticides, phthalates and OPFRs (Matoba,
Yoshimura et al. 1998, Bennett and Furtaw 2004, Xu and Little 2006, Weschler and Nazaroff
2008, Xu, Cohen-Hubal et al. 2009, Zhang, Diamond et al. 2009, Clausen, Liu et al. 2010, Little,
Weschler et al. 2012, Tian, Sebroski et al. 2017). These models are different in terms of
modeling form (e.g., steady state or ordinary differential equations), representation of sources
and sinks, and chemicals of focused. Two areas of future research were identified as: better
representations of source and sink materials using diffusional models (Guo 2013) and the need of
deriving key modeling input parameters to characterize SVOCs behavior in the indoor
environment (Liu, Ye et al. 2013).
To advance SVOC indoor multi-media models to include diffusional sources and sinks, the
USEPA has developed the i-SVOC (U.S. Environmental Protection Agency 2013b) and the
IECCU (Guo 2017a) model to simulate SVOC emission, sorption and accumulation in the indoor
media. The i-SVOC is a single zone mass transfer model which calculates SVOC mass fluxes of
each environment media, while IECCU can model a multi-zone building and include temperature
dependent partition and diffusion coefficients of various emission sources. Instead of an off-theshelf tool, both of the two USEPA models require the users to provide extensive input
parameters to ensure the modeling results are accurate and realistic as possible. Although a few
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recent research studies provided measured (Liu, Allen et al. 2016a, Liu, Allen et al. 2016b,
Liang, Liu et al. 2018a) or estimated (Weschler and Nazaroff 2010, Tian, Sebroski et al. 2017)
modeling input parameters for TCPP such as the partition coefficients in building materials and
consumer products, a comprehensive list of modeling parameters that include TCPP sources,
sinks, settled dusts and airborne particles was not available. Multi-media models can bridge the
gaps between field measurements and chamber testing studies so that indoor SVOC research can
be conducted more efficiently, only if these models have been validated and provided with
realistic material and chemical specific input parameters.

5.1.3

Objective and scope

This research aimed to quantify the emission, fate and distribution of TCPP in a renovated
residential building using SPF. A comprehensive list of input parameters required by IECCU was
either measured or estimated. Based on the value range of key modeling parameters, eight
scenarios were developed to evaluate the impact of each input parameter to the final modeling
outcome such as TCPP airborne concentration. Field measurements were then compared with the
modeling results to discuss the potential causes of the discrepancies. The exposure assessment
conducted aimed to quantify building occupants’ TCPP exposure through the inhalation and
ingestion pathways only, averaged over a 100-day modeled period. The hazard index was
calculated based on an USEPA provisional toxicity threshold.
This paper focuses on the approaches to derive key modeling input parameters for IECCU,
modeled TCPP mass balance results in a residential building and the comparisons between field
measurements and modeling results. Details about the field study and analytical methods can be
found in a paper published by Tian et al. (Tian, Ecoff et al. 2018).
124

5.2

5.2.1

METHODS AND MATERIALS

Field measurements

A field IH survey was conducted in 2016 to measure TCPP airborne concentration and surface
accumulation in a renovated residential building using SPF. Airborne TCPP concentration and
TCPP accumulated onto sink materials were collected in various areas throughout the building
during a three months period and analyzed by gas chromatograph – mass spectrometry (GC-MS).
Details about the sample collection process, analytical methods and results were published
previously (Tian, Ecoff et al. 2018).

5.2.2

Mass balance

Figure 28 shows the sources, sinks and ventilation pathways of the studied residential house. The
mass balance of TCPP in the two zones of this house are written in Equation 3 and Equation 4.
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PM2.5, PM10 and the sink materials, respectively (µg/hr); C0 is the TCPP concentration in the
outdoor air (µg/m3); C1,t and C2,t are TCPP airborne concentration in the living area and attic at
time t (µg/m3); Q01,t and Q02,t are the air flow rates from the outdoor environment to the living
area and attic at hour t (m3/hr); Q10,t and Q12,t are the air flow rates from the living area to the
outdoor environment and attic at hour t (m3/hr); Q20,t and Q21,t are the air flow rates from the attic
to the outdoor environment and the living area at hour t (m3/hr).

Figure 28: Schematic of the studied residential house

5.2.3

IECCU model

IECCU was developed by USEPA to study chemical fate, transport and exposure in buildings
with multiple zones, chemicals, sources and sinks (Guo 2017a). One application of IECCU is to
study SPF applied in unconditioned zones such as attic, basement and crawlspaces. In our prior
field study (Tian, Ecoff et al. 2018), SPF was sprayed in both conditioned zones (living area) and
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unconditioned zones (attic). Therefore, modeling parameters were adjusted accordingly based on
the field conditions.
IECCU combined two existing models, IAQx and i-SVOC. IAQx is an IAQ simulation
model that calculates the pollutant concentration as a function of time using simple mass transfer
models (Guo 2000, U.S. Environmental Protection Agency 2000). i-SVOC is a mass transfer
model specifically built to study the fate and transport of SVOCs in a single zone environment
(U.S. Environmental Protection Agency 2013b). The key mass transfer theory in i-SVOC is the
modified state space (MSS) method (Yan, Zhang et al. 2009, Guo 2013). The advantage of MSS
method is that instead of solving partial differential equations, it converts the process of SVOC
diffusion into a series of ordinary differential equations by dividing the source or sink materials
into a finite number of slices. The computational process has been greatly improved. The details
of MSS application for indoor sinks such as settled dusts have been thoroughly described by Guo
(Guo 2014) and only the key equations are repeated here for the purpose of explaining results
found in this research.
In the MSS method (as shown in Figure 29), a local two-phase theory (Lewis and Whitman
1924, Guo 2014) is used to describe the chemical mass transfer process between the solid
material (e.g. sinks and settled dusts) and the ambient air as shown in Equation 5 to Equation 7.
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Figure 29: Schematic diagram for the MSS method and the local two-phase mass transfer
theory

Rn =

×

=

×(

+

×

h =

−

)

Equation 5
Equation 6
Equation 7

∆

Where Rn (µg/h) is the chemical mass transfer rate from air to the top surface layer of the
sink materials, An (m2) is the top surface area of the sink material, Ha (m/h) is the overall gasphase mass transfer coefficient from Equation 6. Ca (µg/m3) is the airborne TCPP concentration
in the indoor environment or a chamber, Cnv (µg/m3) is the concentration in the top surface layer
of the sink material, kna (unitless) is the sink-air partition coefficient, hn (m/h) is the solid phase
sink material mass transfer coefficient from Equation 7, han (m/h) is gas phase sink material mass
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transfer coefficient, Dn (m2/h) is the sink material diffusion coefficient

and ∆ (m) is the

thickness of the top surface layer which is defaulted to be 10-7 m. Beside sink materials, this
theory also applies to sources, airborne particles and settled dusts. For settled dusts, Equation 5
to Equation 7 can be written as Equation 8 to Equation 10. The only difference is that those
parameters related to sink materials (Rn, An, Cnv, kna, hn, han and Dn) are changed to settled dusts
(Rd, Ad, Cdv, kda, hd, had and Dd).
Rd =

×

=

×(

+

×
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−

)

Equation 8
Equation 9
Equation 10

∆

We have generated key modeling input parameters for i-SVOC to study TCPP emission from
SPF and TCPP surface sorption on indoor sink materials. Part of the parameters generated in our
prior study was adopted in this IECCU modeling (Tian, Sebroski et al. 2017).

5.2.4

Chamber testing

IECCU modeling parameters required for sources and sinks were previously estimated in our
prior study (Tian, Sebroski et al. 2017). However, parameters related to settled dust have not
been reported in the literature and therefore need to be developed. A chamber testing was
conducted to estimate TCPP diffusion coefficient (Dd) in settled dusts.

5.2.4.1 House dusts collection and preparation House dust samples were collected from five
homes in Pittsburgh, PA area using household vacuum machines. The samples were combined
and sieved into two diameter sizes (25-90 µm and 90-150 µm) in order to investigate the
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differences of TCPP accumulation quantity and rate on settled dusts based on their diameters. It
is expected smaller dusts should have higher accumulation rate due to larger surface area per unit
volume. For each diameter size, a total of 12 samples were placed in a small chamber (36 Liter,
shown in Figure 30). Each sample contained 0.258 ± 0.002 g (Mettler Toledo, Columbus, OH) of
dust which was spread out on a filter paper (Whatman 1004-110 Grade 4 Qualitative Circles) as
much as possible. A blank filter was also added to test the amount of TCPP accumulated onto the
filters. To minimize direct surface migration of TCPP from the chamber wall to the dust samples,
a stainless-steel wire net (Blue Hawk, from a local store) was placed on the bottom of the
chamber as a holder for all dust samples. The 1-inch space between the chamber bottom and the
dust samples prevented direct contact of dust samples to chamber wall and may also increase air
circulation and mixing so that the airborne TCPP in the chamber can be more evenly distributed.

Figure 30: Dust samples and blank filter placed in the small chamber
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5.2.4.2 Chamber testing systems The dust sorption test was conducted in a two stainless steel
chambers system as shown in Figure 31. The micro-chamber (0.114 Liter, left picture in Figure
32) was used as a source chamber to provide a continuous TCPP flow into the small chamber (36
Liter, right picture in Figure 32) where dust samples were placed. Liquid TCPP was weighed and
placed into the three small cavities pre-drilled into Teflon blocks that were sized to fit tightly into
the micro-chamber cavities. There was enough TCPP in the source chamber during the testing
period to maintain a relative constant TCPP flow into the test chamber. Before dust samples were
placed into the test chamber, clean air was used to flow through the system for a total of 47 days.
During the first 19 days, the micro-chamber was heated to 35 °C and then the temperature was
reduced to 23 °C for the rest of 28 days. The goal of this step was to generate a TCPP gas flow to
coat the inner surfaces of connection tubes and the test chamber so TCPP sorption onto these
surfaces could be reduced after dust samples were introduced. During this period, air samples
were periodically collected for both chambers using thermal desorption (TD) tubes which
contained 5-mm quartz wool, Tenax® TA 35/60, Carbograph™ 5TD 40/60 (Markes
International). Airborne TCPP in both chambers constantly decayed but reached to a relative
steady concentration before dust samples were placed. After dust samples were placed, clean air
flowed through the system at 0.20 liter/minute which resulted an air change rate of 0.33 ACH in
the test chamber. There were two identical chamber testing systems used in this study, one for
each dust diameter size.

131

Figure 31: Schematic of the two-chamber testing system

Figure 32: Micro-chambers (Source) and small chambers (connected with micro-chambers)
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5.2.4.3 Sampling schedule and procedure The sorption testing was conducted between
12/15/17 and 01/19/18 for 35 days, including 6 sampling days on day 3, 7, 14, 21, 28 and 35. On
each sampling day, before dust samples were taken out, a 60 mins TD tube sample (0.1
liter/minute) was collected from each test chamber to measure airborne TCPP concentration.
When TD tube sampling was finished, the lid of each test chamber was opened, two dust samples
were collected and the lid was closed within 3 minutes. The collected dust samples were
weighed, placed into a glass jar (0.1 Liter) and refrigerated immediately for future extraction.

5.2.4.4 Extraction and analytical methods To evaluate the concentration of TCPP in the
chambers, TD tubes were analyzed using a Markes International TD-100 thermal desorber
connected to Agilent Technologies 7890A gas chromatography (GC) and 5975C Inert XL mass
selective detector (MSD) as described in Sebroski et al (Sebroski, Miller et al. 2017) and ASTM
D8142-17 (ASTM International 2017b). The dust samples were extracted with 50 ml of 50/50
methylene chloride/ethyl acetate and then sonicated for 30 minutes with a Branson PC620
Sonicator. The extracts were filtered and then 100 ng/ml of tributylphosphate-d27 was added as
an internal standard prior to analysis with an Agilent 6890/5973 GC/MS using GC/MS
conditions reported by Liu et al (Liu, Allen et al. 2016a).

5.2.4.5 Quality assurance and control Daily calibration checks were analyzed for the
TD/GC/MS and GC/MS methods to verify that the instruments were within 20% of the reference
standards. The extraction method was evaluated alongside the dust samples to demonstrate that
the extraction efficiency was greater than 90%. Method blanks were also performed with each
sample batch to verify that there was no significant background contamination.
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5.2.4.6 SVOC modeling parameterization and TCPP mass balance in the test chamber A
mass transfer model (i-SVOC) designed to study the emission, transport and sorption of SVOCs
in the indoor environment was used to estimate TCPP sorption onto settled dusts and the
chamber gas phase TCPP concentration. The chamber study results of this research and a similar
research conducted by USEPA were compared with the i-SVOC modeling results. Least square
curve fitting was performed to estimate one of the key modeling parameters for TCPP sorption
onto settled dusts: diffusion coefficient (Dd). The key i-SVOC modeling parameters are listed in
Table 17.
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Table 17: i-SVOC modeling parameters

Input Parameters

This Research

Chamber volume (L)
ACH (1/hr)
Equivalent TCPP flow concentration into the test
chamber (Cin) (µg/m3)

36.0
0.333

Settled dusts geometric mean diameter (µm)
Gas phase mass transfer coefficient (hg) (m/h) (7)
Particle density (
) (g/cm3)
Mass of dusts in chamber (µg) (9)
Number of particles (#) (10)
Octanol/air partition coefficient (koa) (-)
Dust/air partition coefficient (kda) (-) (6)
Diffusion coefficient in settled dusts (Dd) (m2/h)
Outputs
TCPP flow concentration out of the test chamber
(Cout) (µg/m3)
TCPP on settled dusts (µg/g)
(1)

74.7(1)

83.1(1)

Liu’s Study
(Liu, Allen et al. 2016b)
53.0
1.10
2.50

47.4
116
67.9
(25~90)
(90~150)
568
232
397
(8)
0.938
0.938
1.26
1.26
0.530
2.40×107
1.64×106 6.84×106
1.60×108(2), 9.75×108(3), 3.09×109(4), 4.80×109(5)
3.41×107, 2.08×108, 6.59×108, 8.70×108
To be determined by curve fitting
To be calculated
To be calculated

Calculated based on mass balance equation; (2) (U.S. Environmental Protection Agency 2012b); (3)

(Liagkouridis, Cousins et al. 2015); (4) (European Commissions 2008); (5) (Wang, Zhao et al. 2017); (6) Calculated
as

=

_

×

, fom_dust is the volume fraction of organic matter associated with settled dust, which is

assumed to be 0.2 (Weschler and Nazaroff 2008, Weschler and Nazaroff 2010); (7) Calculated based on equations in
(Tian, Sebroski et al. 2017) ; (8) Assumed to the same as the value measured by Liu et al (Liu, Allen et al. 2016b);
(9) Time weighted average dust mass based on the amount of hours each sample (one filter tray in this study and one
tray in Liu et al. (Liu, Allen et al. 2016b)) stayed in the testing chamber. A weighted average dust mass is need
because samples were taken out in sequence during the testing period; (10) Calculated in i-SVOC based on particle
density, size and mass.
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The mass balance of TCPP in the test chamber during the testing period can be expressed as
Equation 11.
Min + Echamber wall (or – Schamber wall) = Mair + Msettled dust + Mout+ Mpaper filter

Equation 11

Min (µg) is the amount of TCPP intake from the source chamber to the test chamber. Echamber
wall

and Schamber wall are the amount of TCPP emitted and absorbed from the test chamber wall;

Min+ Echamber wall (or – Schamber wall) – Mpaper filter can be expressed as Cin × ACH× 0.036 m3, where

Cin is the equivalent TCPP flow concentration into the test chamber; Mair is the TCPP in the
chamber air; Msettled dust and Mpaper filter are the amount of TCPP accumulated onto the settled
dusts; Mout is the amount of TCPP released from the test chamber in outflow gas. Mout = Cout ×
ACH× 0.036 m3. Min, Msettled

dust,

Mpaper

filter

and Mout were measured directly in this study,

assuming TCPP loss in connecting tubes is minimal, Cin and Echamber wall or Schamber wall can be
calculated.
A significant range of values were reported in literature for koa, USEPA’s EPISuite software
has the lowest estimate of 1.60×108 while an experimental study using gas chromatograph with a
flame ionization detector measured the highest value of 4.80×109. In the existing literature, kda
and Dd have been demonstrated to be two of the important parameters that determine TCPP
sorption onto settled dusts (Weschler and Nazaroff 2008, Guo 2014, Tian, Sebroski et al. 2017).
kda is a function of koa, fom_dust and

. Diffusion coefficient (Dd) is determined by particle

morphologies and only limited literature data exists for VOCs such as benzene, toluene,
ethylbenzene, and o-xylene (BTEX) (Theis, Waldack et al. 2001, Liu, Shi et al. 2013, Tian,
Sebroski et al. 2017). Dd of these VOCs are significantly higher than SVOCs (Odum, Yu et al.
1994). In this research, Dd was estimated by least square curve fitting the i-SVOC modeling
results with the measured data in chamber studies.
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After parameterization was completed, i-SVOC was run to simulate the chamber testing for
a period of 1,000 hours. In addition, airborne TCPP concentration in the test chamber was also
calculated in i-SVOC and compared with measured data.

5.2.5

IECCU Modeling software and parameterization

IECCU requires the user to collect parameters related to the studied building, sources and sink
materials, settled dusts and airborne particles. For this work, these parameters were either
collected in the field or calculated using empirical equations reported in the literature. The key
modeling parameters are listed in Table 18 to Table 22 and discussed in detail in this section.
Additional modeling parameters are provided in Appendix B. For those parameters which are not
a single value but a range, the highest and lowest values were selected to derive eight different
modeling scenarios listed in Table 23.

5.2.5.1 Building and environment The building dimensions and air flow rates are reported in
Table 18. The air flow rates were calculated based on the ACH of both zones reported in our
prior study (Tian, Ecoff et al. 2018) for the building shown in Figure 28. The air flow balance in
each zone can be written as Equation 12 and Equation 13.
Living area (zone 1)
Attic (zone 2)

,

,

+

+

,

,

+

+

=

=

,

,

+

+

,

,

Equation 12
Equation 13

Where the added mechanical ventilation Qm (4,537 m3/hr) only applies to the zone during
SPF application. The rest of air flows rates were explained in Equation 3 and Equation 4. Within
each zone, the total air flow rate was calculated by multiplying the measured ACH and the
volume of each zone, then it was allocated by surface area of each zone to derive the air flow
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rates between the zones. For example, when the living area was sprayed, the total air flow in
zone 1 was 1,150 m3/hr (2.5 ACH multiplied by zone volume of 460 m3) plus Qm. The ratios of
Q01:Q21 and Q10:Q12 were 3.4 based on the surface area of 285 m2 (all surface of the living area
which is exposed to outdoor air) vs. 84 m2 (ceiling of the living area which is the floor of attic).
At the same time, in the attic, Q12 and Q21 were calculated from Equation 12. Q02 was calculated
based on the natural ventilation rate of 424 m3/hr (4.16 ACH) (Tian, Ecoff et al. 2018) multiplied
by zone volume of 102 m3) and the surface area percentage of the attic which is exposed to the
outdoor air (56%). Q20 was calculated using Equation 13 since all other air flow rates were
known.

Table 18: IECCU modeling parameters of building and environment

Parameter
Living area volume (m3)
Attic volume (m3)
Temperature (°C)
Air flow rates
Q01 (m3/hr)
Q02 (m3/hr)
Q10 (m3/hr)
Q12 (m3/hr)
Q20 (m3/hr)
Q21 (m3/hr)

Value
460
102
Hourly field measurement
During SPF was
During SPF was
sprayed in living area sprayed in attic
5,426
889
238
4,775
4,395
2,880
1,293
186
1,269
2,783
261
2,178

After SPF application
in the entire house
889
238
964
186
163
261

5.2.5.2 Sources A total of seven pieces of foam (one piece is from one wall or roof cavity) was
sprayed in the building and their modeling parameters are reported in Table 19. SPF was sprayed
at roughly 6.3 cm (2.5 in). The lowest and highest TCPP partition coefficient between sources
and air (ksa) and TCPP diffusion coefficient in sources (Ds) values at 23 °C were adopted from
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our prior study (Tian, Sebroski et al. 2017). These parameters are temperature dependent;
therefore, the field measured temperature was used to adjust ksa and Ds values using Equation B1
and Equation B2 in Appendix B. The mass transfer coefficient in (has) air is a function of air
density, viscosity, velocity, TCPP diffusivity in air and the characteristic length of the source
materials. has values were calculated based on the Sparks method available in the PARAMS 1.1
software (Sparks, Tichenor et al. 1996, Guo 2017b). More details can be found in Appendix B.
The initial TCPP concentration in the foam was calculated based on 4% (as in the safety data
sheets) of the closed cell foam which has a density of 32 kg/m3 (2 lb/ft3).

Table 19: IECCU modeling parameters of sources

Parameter
# of pieces of foam modeled
Areas sprayed (m2)
Thickness (m)
ksa (unitless), temperature
dependent (Tian, Sebroski et al.
2017)
Ds (m2/hr), temperature
dependent (Tian, Sebroski et al.
2017)
has (m/hr), characteristic length
dependent
Initial TCPP concentration in
sources (Cs0) (µg/m3)

Value
Living area: four
Attic: three
10.9, 12.1, 17.6, 17.2
7.8, 70.0, 24.8
-2
6.3 × 10
At 296 K, range from 1.3 × 107 to 9.4 × 107
At 296 K, range from 6.3 × 10-11 to 1.3 × 10-10
1.25, 1.23, 1.16, 1.16 for the four
pieces sprayed
1.3 × 109

1.32, 0.92, 1.09 for the
three pieces sprayed

5.2.5.3 Sinks Gypsum board and wood flooring are two main sink materials in the tested house.
Indoor sink materials are very important for TCPP indoor fate and transport because when
airborne concentration is high, TCPP could be absorbed and diffused into sink materials and
removed from the indoor air. However, when airborne concentration decreases, TCPP in the sink
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materials could be released back to the air. Five pieces of gypsum board, one piece of wood floor
in the living area and one piece of wood floor in the attic were modeled as shown in Table 20.
PARAMS 1.1 was used to estimate the range of TCPP partition coefficient between sinks and air
(kna) and TCPP diffusion coefficient in sinks (Dn). It is worth to note that the correlations to
derive kna and Dn of sink materials were developed based on a broader group of VOCs which
may not be applicable for SVOCs. However, the calculated kna and Dn of gypsum board in Table
20 were within one order of magnitude from the measured values reported by Liu et al (Liu,
Allen et al. 2016a). The gas phase mass transfer coefficient of sinks (han) was also estimated by
the Sparks method in PARAMS 1.1. The initial TCPP concentration in the sink materials was
assumed to be zero.

Table 20: IECCU modeling parameters of sinks

Parameter
Thickness (m)
kna (unitless) (Tian, Sebroski et al. 2017)

Value
Gypsum board: 0.03, Wood floor: 0.05
Gypsum board: range from 1.1 × 107 to 5.6 × 107
Wood floor: range from 8.8 × 107 to 6.8 × 108
2
Dn (m /hr),
Gypsum board: 4.1 × 10-9, Wood: 7.4 × 10-9
han (m/hr) (Tian, Sebroski et al. 2017)
In the living area:
Gypsum board: 0.72, 0.79, 1.09, 1.04, 1.36
Wood floor: 0.79
In the attic:
Wood floor: 0.89
Initial TCPP concentration in sinks (Cn0) 0
(µg/m3)

5.2.5.4 Settled dusts Settled dust is another potential sink of TCPP in the indoor environment.
The key modeling parameters are listed in Table 21. The TCPP partition coefficient between
settled dusts and air (kda) and TCPP diffusion coefficient in settled dusts (Dd) were derived from
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the chamber testing and curve fitting discussed in section 5.2.4. kda is expressed as

_

×

,

in which fom_dust was assumed to be 0.2 (Weschler and Nazaroff 2008, Weschler and Nazaroff
2010) and

was measured at 0.94 g/cm3. For each calculated kda value, a best fit Dd value

was estimated using the least square curve fitting method. The results of the 90~150 µm dusts
were selected in this modeling work. Appendix B gives the particle numbers in each zone
calculated by IECCU and the gas phase mass transfer coefficient of settled dusts (had).

Table 21: IECCU modeling parameters of settled dusts

Parameter
Geometric mean diameter (µm)
Density (g/cm3)
koa (unitless) (U.S. Environmental Protection Agency
2012b, Wang, Zhao et al. 2017)
kda (unitless)
Dd (m2/hr)
Initial TCPP concentration in settled dusts (Cd0) (µg/m3)

Value
116
9.4 × 10-1
Range from 1.6×108 to 4.8×109
Range from: 3.4 × 107 to 8.7 × 108
Range from: 9.0 × 10-14 to 6.0 × 10-16
0

5.2.5.5 Airborne particles Airborne particle concentration was measured using a GrayWolf PC3016A particle counter and aggregated into two particle sizes: PM2.5 and PM10. Airborne particle
density and TCPP partition coefficient between airborne particles and air (kpa) were assumed to
the same as the settled dusts and had a zero initial TCPP concentration (Cp0). Airborne particles
can be removed from the indoor air by either ventilation or deposition. The deposition rate is
affected by indoor air speed and furnishings. Thatcher et al. measured airborne particle
deposition rate in an isolated room with different air flow conditions and furnishing levels
(Thatcher, Lai et al. 2002). The corresponding deposition rates (Table 22) reported under bare
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room surfaces and fully furnished room were adopted for the attic and living area in the studied
building.

Table 22: IECCU modeling parameters of airborne particles

Parameter
Particle size (µm)
Density (g/cm3)
Indoor concentration (µg/m3)
Deposition rate (1/hr)
(Thatcher, Lai et al. 2002)
Cp0 (µg/m3)
kpa (unitless)

Value
2.5
9.4 × 10-1
9.1
Living area: 9.3 × 10-1
Attic: 7.8 × 10-1
0
Range from: 3.4 × 107 to 8.7 × 108

10
15.4
Living area: 5.3
Attic: 4.1

5.2.5.6 Modeling scenarios Key modeling parameters associated with TCPP sources and sinks
were estimated as a range, instead of a single value. For example, ksa was estimated based on a
correlation between ksa and chemical vapor pressure specific to polyurethane foam (Holmgren,
Persson et al. 2012). Since TCPP vapor pressure in the literature was a range, ksa estimated was
also a range. A total of eight scenarios were modeled and compared as shown in Table 23. The
three letters in the scenario names are based on the selection of partition coefficient value for
sources, sinks and airborne particles/settled dusts, respectively. For example, the HHH scenario
selects the highest ksa, kna, kda/kpa values while the LLL scenario selects the lowest partition
coefficients values.
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Table 23: IECCU modeling scenarios

Sources
Scenario

ksa
(-)

Ds
(m2/hr)

HHH
HHL
HLH

9.4 × 107

1.3 × 10-10

HLL
LHH
LHL
LLH

1.3 × 107

Sinks

6.3 × 10-11

kna
(-)

Ds
(m2/hr)

Wood floor: 6.8 × 108
Gypsum board: 5.6 × 107
Wood floor: 8.8 × 107
Gypsum board: 1.1 × 107
Wood floor: 6.8 × 108
Gypsum board: 5.6 × 107

Wood floor:
7.4 × 10-9
Gypsum board:
4.1 × 10-9

Wood floor: 8.8 × 107:
Gypsum board: 1.1 × 107

LLL
* Dda was estimated by least square curve fitting based on kpa/kda selected.

5.3

Particles/Settled Dusts
kpa, kda
Dda*
(-)
(m2/hr)
8.7 × 108

6.0 × 10-16

8.7 × 108

6.0 × 10-16

3.4 × 107
3.4 × 107
8.7 × 108
3.4 × 107
8.7 × 108
3.4 × 107

9.0 × 10-14
9.0 × 10-14

6.0 × 10-16
9.0 × 10-14

6.0 × 10-16
9.0 × 10-14

RESULTS AND DISCUSSION

This section presents results of both chamber testing and IECCU modeling. In section 5.3.1, a
mass balance evaluation was conducted to confirm that the chamber wall did not behave as a
major source or a sink during the testing period. Figure 33 to Figure 35 gave the least square
curve fitting results to derive the best TCPP diffusion coefficient in settled dusts, based on the
two chamber tests in this study and one conducted by USEPA. Table 25 gives the best fit Dd
values for each kda value and diameter size. Figure 36 plots two measured TCPP sorption rates
(RD) (25-90 µm and 90-150 µm) on the settled dusts normalized by airborne TCPP concentration
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in the chamber. Figure 37 and Figure 38 present the modeled RD for the two chamber tests in this
study and one conducted by USEPA.
The whole house modeling using IECCU is discussed in section 5.3.2 to 5.3.4. First, Figure
39 and Figure 40 describe the dynamic mass balance in the studied building. Based on Equation
3 and Equation 4, each TCPP mass flow (e.g. source emission rate, sink sorption rate) was
plotted for those hours when field samples were taken in the living area and attic. Second,
Figure 41 and Figure 43 illustrate the modeled total accumulated mass of TCPP in each

environmental media. Figure 42 and Figure 44 present the percentage distribution of TCPP in
those environment media which building residents may be exposed to TCPP by inhalation or
ingestion exposure pathway. Third, IECCU modeling and field measurement results were
compared for TCPP airborne concentration (Figure 45) and TCPP accumulation on indoor sink
materials and settled dusts (Figure 47). Only the two extreme scenarios (HHH and LLL) which
generate the lowest and highest airborne TCPP concentrations are presented in this section and
the rest six scenarios are presented in Appendix B. Based on the modeling results, averaged
TCPP exposure by age groups are presented in section 5.3.5 (in Figure 47) for both inhalation
and ingestion pathways.

5.3.1 Chamber testing

5.3.1.1 Chamber wall effects A mass balance calculation was conducted (Equation 11) to exam
whether the test chamber walls were successfully coated with TCPP during the 47 days period
prior placing any dust samples. In Table 24, Min, Mair and Mout were calculated using time
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weighted average airborne TCPP concentration measured by TD tubes on the sampling days.
Considering the variations of airborne TCPP concentration in both source and test chambers
during sampling days, the small positive values under the chamber wall column indicate chamber
wall is neither a major source nor sink in the test chambers.

Table 24: TCPP mass balance in the 36 Liter test chamber

Dust Diameter
(µm)
25~90
90~150

Min
(µg)
1,031
1,255

Msettled dust +
Mpaper filter (µg)
826
1,166

Mair + Mout
(µg)
233
166

Echamber wall (+)
or Schamber wall (-) (µg)
28
77

5.3.1.2 TCPP diffusion coefficient in settled dusts (Dd) To estimate Dd, least squares curve
fitting was performed for the sorption quantity (µg TCCP /g dust) vs. time (hours) curves. Figure
33, Figure 34 and Figure 35 are sorption curves for the 25-90 µm, 90-150 µm diameter ranges
tested in this study and the house dusts tested in Liu et al.’s study (Liu, Allen et al. 2016b),
respectively. Table 25 gives the best fit Dd values for each kda value and diameter size. The
details of this curve fitting are listed in the Appendix B. The highest Dd estimated was 9.00×1014

m2/h for the 90-150 µm dust with a kda of 3.41×107, while the lowest Dd estimated was

7.00×10-18 m2/h for the 25-90 µm dust with a kda of 8.70×107. The difference was more than
four orders of magnitude.
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Figure 33: Comparison between i-SVOC modeling and measured results for 25-90 µm dust
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Figure 34: Comparison between i-SVOC modeling and measured results for 90-150 µm dust
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Figure 35: Comparison between i-SVOC modeling and measured results in Liu et al (Liu,
Allen et al. 2016b)

Table 25: Best fit TCPP diffusion coefficient (Dd) within settled dusts

Dd (m2/h)
This study
kda (unitless)
25-90 µm
90-150 µm
(GM = 47.43 µm) (GM = 116.19 µm)
3.41×107
4.00×10-15
9.00×10-14
2.08×108
2.50×10-16
5.00×10-15
8
-17
6.59×10
1.00×10
1.00×10-15
8.70×108
7.00×10-18
6.00×10-16
GM = geometric mean
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Dd (m2/h)
Liu et al.
(Liu, Allen et al. 2016b)
(Mean diameter = 67.88 µm)
1.00×10-14
9.00×10-16
5.00×10-17
2.00×10-17

Within one dust diameter, when kda increases, the best fit Dd decreases. This trend can be
explained by Equation 8 to Equation 10. When the sorption process started, since Cdv is
relatively small, the determining factor for Rd is Ha. Combine Equation 9 and Equation 10, Ha is
determined by two terms:

∆

×

and ha. In the MSS method, ∆ is defaulted to 10-7 m. For

TCPP, kda is in the range of 107 to 108 and Dd is in the range of 10-14 to 10-18 m2/h. Therefore, the

smaller one of the two terms has a higher impact to the overall mass transfer coefficient Ha. for
most cases,

∆

×

dusts). The highest

was two to three orders of magnitude lower than ha (except the 90-150 µm
∆

×

value obtained was 61.4 m/h (90-150 µm) which is still less than ha

at 232 m/h. As a result, the product of kda and Dd determines the TCPP mass transfer rate at the
beginning of the testing period. This range of kda and Dd values indicates the importance of
estimating kda and Dd together because TCPP surface accumulation process is determined by
both of them. When curve fitting was performed, a higher kda leads to a lower Dd. Practically
speaking, with a higher kda, TCPP has a higher tendency to be partitioned onto settled dusts and
“requires” less Dd to reach the same amount of TCPP sorption onto settled dusts.
Among the three dust diameters, with the same kda, settled dusts with the largest diameter had
the highest Dd estimates. This trend is because the larger dusts had a larger RD during the testing
period and accumulated more TCPP (e.g., Figure 34 vs. Figure 33). A larger RD was resulted
from a higher Ha which was due to a higher

∆

×

value. Since kda and ∆ were constants, the

estimated Dd was higher. In addition, mass transfer rate within the settled dusts depends only on
Dd regardless kda and ha. A higher Dd means TCPP transfers faster from dust surface to inner core
and therefore the outer surface layer can absorb more TCPP from the chamber air.
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5.3.1.3 TCPP sorption rate Chamber air normalized TCPP sorption rates (RD) are presented in
Figure 36 for all three measurements (two in this study and one in Liu et al (Liu, Allen et al.
2016b)). At 168 and 336 hours, the sorption rate of the 25 - 90 µm dusts was negative so it was
defaulted to zero. Figure 37 give the i-SVOC modeled dusts RD for two dust diameters (25-90
µm and 90-150 µm). The modeled RD using chamber parameters in Liu et al. (2016) is presented
in Figure 38.
RD measures how much TCPP is accumulated onto the settled dusts during time period t, at a
given test chamber airborne TCPP concentration. It is calculated as
RD =

∆ ̇

=

(1 −

×

)

Equation 14

Where RD is the normalized sorption rate (µg TCPP/g dust/h)/(µg TCPP/m3 chamber
air), ∆ṁ is the incremental mass flow rate of TCPP on a unit mass of settled dusts during time
period t (µg TCPP/g dust/h),

is the time weighted average airborne TCPP concentration in

the chamber air during time period t (µg TCPP/m3 chamber air), Ad is the surface area of the
settled dusts (m2), Ha is the overall TCPP mass transfer coefficient in the air (m/h), Cdv is the
TCPP concentration in the top layer of the settled dusts (µg TCPP/m3 settled dusts) and kda is the
partition coefficient between the settled dusts and air (unitless).
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Figure 36: Measured chamber air normalized TCPP sorption rates on settled dusts
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Figure 37: Modeled chamber air normalized TCPP sorption rates on settled dusts
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Figure 38: Modeled chamber air normalized TCPP sorption rates on settled dusts tested by
Liu et al. (Liu, Allen et al. 2016b)

It can be found that RD values predicted by model (Figure 37) are at the same order of
magnitude as the measured values (Figure 36). The first measured RD value was at hour 50.
Within the modeling scenarios using different kda and Dd pairs derived from the least square
curve fitting, the predicted RD values are very similar after the first day (24 hours) which again
demonstrate the combination of kda and Dd determines TCPP sorption onto the settled dusts. The
local two-phase theory (Lewis and Whitman 1924, Guo 2014) can explain the results found in
Figure 36 to Figure 38. As shown in Equation 14, for all three measurements, at the beginning of
the testing period, TCPP concentration in the outer hollow sphere (Cdv) of the settled dusts
increased. Since Ca is relatively constant and kda is a constant, 1 −

×

decreases and therefore

RD starts to decrease. As shown in Figure 36, the general trend of RD for all three measurements
was decreasing during the testing period except the last one or two samples. This trend matches
the decreasing RD as shown in Figure 37 and Figure 38. The increasing Cdv and decreasing RD
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also revealed that SVOCs diffusion within dusts is important for their sorption onto settled dusts.
SVOCs sorption rate at the material/air interface is known to be controlled by external air
conditions. In another word, for SVOC sorption on sink materials (Equation 5), the first term
×

is usually small enough for SVOC that Ha is dominated by

and therefore, Rd is

independent of Dd. In the contrast, SVOC mass transfer within the dusts is different than sink
materials and it is controlled by Dd which impacts how fast SVOCs can be transported from the
outer hollow sphere to the inner hollow sphere and dust core. An increasing Cdv and decreasing
RD indicates that inner dust diffusion is not fast enough that there is an accumulation of SVOCs
in the top hollow sphere. Unlike the emission process which the overall mass transfer rate is
limited by how fast SVOC can “escape” the top layer, the absorption process overall mass
transfer rate is controlled by how fast SVOC can diffuse through the dust.
In terms of different dust diameters, all three measurements initially had a similar RD but the
largest dusts (90-150 µm) had a slower decay of RD than the smaller ones. Especially for those
settled dusts in the 25-90 µm diameter range, the amount of TCPP accumulated on the dusts
decreased between 168 and 504 hours which resulted a negative RD. This result is counter
intuitive and opposite to previous studies that fine particles should have a higher SVOC
concentration than coarse particles (Lewis, Fortune et al. 1999, Vorhees, Cullen et al. 1999).
When particles with low or no permeability to SVOCs exist, smaller particles have greater
surface to volume ratio should have more surface adsorption of SVOCs. One of the reasons
which may result such difference is the assumption that airborne TCPP was evenly distributed in
the test chamber, which may not valid. For the 25-90 µm dusts, the negative Ra was observed on
those samples directly below the chamber inlet and outlet while other samples were away from
the airflows. The TCPP airborne concentration may have less variation for those samples that
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were not directly impacted by the chamber inlet and outlet. Another possible reason is that
surface absorption is more dominant than adsorption for the dusts we tested. Since smaller dusts
have a higher surface area and smaller volume of the top hollow sphere, Cdv increases more
rapidly for smaller dusts than larger dusts, which results RD decreases more quickly.

5.3.1.4 Direct contact with chamber wall Previous research has indicated when indoor dusts
are settled on SVOC sources, SVOC can migrate rapidly from the source material to the dusts
through direct contact (Takigami, Suzuki et al. 2008, Guo, Liu et al. 2012b). To prevent direct
migration from the chamber surfaces to settled dusts, clean paper filter was used to hold the
sample dust and a steel wire holder was placed in the test chamber so all dusts samples were
about one inch from the chamber bottom. Although paper filter also accumulated TCPP during
the testing period, the direct migration should be even more if the settled dusts were placed
directly onto the chamber surfaces, which are coated with TCPP. The amount of TCPP
accumulated on each filter was calculated based on the blank paper filter proportional to the
amount of time each dust sample stayed in the test chamber.

5.3.2

TCPP mass balance in the tested house

TCPP mass flow rates (µg/hr) of the sources, sinks, settled dusts together with airborne particles,
and interzone air flows are presented in Figure 39 and Figure 40 to illustrate TCPP mass balance
for the two extreme modeling scenarios. TCPP emission rate was modeled using the i-SVOC
model with the same parameters used in IECCU since IECCU does not report emission rate.
Except the sink mass flow rate which was calculated using Equation 3 and Equation 4, the rest of
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TCPP mass flow rates (settled dusts, airborne particles and interzone air flows) were derived
using the results calculated in IECCU.
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HHH and LLL are modeling scenarios based on partition and diffusion coefficient selections
listed in Table 23. H and L denote the higher and lower values are selected for that parameter.
Figure 39: TCPP mass balance in the living area during the sampling period
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HHH and LLL are modeling scenarios based on partition and diffusion coefficient selections
listed in Table 23. H and L denote the higher and lower values are selected for that parameter.
Figure 40: TCPP mass balance in the attic during the sampling period

155

In a real-world residential building, TCPP airborne concentration fluctuated over time. In
Figure 39 and Figure 40, delta air represents the mass change of airborne TCPP; m21, m12, m10
and m20 are the TCPP mass flow rates among the attic, living area and outdoor environment.
TCPP removal from the air was primarily through ventilation and the inter-zone air flows, while
absorption on sink materials also contributed to the removal. TCPP accumulation to settled dusts
and airborne particles were relatively negligible.
TCPP emission rate (µg/hr) of foam was higher in the attic than the living area since there
was more foam applied (~103 m2 in attic vs. 58 m2 in living area) and temperature was higher in
the attic. For example, at 674 hours after application, the attic was about 4 degrees Celsius higher
than the living area. Temperature has a significant impact on ksa which ultimately determines the
TCPP emission rate from the foam. As shown in Equation B1, when temperature is higher, ksa
decreases and emission rate increases.
Air change is another factor to determine TCPP mass flow rate. The attic had a higher ACH
than the living area; therefore, although there were more TCPP emitted in the attic, TCPP
removal by ventilation was also higher in the attic, which led to a lower sink sorption rate.

5.3.3

Modeled TCPP mass distribution in the tested house

TCPP is distributed in four media in the indoor environment: air, settled dusts, airborne particles
and sink materials. Human exposure to TCPP can occur through multiple exposure pathways.
The vapor phase TCPP in the air and TCPP accumulated on airborne particles can be inhaled,
while settled dusts can be ingested, especially for young children who often crawl on the floor.
Dermal exposure could also occur by direct dermal contact with settled dusts or sink materials on
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which TCPP is absorbed. This work evaluated the total amount of TCPP available in this
modeled residential house and focused on the inhalation and ingestion exposure pathways only.
Figure 41 and Figure 43 illustrate TCPP accumulation in each environmental media over the
modeled period. Regardless of modeling scenarios and indoor zones, TCPP accumulated on sink
materials accounts for more than 99% of the total TCPP in the indoor environment except for the
first few hours. Indoor air has the second highest TCPP accumulation until about two weeks
(living area) and one week (attic) after SPF application, then it is surpassed by the settled dusts.
Airborne particles have negligible contribution since they are more rapidly ventilated out of the
indoor environment and the new particles from the outdoor environment are assumed to have
zero background TCPP. Compared to the attic, the living area has about twice of the total TCPP
in all environmental media than the attic due to a lower ACH rate in the living area, even though
the attic has more foam. Among the modeling scenarios, scenarios using lower ksa and Ds have
higher modeled total TCPP in the indoor environment.
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HHH and LLL are modeling scenarios based on partition and diffusion coefficient selections
listed in Table 23. H and L denote the higher and lower values are selected for that parameter.
Figure 41: TCPP mass accumulated in each environmental media in the living area
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Figure 42: TCPP mass distribution percentage in living area relevant to inhalation and
ingestion exposure
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Figure 43: TCPP mass accumulated in each environmental media in the attic
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Figure 44: TCPP mass distribution percentage in attic relevant to inhalation and ingestion
exposure

When TCPP distribution percentage is evaluated for the environmental media relevant to
inhalation and ingestion pathway, Figure 42 and Figure 44 illustrate the change of percentage
contribution between air and settled dusts. After SPF application, during the first two weeks in
the living area and one week in the attic, the majority of TCPP is in the air, while after the initial
period, more TCPP is accumulated in the settled dusts. The primary reason is because of
ventilation; the vapor phase TCPP in the air was constantly removed from the indoor
environment, and there was no cleaning of settled dusts during the modeled 100-day period.
Settled dusts become the largest TCPP distribution media quicker in the attic than the living area
due to a larger ACH rate. Among the eight modeling scenarios, TCPP distribution in each media
is relatively constant within each indoor zone.
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5.3.4

Comparison between field measurements and IECCU modeling results

5.3.4.1 Airborne TCPP concentration When IECCU modeling results are compared with field
measurements, it is found that field measurements have a higher TCPP airborne concentration
than all modeling scenarios during the first two to three days after SPF application (as shown in
Figure 45). Then, field measurements eventually decay lower than the modeling results in the
attic at the 710 hours and 1,872 hours for the LLL and HHH scenarios. In the living area,
measured TCPP airborne concentration is lower than the LLL scenarios after 672 hours but still
higher than the HHH scenario at the end of sampling period. However, it is worth to note at the
end of sampling period (1,920 hours) in the living area, the measured TCPP airborne
concentration is lower than the level of quantification (LOQ).
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Figure 45: TCPP airborne concentration: modeled vs. measured

The higher measured TCPP concentration during the first few days and a much more rapid
decay rate than modeling results indicate IECCU may underestimate TCPP airborne
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concentration at the beginning of the post application period. A few possibilities that can explain
such differences include overspray aerosol generated during application, concentration variations
within each room and potential underestimate of initial source emission rate. First, the field study
used a TD tube which aimed to collect gas phase TCPP only. However, even after SPF
application, overspray aerosols may still be present in the indoor environment and collected by
the TD tubes. Although the overspray aerosols contributed less to the area samples since they
were relatively further away from the SPF sources (Tian, Ecoff et al. 2018), enhanced ventilation
during spray application may not be effective enough to ventilate all overspray aerosols that a
higher measured concentration occurred. The field measured TCPP airborne concentration
during application was used in modeling as the initial concentration but it was quickly decayed
due to the high ACH rate in these rooms. Second, IECCU assumes each room is well mixed and
vapor phase TCPP is uniformly distributed in the rooms. However, field measurements were
highly dependent on the sampling location and may be influenced by the unevenly distributed air
flows (Ecoff, Tian et al. 2017). Third, as shown Figure 39 and Figure 40, the modeled source
emission rates are relatively constant during the entire sampling period but previously literature
shows that SPF emission rate is much higher during the initial hours after spray due to the high
foam temperature which is much higher than the room temperature (Sebroski, Miller et al. 2017).
Among the eight modeled scenarios, as shown in Figure 46, TCPP airborne concentration is
predominantly impacted by the modeling parameters associated with sources but is minimally
impacted by the parameters associated with sinks, settled dusts and airborne particles. In those
modeling scenarios with higher source parameters (a factor of 8 for ksa and a factor of 2 for Ds),
source emission rates and the modeled airborne concentration are lower (a factor of 5 to 7 during
the 100 days modeled).
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Figure 46: Modeled TCPP airborne concentration

5.3.4.2 TCPP surface accumulation Figure 47 and Figure B2 present the field vs. model
comparison for TCPP surface accumulation on indoor sink materials and settled dusts. A similar
trend can be found that IECCU estimates lower surface accumulation at the beginning of the
testing period but such differences decrease in most cases towards the end of the sampling
period, especially for the attic since it has a longer testing period. For the last sample collected in
the attic (at 1,874 hour), the measured total TCPP accumulation is 4.9×106 µg while the modeled
value is 3.5 ×106 µg. The overspray aerosol could be the main cause for IECCU underestimates

TCPP accumulation at the initial period. Although the application site was swept before sink
materials were placed, remaining overspray aerosols in the room may be resuspended and settled
onto samples during the first few days. After the initial days, with constant air movements
throughout the test period, less overspray aerosols were presented and therefore the differences
between measurements and model decreased.
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Figure 47: TCPP accumulation on settled dusts and sinks: modeled vs. measured

Comparing among the modeling scenarios, as shown in Figure 48, the amount of TCPP
accumulated on sinks and settled dusts is determined by the parameters associated with sources,
rather than those associated with sinks or settled dusts. Since sinks accumulate about two orders
of magnitude more TCPP than settled dusts during the testing period, discussions on modeling
parameters are focused on sinks. The local two-phase theory (Lewis and Whitman 1924, Guo
2014) can explain why the amount of TCPP accumulated on sinks is only impacted by source
modeling parameters regardless sink parameters.
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Figure 48: Modeled TCPP surface accumulations (sink + settled dusts)

In Equation 6, based on the kna and Dn selected for sink materials,
(1×10-8 ~ 1×10-7 m/h) that Ha is dominated by
rewritten as Rn = A × ℎ

×(

attic, Ca is much larger than

−

×

is small enough

(~1 m/h). Therefore, Equation 5 can be

) which is independent of Dn. For both living area and

during the entire modeled period. Therefore, Rn is linearly

related to A, han and Ca, which A and ha are constant and Ca is determined by source parameters.
Therefore, Rn is independent of kna and Dn during the modeled 100 days.

5.3.5

Averaged TCPP exposure and risk characterization

Metabolism and Toxicokinetic studies indicated that TCPP is primarily removed by excretion as
opposed to bio-accumulative (Minegishi, Kurebayashi et al. 1988, OECD (Organisation for
Economic Co-operation and Development) 2000). The averaged TCPP exposure during the
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modeled 100-day period is presented in Figure 49 for both inhalation and ingestion pathways.
The lowest and highest exposure scenarios out of the eight modeling scenarios plus an additional
scenario using reduced ACH were presented. The inhalation exposure was calculated using the
modeled airborne TCPP concentration plus the concentration in the airborne particles in the air
of the living area, multiplied the age specific inhalation rate and divided by age specific body
weight reported in the USEPA’s exposure handbook (U.S. Environmental Protection Agency
2011a). It was assumed that building occupants between 6 and 71 years old spend 16 hours while
other age groups spend the entire day in the building. Similarly, the ingestion exposure was
calculated using the modeled TCPP concentration in the settled dusts, multiplied by the age
specific indoor settled dust ingestion rate reported by USEPA’s exposure handbook. The same
assumption of age specific hours spent in the building also applied to ingestion exposure.
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Figure 49: The averaged TCPP exposure level of different age groups
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Due to the lower body weight (BW), infants and young children have a higher exposure level
than adults, especially the working age population. Exposure assessment was first conducted for
the eight previously modeled scenarios, excluding the one using reduced ACH. During the 100day period, the averaged TCPP inhalation exposure ranges from 3.7 (0.6) µg/kg BW/day for less
than one-year old infants to 0.6 (0.1) µg/kg BW/day for 21-31 years old adults in the LLL
(HHH) scenario. Within the inhalation pathway, over 99% was from inhaling gas phase TCPP in
the air and the inhalation exposure from airborne particles was negligible. The averaged
ingestion exposure ranges from 0.6 (0.08) µg/kg BW/day for one to two years old children to
0.03 (0.005) µg/kg BW/day for age between 21 to 71 years old adult. The additional scenario
assumed 50% of the ACH values used in the previous eight modeling scenarios in order to
simulate a tighter home. The highest inhalation exposure is 5.1 µg/kg BW/day for less than oneyear old infants and highest ingestion exposure is 0.8 µg/kg BW/day for one to two years old
children. Although variations of TCPP exposure exist in different modeling scenarios, the trend
is clear that children have a higher TCPP exposure than adult.
For cancer risk, TCPP was identified as “inadequate information to assess carcinogenic
potential;” therefore, no cancer risk slope factor was developed (U.S. Environmental Protection
Agency 2012c). For non-cancer risk, there is no RfD, RfC or cancer assessment for TCPP in the
EPA’s IRIS database (U.S. Environmental Protection Agency 2018a). Only a screening level
chronic provisional RfD was established at 10 µg/kg BW/day for oral ingestion pathway (U.S.
Environmental Protection Agency 2012c). Due to the lack of inhalation TCPP toxicology
studies, no provisional RfC was established for inhalation pathway. Using the most conservative
modeled exposure dose (0.6 µg/kg BW/day at the LLH scenario for one to two years old
children), the RCR (HI) is 0.06 for ingestion pathway, which is below the risk management
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threshold of one (National Research Council 1994). Since the tested house was under major
renovation, the reduced ACH modeling scenario is more representative for a typical house
renovated with SPF. This scenario demonstrates the impact of indoor-outdoor ventilation to
TCPP exposure of building occupants. The time weighted average exposure increases roughly
30% with a 50% ACH reduction.

5.4

CONCLUSIONS AND FUTURE STUDIES

This research compiled all the required modeling parameters of IECCU, either through
measurements or literature empirical correlations. Based on the value ranges of key input
parameters, a total of eight modeling scenarios were developed. In the modeling work, the
emission, fate and distribution of TCPP emitted from SPF applied in a residential building were
modeled during a 100-day period. The mass balance shows that ventilation removed the most
TCPP out of the indoor air, followed by indoor sink TCPP sorption. For the TCPP that remained
in the indoor environment, the majority of TCPP was distributed in the indoor sink materials,
followed by settled dusts which had about two orders of magnitude lower than the amount TCPP
on indoor sink materials.
Compared to the field measurements, the modeled TCPP airborne concentration remained
relatively constantly after SPF application but field measurement showed a more rapid decay.
One possible explanation is that IECCU does not take into account the overspray TCPP vapor
and aerosol generated during SPF application, which could remain in the indoor environment
longer than the model prediction. For TCPP surface accumulation, the LLL modeling scenario
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which predicts the highest TCPP emission is closer to the measured values than any other
scenarios.
Based on the modeling result, the averaged TCPP inhalation exposure dose ranges from 3.7
µg/kg BW/day for less than one-year old infants to 0.6 µg/kg BW/day for 21-31 years old adults
in the LLL scenario. However, there is no established inhalation RfC to derive the HI. The
highest averaged oral ingestion exposure dose is 0.6 µg/kg BW/day for one to two years old
children and the corresponding HI (0.06) is lower than the risk management threshold of one.
Future studies should extend the field sampling time to more than 100 days, especially for the
sink materials. In addition, toxicological threshold values should be established for inhalation
exposure pathway so risk characterization can be performed.
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6.0

CONCLUSIONS

This research is centered on how to improve the HHIA of a product and conduct product safety
and sustainability assessment from a life cycle perspective. To accomplish this objective, a
method was developed to use publicly available life cycle emission inventory data and highresolution air dispersion modeling in cradle-to-gate product HHIA. Chemical emissions and the
associated human health risks were also addressed when a product is installed or used in an
indoor environment by conducting industrial hygiene field measurements in a residential house
renovated with SPF. In a laboratory chamber sorption study, the sorption mechanism of an
OPFR, TCPP, onto the household settled dusts was researched. Data collected from the field and
laboratory studies were used to develop a comprehensive list of modeling parameters in a stateof-the-art multi-media mass transfer model to evaluate the emission, transport and distribution of
TCPP in the indoor environment.

6.1

INTEGRATION OF HIGH-RESOLUTION ENVIRONMENTAL MODELING
TOOLS INTO LCA

A method was proposed to improve the current HHIA in LCA by conducting more regionalized
impact assessment using high-resolution air dispersion modeling. In this proposed method, a
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regionalized LCI was developed with publicly available emission inventory data which avoid the
challenge faced by many LCA practitioners: regionalized impact assessment is relied on
proprietary information. With the regionalized LCI, a site-specific air dispersion model (HEM3AERMOD) and a site-generic fugacity based multi-media model (USEtox) were implemented to
quantify the far-field human health impacts of chemical products along their supply chain. This
approach improved current HHIA in LCA by quantifying and identifying the geographical
variations and patterns of human health risks in the far-field environment resulted from chemical
manufacturing processes. In this case study, the results were visualized using GIS which helps
environmental managers and process engineers to mitigate human health risks around the
manufacturing facilities and improve the production processes. Risk mitigation priorities should
be given to those unit processes located in the risk hotspot areas. Ultimately, this method can
help corporations to quantify human health risks associated with cradle-to-gate manufacturing of
a product and ensure the additional risk added to a society by making a product is acceptable and
below the regulatory threshold.

6.2

CHEMICAL EMISSIONS IN PRODUCT USE PHASE

Besides the human health risks resulted from far-field chemical exposure, professionals and
consumers are also exposed to chemicals emitted from product application and use phase. A field
industrial hygiene study was conducted to evaluate chemicals emitted during and after SPF was
installed in a residential building. During a three moths sampling period, we used an improved
sample collection technique to measure the airborne concentration of MDI, aldehydes, a flame
retardant (TCPP) and a blowing agent emitted from SPF. Results showed certain chemicals
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decayed quickly in airborne concentration after it was introduced to the environment such as
MDI and aldehydes but others can be present for longer time such as TCPP. Due to the intercompartment migration, it is recommended that everyone should wear proper personal protection
equipment when entering an active spraying site, regardless the actual spray location in the same
building. In addition to airborne chemical concentration, surface accumulation of TCPP was
measured and compared with a recent chamber study. Although there are differences on TCPP
accumulation rates on indoor surfaces, the airborne TCPP concentration normalized surface
sorption rates are within one order of magnitude between the field and chamber studies.
To further explore chemical emission, fate and distribution in the indoor environment,
parameters needed for a multi-media mass transfer model, IECCU, such as ACH, temperature,
airborne particle concentration and settle dusts accumulation were collected in the tested house.
With the actual values collected from the field, the IECCU model can be used with higher
confidence so that the model can be used to predict TCPP indoor behavior and conduct risk
assessment.

6.3

INDOOR MULTI-MEDIA MASS TRANSFER MODELING IN HUIMAN
HEALTH RISK ASSESSMENT

Field testing and measurement is one of the methods to evaluate product emissions and their
human health impacts during the use phase. However, field testing is often time and resource
intensive. In addition, due to the complexity of the indoor environment and limited data points
one field testing can collect, results from field studies are highly influenced by environmental
conditions such as temperature, ventilation rates and humidity which all impact chemical
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emissions from a product. Therefore, field studies may have limited value in product HHRA
since one field study conducted in an indoor environment may not be representative for another
environment. Chamber studies aim to measure product emission rates in a more controlled
environment. However, environmental conditions in a test chamber can be quite different than an
actual indoor environment (Office of Chemical Safety and Pollution Prevention 2017). The
chamber testing results may not be extrapolated to real world indoor environment and therefore
also limits its use in product HHRA.
As an alternative and complimentary to field testing and chamber studies, multi-media
mass transfer modeling has the advantage to be applied in any environment to evaluate many
chemical emissions from indoor use products. This research collected indoor environment
conditions in a field study and also conducted chamber testing to estimate the diffusion
coefficient of a flame retardant, TCPP. With additional literature search, for the first time, we
provided a comprehensive list of input parameters needed to model TCPP emission, fate and
distribution in the indoor environment, using a state-of-the-art multi-media mass transfer model
(IECCU) developed by USEPA. The case study revealed the possible reasons which cause
IECCU underestimates chemical exposure during the first few days after SPF was installed. How
to better characterize the overspray aerosol should be the focus for future model improvements.
Nevertheless, multi-media mass transfer modeling has its advantages in conducting product
HHRA due to its flexibility, efficiency and universal application in many indoor environment
and chemicals. In the case study, TCPP exposure level through oral ingestion pathway in this
renovated house is 0.6 µg/kg BW/day for one to two years old children at the modeled worstcase scenario during the first 100 days after SPF is installed. Although this exposure level is
about one order of magnitude higher than the time weighted average life time TCPP exposure for
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the toddlers living in the US (0.062 µg/kg BW/day) (Stapleton, Klosterhaus et al. 2009), the
corresponding RCR is still below the threshold value of 1 (0.06). In the case study, we
demonstrated the uncertainties associated with the key modeling parameters, primarily caused by
the uncertainties in chemical and physical properties (such as vapor pressure) of the interested
chemicals. In order to increase the confidence of using multi-media mass transfer modeling in
product safety and HHRA, we should improve measurements or estimates of the key modeling
input parameters. The outcomes of this research reveal two types of risk reduction strategies for
product indoor chemical exposure: 1) develop “non-emissive” flame retardants and other product
functional additives which can be built into the product matrix. For example, a possible approach
is to develop a flame retardant with hydroxyl groups so it can be reacted with isocyanates and
built into the SPF structure; 2) reduce inhalation exposure by keeping good ventilation after SPF
is installed, reduce ingestion exposure to settled dusts by removing them through regular
cleaning and reduce dermal exposure to indoor sink surfaces by avoiding walking on barefoot. It
is also important to keep good ventilation or wear facial mask while vacuuming to reduce
inhalation exposure to resuspended dusts.

6.4

SUMMARY

The novel and practical method proposed in this work allows environmental managers, product
safety and sustainability professionals to evaluate the human health impacts of a product from a
life cycle approach, with higher geographical relevance and including chemical emissions in the
product use phase. As the chemical industry looks towards more sustainable manufacturing
processes and products, a comprehensive product safety and sustainability assessment method
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and associated tools with focus on human health impacts and risks is essential to move the
industry towards the direction of more sustainable development. Results in the case studies
demonstrate how current product HHIA can be improved. Although illustrated using SPF and its
associated chemical, the approach proposed in this work can be expanded to any other products.

6.5

RECOMMENDATIONS FOR FUTURE WORK

The human health impacts of products, along their life cycle phases, is an important aspect in
product safety and sustainability assessment. The HHIA of consumer products has been involved
from evaluating inherent chemical hazards to include chemical exposure (Wambaugh, Setzer et
al. 2013, Isaacs, Glen et al. 2014) so decisions regarding if a product is safe to use can be made
based on chemical human health risk characterization instead of hazard assessment only. Based
on the life cycle stages of a product and where the product emissions occur, different tools and
methods should be used to quantify the human health impacts of products. Existing efforts have
been focused on improve current methods such as LCA and HHRA.
To improve current practice in product human health assessment, this dissertation illustrated
how to derive regionalized LCI and apply a site-specific air dispersion model to characterize farfield chemical emissions from a chemical’s cradle-to-gate life cycle stages. This proposed
method relies on publicly available emission inventory databases such as the TRI. However, only
limited chemical emissions are reported to these public databases. For example, the federal
HAPs list only contains 187 chemicals but many more chemicals emitted from the cradle-to-gate
chemical manufacturing processes may have adverse effects to human health. There is an
emerging need to include more chemicals into the mandated reporting programs so more
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complete and comprehensive LCI can be derived. The reporting requirements vary across
different states. For instance, Michigan rule R336.1120(f) define toxics air contaminant (TAC)
as any air contaminant which may become harmful to public health or environment when present
in the outdoor atmosphere in sufficient quantities and duration, except the 41 exempted
chemicals (Air Quality Division 2008). This list is much longer than the federal HAPs list.
Besides expanding the reportable chemicals in the federal mandatory reporting programs,
production capacity information should be developed for more background unit process such as
salt mining, crude oil and natural gas processing so regionalized LCI can be derived. For farfield chemical emissions from cradle-to-gate life cycle stages, future work should expand the
proposed method beyond inhalation pathway to oral ingestion and dermal contact pathways since
for certain chemicals such as heavy metal, the majority of chemical mass is not present in the air
compartment. To include other exposure pathways, regionalized emission inventory and other
site-specific models to address chemical fate, transport and distribution in watersheds and food
production system will be needed. This proposed regionalized method has the potential to be
expanded to study the life cycle human health impacts of emerging chemicals and products such
as nanomaterials and OPFRs. However, emissions associated with manufacturing, using and
disposing these materials must be reported in publicly available databases first so that
regionalized LCI can be derived. Researchers and regulatory agencies should work together to
bridge the gap of data scarcity and promote regionalized human health impact assessment along
a product’s life cycle.
For the near-field indoor product emission, this dissertation utilized field measurement,
chamber testing and multi-media mass transfer models to evaluate chemical emissions from SPF
during its installation and use phase. This work proposed a novel open filter approach to reduce
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MDI LOQ which should be further validated by comparing its results with traditional MDI liquid
impinger method. In addition to airborne chemical concentration and surface accumulation,
future field measurement studies should consider to increase the airborne particle mass
concentration in the tested indoor environment to collect enough airborne particles for chemical
absorption analysis. Furthermore, future field measurement may consider to conduct tests in a
more air tight residential building with controlled ventilation and compare results with this study.
Multi-media mass transfer modeling is the cost-effective alternative to field measurement
and chamber testing. However, intensive modeling input parameters are needed to apply these
models to product HHIA. Without accurate measurement or estimate of input parameters, multimedia mass transfer models may not be able to provide meaningful results to characterize the
human health risks associated with product chemical emissions in the indoor environment. Our
study provided a comprehensive list of modeling input parameters for TCPP emitted from SPF.
Future research should expand this list to other chemicals and products. Empirical relationship to
estimate material-air partition coefficient and diffusion coefficients in sources and sinks need to
be available for more chemical-product pairs. This effort requires more accurate measurements
of key chemical and physical properties such as the vapor pressure and octanol-air partition
coefficient of the interested chemicals. In terms chemical exposure pathway, this dissertation
focused on inhalation and oral ingestion but we also calculated how much TCPP is absorbed to
indoor sinks such as flooring. Future study can adopt such results and apply dermal exposure
model to quantify TCPP exposure through dermal contact pathway and characterize its human
health risks. In order to make the final decision to determine if residents are over exposed to
TCPP emitted from SPF through inhalation pathway, additional toxicological studies should be
conducted to derive RfC or cancer risk slope factors for TCPP so the RCR can be calculated.
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APPENDIX A

CALCULATION EXAMPLE IN SECTION 3.2.4

Unit process (benzene) emits Cl2 at the benzene manufacturing facility (gate-to-gate)
Equation: Equation 2 in the manuscript;
Plant (j): Channel View, TX;
Unit Process (k): Benzene;
HAP (i): Cl2;
Production Capacity (PCk,j) of plant j: 7.11% of total Benzene production in the U.S.;
Annual MDI production in the U.S. (PMDI): 1.27 Million mt;
Emission Factor (EFi,k): the amount of HAP (Cl2) emitted from unit process k (Benzene) per
function unit (1 mt MDI) produced. This is a two-step process. First, 407 kg Benzene is needed
per 1 mt of MDI and 0.0001 kg Cl2 is emitted per 1 mt benzene produced (gate-to-gate).
Therefore, the EFi,k is 4.07 × 10-5, which is 4.07 × 10-5 kg/1 mt MDI produced.

AERMOD modeling: at this plant with Standard Classification Code specific stack parameters
and site specific meteorological and terrain profiles, for 1 ton of Cl2 released per year, at census
block number 482014112001004, the AERMOD calculated airborne concentration (Ci,j) is 1.79
× 10-4 μg/m3.
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Hazard Index (HI):
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Hazard Index (HI) =
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RfC of Cl2: 0.15 μg/m3.
HI = 4.83× 10-6.
Finally, at one receptor (census block) the HI can be summed across all HAPs (i), plants
(j) and unit process (k). The averaged risk characterization values (cancer risk and non-cancer
HI) can be calculated at the census tract and county level.
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APPENDIX B

ADDITIONAL MODELING PARAMETERS AND RESULTS IN SECTION 5.2.5 AND
5.3

Table B1: Curve fitting residuals for all three tests

kda (unitless)
3.41×107
2.08×108
6.59×108
8.70×108

Dust
(µg TCPP/g dust)2
25-90 µm
90-150 µm
(GM = 47.43 µm) (GM = 116.19 µm)
2.1×104
1.1×104
1.9×104
1.0×104
4
2.1×10
9.7×103
2.1×104
1.0×104

Chamber air
(µg TCPP/m3 air)2
25-90 µm
90-150 µm
(GM = 47.43 µm) (GM = 116.19 µm)
1.3×103
6.2×102
2.0×103
2.3×102
3
1.5×10
4.8×102
1.3×103
7.0×102

Table B2: Other IECCU modeling parameters

Parameter
Sources
Application phase
Start time (hr)
End time (hr)
Total area sprayed (m2)
Emission factor
(µg/m2/hr)3
1st order decay rate

Value
Living area
0
3.5
57.8

Attic day 1
24
28
51.4

948
0.0001 (essentially no decay)
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Attic day 2
46.5
53
51.4

Temperature dependent ksa
Slope a (unitless) (Tian,
Sebroski et al. 2017)
TCPP evaporation
enthalpy (J) (Tian, Sebroski et
al. 2017)
Temperature dependent Ds
TCPP activation energy (J)
(Tian, Sebroski et al. 2017)
Parameters to calculate has
Density of air (kg/m3)
Viscosity of air (kg/m/s)
TCPP diffusivity in air
(m2/s)
Characteristic length (m)

7.5 × 10-1
81,000

95,800
1.2
1.9 × 10-5

4.7 × 10-6

Four pieces in the living area: 3.3, 3.5, 4.2 and 4.1
Three pieces in the attic: 2.8, 8.4 and 5.0

Sinks
Area (m2)

Characteristic length (m)

Living area: 6 pieces modeled
Gypsum board: 301.4, 167, 25.1, 32.7,
6.7
Wood floor:167.4
Living area
Gypsum board: 17.3, 12.9, 5.0, 5.7, 2.6
Wood floor:12.9

Settled dusts
Particle number (#)
had (m/hr)
Dg (m2/s)
R2 (m)
Kn (unitless)
λ (m)
c (m/s)
R (J/K/mol)
T (K)
M (kg/mol)
Simulation conditions
Initial TCPP concentration
in air (µg/m3)
Simulation time (hours)
Number of data points

Living area
5.6 × 108
232
6.4 × 10-6
5.8 × 10-5
1.4 × 10-3
8.1 × 10-8
138
8.314
296
3.3× 10-1

Attic
2.5 × 108

0
2400
200

Equation B1 calculates temperature dependent ksa.
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Attic:1 piece modeled
Wood: 83.7
Attic
Wood: 9.2

ln

k
k

= ln

P
P

∆H 1
1
( − )
R T
T

=

Equation B1

Where, ksa is the partition coefficient between source materials (unitless), P is the vapor
pressure (Pa) of TCPP at temperature T, Δ

is the Evaporation enthalpy (J), R is the ideal gas

constant (J/k/mol) and T is the absolute temperature (K).
Equation B2 calculates temperature dependent Ds.
ln

D
D

=

∆

(

1
1
− )
296

Equation B2

Where Ds2 is the diffusion coefficient of source materials (m2/hr) at temperature T (K), Ds1 is
the diffusion coefficient at 23 °C and ΔE is TCPP’s activation energy calculated as 95.8 kJ/mol
(Tian, Sebroski et al. 2017).
Equation B3 calculates has.
h

Where,

= 0.33D L (

uρ
)
μ

Equation B3

Da is the TCPP diffusivity in air (m2/s), L is the characteristic length of a source (m),
calculated as the square root of the source area, u is the air velocity (m/s), ρis the air
density (kg/m3) and μ is the viscosity of air (kg/m/s).
Equation B4 and Equation B5 calculate the mass transfer coefficient in air of settled dusts
(hd) (Li and Davis 1996, Liu, Shi et al. 2013).
h =

D
1+K
×
R
1 + 1.71K + 1.333K

D
λ
K =
,λ = 3
,c =
R
C

8RT
πM
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Equation B4

Equation B5

Where Dg (m2/s) is the diffusion coefficient of SVOCs in air determined by Sparc
Performs Automated Reasoning in Chemistry (SPARC) (Automated Reasoning in
Chemistry 2015), R2 is the outer radius of dust or airborne particle, Kn is Knudsen number,
λ (m) is the mean free path of SVOCs, c (m/s) is the mean molecular speed of SVOCs, R
(J/K/mol) is the ideal gas constant, T (K) is the temperature and M (kg/mol) is the
molecular weight of SVOCs.
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HHL, HLH, HLL, LHH, LHL, LLH are modeling scenarios based on partition and diffusion
coefficient selections listed in Table 23 of the main text. H and L denote the higher and lower
values are selected for that parameter.
Figure B1: Modeled TCPP mass distribution in each indoor media in attic (HHH and LLL
scenarios are listed in Figure 43)
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HHL, HLH, HLL, LHH, LHL, LLH are modeling scenarios based on partition and diffusion
coefficient selections listed in Table 23 of the main text. H and L denote the higher and lower
values are selected for that parameter.
Figure B2: Modeled TCPP mass distribution percentage in attic relevant to inhalation and
ingestion exposure (HHH and LLL scenarios are listed in Figure 44)
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HHL, HLH, HLL, LHH, LHL, LLH are modeling scenarios based on partition and diffusion
coefficient selections listed in Table 23 of the main text. H and L denote the higher and lower
values are selected for that parameter.
Figure B3: Modeled TCPP mass distribution in each indoor media in living area (HHH and
LLL scenarios are listed in Figure 41)
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coefficient selections listed in Table 23 of the main text. H and L denote the higher and lower
values are selected for that parameter.
Figure B4: Modeled TCPP mass distribution percentage in living area relevant to
inhalation and ingestion exposure (HHH and LLL scenarios are listed in Figure 42)
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