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Overview of Presentation

Recommendations — lain and Brett

Introduction to IAQ challenges — Brett

History of IAQ studies in efficient homes — lain

Build tight, ventilate right — lain

Formaldehyde, kitchen ventilation and filtration — Brett
Commissioning and installed performance — lain
Recommendations, reprised

Questions - Audience



lain’s IAQ Recommendations

Use low-emitting materials
Encourage occupants to consider safety of consumer products

ASHRAE 62.2-2016 is a minimum

Pick good range hoods (will be easier in the future with capture
efficiency standard))

Commission everything

Use at least MERV 13 filters on central forced air and supply air
ventilation

For health:

Focus on particles, formaldehyde, cooking and other unvented
combustion

Talk to occupants/owners —
Main Hazards: combustion, cleaning products, formaldehyde



Brett’s IAQ Recommendations |

Recognize that people have the biggest impact on IAQ in most
homes

Keep it dry (and mold free); dehumidify as needed
Avoid emitting large quantities of contaminants in home. Ventilate
when emitting.

Ventilate when cleaning, doing hobbies

Pay attention to chemicals in consumer and personal care products
Provide task ventilation and use it as needed

Kitchen, bath, toilet exhaust;

Laundry and clothes closet as needed
NO UNVENTED COMBUSTION HEATERS!!!



Brett’s IAQ Recommendations Il

Use natural ventilation when outdoors is clean

Tight envelope and ducts; close house when outdoors is polluted
Check radon and formaldehyde using integrated samplers

Very good FAU filter with seal (no bypass); confirm low static P

If more filtration needed (occupant health challenges), use efficient
standalone or central system with very efficient FAU motor



Housing impacts health in many ways

Thermal, sound, and light conditions Anything that
"3 affects sleer

Control over
environmental
conditions

Connections

to nature
Environmental

health hazards



What is good indoor air quality?

7 No unpleasant odors

o Air seems “fresh” and pleasant

1 Comfortable temperature and humidity
- Allergens minimized

7 No dampness or mold issues

- Pollutant concentrations at safe levels



What are the target pollutant levels?

Safe Hazardous
Reference Ambient AQ
exposure standards

levels

Ambient Air Quality Standards
Set to protect sensitive sub-populations, e.g. asthmatics
Mostly based on human exposure data
CO, NO,, PM, ., PM,,, Ozone, Lead, SO,

Reference Exposure Levels (RELs)
Level below which no adverse effects expected
Acute (hours) and Chronic (years to lifetime)



Indoor Sources: Biological agents




Indoor Pollutant Sources: Chemicals
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Indoor Pollutant Sources: Combustion




Indoor Pollutant Sources: Outdoor Air
-




Which contaminants are of greatest concern?
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Which contaminants are of greatest concern?
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History of IAQ in Efficient Homes: Canada

IAQ in R-2000 & conventional Canadian homes, since ~1984
R-2000 requirements:
= Airtightness (1.5 ACH,)
® Mechanical ventilation with ERV /HRV
® Low-emitting materials

m Commissioning

Results: VS.
» |AQ and efficiency can be compatible
m Equivalent or lower pollutants in R-2000 homes

Coordinated national effort, requirements and specifications
refined over time, informed by measurements of pollutants and
ventilation parameters in homes that participated in the program.

Summarized in Less (2012)
Riley & Piersol, 1988; Gusdorf & Hamlin, 1995; Gusdorf & Parekh, 2000; Shaw et al., 2001; Leech et al., 2004



History of IAQ in Efficient Homes: U.S.

Assessments in U.S. homes much less clear
Uncoordinated efforts
Inconsistent definitions of “efficient”
Less stringent or optional efficiency requirements

Small sample sizes

Early research suggested efficient homes had increased
pollutant levels

Hollowell et al., 1978; Berk et al., 1980; Fleischer et al., 1982

More rigorous studies found similar levels in efficient and

conventional homes
Offermann et al, 1982; Grimsrud et al., 1988; Harris, 1987; Turk et al., 1988; Hekmat et al., 1986



Recent Consensus

o Energy efficient homes can have BETTER IAQ

Sealed crawlspaces have lower moisture
levels, mold and spore transmission to inside
home (Coulter et al., 2007)

Increased airtightness reduces pollutant entry
from attached garages (Emmerich et al., 2003)

Tighter ducts limit transport from attics,
crawlspaces and garages

Mechanical ventilation results in more
consistent air exchange, without under-
venting periods

Combustion safety testing, sealed combustion
appliances, filtration, etc.




CA MF retrofits study: improved energy and IAQ

e 18 California low-
income apartments
in 3 buildings

e Air-sealed

e 1.5x 62.2 dwell unit
ventilation

* Range hoods & bath
fans

* Efficient standalone
air filters

Volatile Organics

Acetaldehyde*

Formaldehyde*

Particles

Nitrogen Dioxide

Carbon Dioxide*

Bathroom Humidity

Discomfort time

*indoor - outdoor

(Seasonal effect) : ¥ Buiding 3
] -  Building 2

_-_ ® Building 1

/funcertain),

-50 -30 -10 10 30 50 70 90

% Improvement

Noris et al.. Buildina and Environment. 201 3: Slide credit: Fisk



Very Recent Literature Reviews
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Summary of Recent IAQ studies

Failure to follow best practices—ventilation, source
control, occupant education—may lead to increases
in pollutant levels and health effects

Tohn, 2012; Wilson et al., 2013; Emmerich, Howard-Reed, & Gupte, 2005;
Milner et al., 2014; Offermann, 2009

Substantial evidence suggests that with careful
design and operation, high performance homes may
improve occupant health and reduce pollutant levels

Breysse et al., 2011; Jacobs, 2013; Leech et al., 2004; Kovesi et al.,
2009; Weichenthal et al., 2013; Norris et al., 2012



“BUILD TIGHT,
VENTILATE RIGHT”

But what the heck does that
mean?!?

How tight?
Ventilate how much?
Where and with what?
Is that all | need to do?



Big Energy Rewards for Airtightening,

But Returns Diminish

]
Site Energy Source Energy

_ Passive house (0.6 ACH,,)

R2000 standard (1.5 ACH,,)

(&)}

IN

If all housing stock met IECC (2012)
| airtightness standard (3 or 5 ACH,,)

w

| Maximize improvement in
airtightness (about 50%)

N
|

|

Average improvement in airtightness
(about 25%)

National Potential Energy savings (Quads)

o
|

| Base case with ASHRAE 62.2 ventilation

Slide courtesy Rengie Chan, LBNL



New Homes Getting Tighter

LBNL Air Leakage Database: > 130,000
blower door tests

* Housing stock average: 15 ACH50

* 90’s homes: 7 ACH50

* Post-2000 homes: 5.5 ACH50

e 2012 IECC: 3 to 5 ACH50

e 7ZEH < 2 ACH50
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Retrofits improve existing buildings
(National data) — resdb.lbl.gov
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Airtightness in U.S. Deep Energy Retrofits

Summary of available
DER literature

50
|

1 63% average
leakage reduction

40

1 NOT VENTILATED
RIGHT!

/7 1% mechancially
vented in 103 projects

Only 47% vented in

20

O
T

Envelope Airtightness (ACH50)

10
|

47 non-Cold climate Pre-Retrofit Post-Retrofit
projects n=41 I=as
Mean = 16.1 Mean = 4.7



So... How Tight Is Tight Enough?

7 New homes

3 ACH, captures ~80% of savings

1.5 ACH., good high performance target
= Achievable: <0.6 ACH,,

1 Retrofit

>50% reduction
<5 ACH.,



How Much Ventilation?

0 Minimum requirement: ASHRAE
62.2-2016

Whole house flow—with blower door

Ventilation and

credit (not in MF) Acceptable

. . Indoor Air Quality
Local exhaust in kitchens and bathrooms i Low-Rise
Duct leak limits, minimum filtration Residential Buildings
Existing home allowances for local i S
exhaust

Requires CO alarm
Measure air flows

1 “Good” = anything “better” than this
minimum



62.2 Changes for 2016

Includes dwelling units in MF buildings
Existing buildings: no fan required if < 15¢fm

New time-varying (intermittent) calculations — will
enable smart time shifted ventilation

Changed local exhaust specifications so that non-
enclosed kitchens do not need to meet the 5 ACH
requirement. Also changed requirement for downdraft
fans and other kitchen exhaust to be 300 cfm.

Loosened air sealing requirements for MF
compartmentalization from 0.2 to 0.3 cfm/sq.ft at 50 Pa.



Source Control

VOCs emitted from materials built into the home
VOCs in cleaning, personal care and other products

Cooking and related combustion
Candles, incense, oils

Moisture and odors

Carpets?



Building Material Source Control

Lots of info and certifications for green building materials:
Scientific Certification Systems
Green Guard
Green Seal
Carpet and Rug Institute
Collaborative for High Performance Schools products database
Pharos database
Cradle-to-Cradle
GreenScreen assessed

Prioritize materials with:
Most surface area
Direct paths of exposure (e.g., flooring over attic insulation)
Documented histories of contributing to IAQ issues



Formaldehyde highest in new homes;
Concentrations decrease with age

Single-family houses in Japan
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Homes with low-emitting materials have
lower formaldehyde concentrations

33
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Cooking & burners emit air pollutants

CO, & H,0

i NO,NO,, HONO,
Formaldehyde

Ultrafine
particles

a2 Ultrafine
particles

gzlg\trﬁj:re]se | Formaldehyde
NO ' ! Acetaldehyde
X

| Acrolein
PMZ.S
PAH




Gas cooking burners can impact IAQ

Simulations of 6634 SoCal homes;  Measurements in 350 California homes;

Typical winter week; 1-week integrated, winter season
Empirical AERs

Bedroom NO2 levels
categorized by fuel type and cooking hours (week of sampling)

% above

30

acute '
std BB

20
1

105
8 ———

CcO 7-8% 17M 10M o e

10

-10

!

Elec. Elec.  Elec. Gas Gas  Gas
<4h 4-8h >8h <4h 4-8h >8h

NO, 55-70% 12M 66M

Logue et al., 2014, Mullen et al.,, 2015,
Environ. Health Perspec. Indoor Air



Highest 1-h CO (ppm)

=5 ¢ 5 10

Gas burners can impact CO as well

Measured CO concentrations indoors over a 6-day period
Mullen et al. 2012; Mullen et al. 2013

30

20

1h max CO
categorized by fuel type of appliances in living space

. ) R E— Y — 49
1.7 15
n=238 n=28 n=144 n=142
[ I
Gas cooking Gas cooking +
No_ gas Only vented only vented gas
appliances gas

appliances appliance(s)




Inconsistent use of kitchen exhaust
Data from Cal. IAQ study; may be biased high

Self-reported usage Number Percent
Most times (>75%) when cooktop or oven used 44 13%
Most times when cooktop used, but not oven 39 11%
About half the time 45 13%
Infrequently, only when needed | 113 3%
Never s 0%
No exhaust fan 73 21%

Mullen et al. LBNL-5970E



Kitchen exhaust use in Cal. IAQ study:

Reasons for using exhaust system Number zz:csgég
Remove smoke 111 46%
Remove odors 75 31%
Remove steam / moisture 38 16%
Remove heat 11 5%
Other reasons 3) 2%
Noreasonselected o s

Mullen et al. LBNL-5970E



Kitchen exhaust use in Cal. IAQ study:

0

Reasons for NOT using exhaust system Number us/iongfgsg(?%
of time

Not needed 92 48%
Too noisy 40 21%
Don’t think about it 31 16%
Doesn’t work 19 10%
Open window instead 17 9%
Other reasons 7 <4%
Wastes energy 3 <2%

Noreason selected or don'tknow | 23 12%

Mullen et al. LBNL-5970E



Combustion and Cooking Source Control
Recommendations for Tight Homes

Install a range hood with high capture eff. and use it
Use even if oven separate from cooktop

Don’t overdue the range hood flow — consider need for

make-up air

Use direct-vented, sealed combustion equipment

(furnace and water heater.)

Avoid standing pilot lights, mostly on vintage gas ranges



How can you tell if a hood works well?

The effectiveness of
range hoods at
capturing cooking
pollutants is called
capture efficiency.

New ASTM test method.

41



LBNL Lab Testing

.

s

.‘ | —

[/ devices
L1: Low-cost hood, $40 |
B1: Basic, quiet hood, $150 &
£ A1:62.2-compliant, $250 *
<%= E1: Energy Star, $300
“  E2: Energy Star, $350
- M1: Microwave, $350
: P1: Performance, $650




Capture Efficiency—Lab Results
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LBNL In-Home Performance Study
]

- 15 devices
-1 Cooktops
Pots with water
Front, back, diagonal
o Ovens
425 F, door closed
Cool between tests




Range Hood Testing in Homes

Measure CO2 from gas burners Measure ai flows with active flow hood




As installed range hood performance

Singer et al.,

2012, Indoor air < E 300 -

Key features:
71>150 cfm

0 “Sump” or
hood

1 Cover front
burners

(cf

©
L

Capture Efficiency (%)

500
400
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100 -

0

Fan Speed

qQP>0OO0O
SO N —

HVI Flows
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80 {-
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2| Burner

I Back
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| Il Combined

B Oven
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ASTM Test Method for Capture Efficiency

C E _ Cexhaust—Cchamber

Cexhaust—Cambient

0 1-8,2-8

ncy

& A
$ 9 &
. X
oA a1 1o "™
a
O
g
¢ x 0
O
o n

Flow (L/s)

Not quite complete
Look for ratings in 2017

Major manufacturers all involved




Range Hood Recommendations

Install range hoods vented to outside
Hood covers all burners, has collection volume, & 200 cfm
Or, use ASTM test method
Quiet operation, NOT just on low speed
Low resistance ducting (basis of EPA Energy Star spec)

Provide ducted make-up air in VERY airtight homes or in
systems with high flows

200 cfm in 1.5 ACH50 home ~ 10 Pa —is this OK?
Meet ASHRAE 62.2 general kitchen ventilation requirement

Occupant Education or Automation?
Need to get people to use their range hoods
Automation is coming



An airtight envelope filters outdoor particles

- Field testing of envelope 4 -
penetration of R2=0.85
submicron particles /
(Stephens & Siegel, 2012) ; 0.64
7 !

- Tight homes are good
protection against
outdoor particles:

S
S

¢

Penetration Fac

1.5 ACH,, = 2% 0.24
penetration m=0.0128

*y { t } ' -

~ Need data for larger 0 10 20 30 40 50 60

particles: PM2.5 ACH., (/h)



Comparing filtration/ventilation options

Field Study near freeway in Sacramento, CA for California
Air Resources Board

Unoccupied — focus on outdoor particles

Compare eight enhanced filtration systems to common,
“reference” system

ASHRAE 62.2 Exhaust ventilation + MERV 6 on central
forced air system

Operate each system 5-7 d in summer & fall/winter

Key metric is indoor-to-outdoor ratio (I/0O)
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Filtration Recommendations

Consider the quality of your outdoor, “fresh” air

Highways and other major roadways, Industry, Agriculture

Airtight envelope provides filtration of outdoor particles

Supply ventilation (includes HRV/ERV) should be:
Minimum MERV 13

Central forced air system for indoor sources
At least MERV 13 preferably MERV14 or greater
Operate central systems continuously or min run time

Consider stand-alone filtration in non-forced air homes or homes with
inefficient FAU motors

Gas filtration possible—but little field data to give specific
recommendations



Commissioning—Why It’s So Important in
Airtight Homes

o If IAQ system fails,
there is no natural
infiltration backup

7 Unfortunately,
fa u |tS a re m O re TS /Alnor Balometer® Flow Observator DIFF Autornatic Air TSI /Alnor Balometer® Flow
. Capture Hood ABT701(ABT701) Volume Flow Meter (DIFF) Capture Hood EBT721 (EBT721)
common Iin some
systems

—

Energy Conservatory - Exhaust Fan The Energy Conservatory — testo 417 Vane Anemometer
Flow Meter (TECEFM) FlowBlaster™{TECFB) (testod17)
“igure I The Sx commercially available flow hoods evaluated for this study



Field Survey of 60 Canadian HRVs (Hill,
1998)

- Cores and filters “clean” in ~*50% of
homes

<10% “clean” when five years or older

1 7 homes had inlets clogged with debris

1 7% of HRVs were simply not
operational due to component failure

1 29% of systems were out of balance

(supply vs. exhaust) by >40% e

Excessive depressurization and back “edEins-dssasa s,
drafting concerns e

= Occupant knowledge of system was
largely unrelated to performance, level
of maintenance, etc.




Ventilation Measurements in 15 New CA Homes
(Stratton, Walker, & Wray, 2012)

L]
Rated vs. measured exhaust fan flows
120 - in fifteen new California homes
110 - &= Rated flows
100 - 102
~ 90 -
£
S 80 - _s—_L._
3
3 70 -
e 60+ N
B 50 { ————
2 40 -
[0}
= 30 - l
20 -
10 - X B ®
0 i I
50 80 110
(n=33) (n=18) (n=21)

Rated flow (cfm)
The only way to know a fan’s flow: MEASURE IT



Faults Observed in CA High Performance Home
Ventilation Systems (Less, 2012)

7 5 of 9 ERV/HRV found to have some
substantial problem

Low airflows

Failed duct connections

Improperly installed duct connections
(recirculating ERV)

Erratic control of variable speed systems

Clogged fresh air intake on ERV

Not operating continuously, inactive for
months

- Similar faults are found in other studies
(Balvers et al., 2012; Hill, 1998;
Offermann, 2009)



Recent FSEC
s urvey

o Inspected 21 mechanical ventilation
systems in Florida homes (1-9 ACH.)

Only 3 of 21 homes had airflows close to
design targets

2 of these 3 were disabled by occupants
12 of 21 ‘capable of operating’
19 of 21 were not operational

o Faults
Failed controllers and dampers
Partially disconnected or crushed ducts
Dirty filters

Outdoor air intake installed directly
above outdoor unit exhaust

Dirty ERV filters.



New CA study — not so bad?
]

200
@ ASHRAE standard 62-2 / Title 24 Requwed whole house mechanical ventilation

_. EXhaUSt : : : : : : : : :
180_.Supp|y ....... .......... .......... .......... ......... ......... .......... .......... ..........

160—”% ......... .......... .......... .......... .......... ......... ......... .......... .......... ..........
140_..5. ......... .......... .......... .......... .......... ......... ......... .......... .......... ..........
wod B

ol — B Bl B e =

Airflow Rate (CFM)

so- [ & B B 1% B B FE
s0-

3 5* 6 7 10* 15 16 8 9* 11 4 13
Home




Airflow rate (CFM)

Range Hood Measured Airflow

() Rangehood ~ '
— ASHRAE 62.2 Kltchen ventllatlon reqwrements

3 5 6 7 10 15 16 8 9

Home
Airflow measured at medium fan setting

?,11,15 are under-cabinet, microwave range hood

range hood

House 006

Under-cabinet, microwave
range hood
House 015




Bathroom Exhaust Fan Measured Airflow

(] Master Bathroom

140
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Difficult to Commission Systems,

Figure 13: Only the smallest flow hoods could meazure

Figure 12: None of the flow hoods would fit into the Pace  yp ppys o ata <ot hahween floor joists

adiacent to this bathroom ERV inlet; it went unneasured

.

Figure I4: The refrigerator has to be pulled out to measure  Figure 15: The ledge and uneven surface adjacent to
this kitchen ERV inlet and even then, the uneven surface this ERV outlet termimal made its flow difficult to
prevented measurement with most of the flow hoods measure



Difficult to Commission Systems, |l

F:gure 16: We located FHG s range hood ouﬂ’ ef {circled) onits roof but  Figure I7: The dimensions and irre gular urface of this typical
for safety reasons did not try to measure its flow microwave-integrated range hood in FFH2 make s inlet flow measurements
difficuit




Commissioning Recommendations

Carefully commission ALL ventilation equipment

Particularly important in airtight homes, with minimal
natural air exchange

Design and select systems with maintenance and
commissioning in mind

Easy access to inlets and outlets
Particularly important for ERV /HRV, range hoods, & CFIS

More complex systems require much greater
commissioning time and effort ($SS)



Smart Ventilation — real-time control

- Time shift ventilation + take advantage of other systems
(kitchen/bath exhausts, dryers), occupancy and weather
to control whole house ventilation system

RIVEC Energy Savings

[==]
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Ventilation-Related Energy [%]
w
S

N
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o

o

1b. Whole-House 2b. HRV 3b. CFIS + Whole-House 4b. Economizer +
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Smart Ventilation

-1 Use weather for natural infiltration credit
o Turn off if outdoor pollutants high (ozone/particles)
o1 Turn off in response to peak demand

1 Operate more at other times for equivalency —i.e., same
exposure to chronic pollutants as a continuous fan
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Occupants and Maintenance in Canadian
HRVs—Education Only Goes So Far

- Canadian HRV (Hill, 1998) study found occupants
were “educated” about their system

- BUT less than half comprehended:
¥ Maintenance needs
® Requirement for central fan operation with HRV

¥ Location of components requiring maintenance

Problem was worst in tract homes, where occupants were given
little or no explanation or training



Occupant Education—Link Between Design
and Operation

Occupants do not understand IAQ risks in airtight
homes

Ventilation system operation
Maintenance schedule or maintenance contract

Use of kitchen ventilation

Occupants DO NOT know when systems are not
operating properly



Education Recommendations

BETTER than education may be:
Simple, robust systems
Requiring little to no maintenance
Have built-in automated fault detection
Service contracts for ventilation equipment

Provide occupants with owner’s manuals, as required in LEED for
Homes, EPA Indoor airPLUS, etc.

Including testing and commissioning results + ALL product literature,
organized clearly, etc.

Educate yourselves, so that you can better inform occupants of
risks, system interactions, and life-style changes (candle/incense
use, toxic cleaners, etc.)

Range hood use is a big opportunity



lain’s IAQ Recommendations

Use low-emitting materials
Encourage occupants to consider safety of consumer products

ASHRAE 62.2-2016 is a minimum

Pick good range hoods (will be easier in the future with capture
efficiency standard))

Commission everything

Use at least MERV 13 filters on central forced air and supply air
ventilation

For health:

Focus on particles, formaldehyde, cooking and other unvented
combustion

Talk to occupants/owners —
Main Hazards: combustion, cleaning products, formaldehyde



Brett’s IAQ Recommendations |

Recognize that people have the biggest impact on IAQ in most
homes

Keep it dry (and mold free); dehumidify as needed
Avoid emitting large quantities of contaminants in home. Ventilate
when emitting.

Ventilate when cleaning, doing hobbies

Pay attention to chemicals in consumer and personal care products
Provide task ventilation and use it as needed

Kitchen, bath, toilet exhaust;

Laundry and clothes closet as needed
NO UNVENTED COMBUSTION HEATERS!!!



Brett’s IAQ Recommendations Il

Use natural ventilation when outdoors is clean

Tight envelope and ducts; close house when outdoors is polluted
Check radon and formaldehyde using integrated samplers

Very good FAU filter with seal (no bypass); confirm low static P

If more filtration needed (occupant health challenges), use efficient
standalone or central system with very efficient FAU motor



Further Questions?

lain Walker

Brett Singer

Residential Building Systems Group, LBNL:

Indoor Environment Group, LBNL:



Resources

Healthy Products
Environmental Working Group

http://www.ewg.org/
Healthy Building Network—Pharos Database

http://www.pharosproject.net/
Good Guide

http:/ /www.goodguide.com/
BuildingGreen chemical avoidance guidance

http://www2.buildinggreen.com /guidance /Avoid-Toxic-Chemicals-in-Buildings?
ip_login_no_cache=7212a98a1b9d960554b417acc51531a3

Health Product Declaration

Overall Design
Building America

Energy Star Indoor airPLUS
http://www.epa.gov/indoorairplus/

EPA Moisture Control Design Guide
http://www.epa.gov/iaq/pdfs/moisture-control.pdf

Healthy Indoor Environmental Protocols for Home Energy Upgrades
http://www.epa.gov/iaq/pdfs/epa_retrofit_protocols.pdf

HUD Healthy Homes

http:/ /www.buildingscience.com /documents/guides-and-manuals /gm-read-this-before-you-design-build-renovate
National Center for Healthy Housing



References |

Balvers, J., Bogers, R., Jongeneel, R., van Kamp, ., Boerstra, A., & van Dijken, F. (2012). Mechanical
Ventilation in Recently Bulit Dutch Homes: Technical Shortcomings, Possibilities for Improvement,
Perceived Indoor Environment and Health Effects. Architectural Science Review, 55(1), 4—14. doi:
10.1080/00038628.2011.641736

Berk, J. V., Hollowell, C. D., Pepper, J. H., & Young, R. (1980). Indoor air quality measurements in
energy-efficient residential buildings (No. LBNL Paper LBL-8894 Rev.). LBNL. Retrieved from http://
www.escholarship.org/uc/item/6bb7mén2

Breysse, J., Jacobs, D. E., Weber, W., Dixon, S., Kawecki, C., Acetj, S., & Lopez, J. (2011). Health
Outcomes and Green Renovation of Affordable Housing. Public Health Reports, 126(Suppl 1), 64-75.

Chan, W. R., Joh, J., & Sherman, M. (2012). Analysis of Air Leakage Measurements from Residential
Diagnostics Database (No. LBNL-5967E). Berkeley, CA: Lawrence Berkeley National Laboratory.

Retrieved from http://homes.lbl.gov/sites/all/files/lbnl-5967e.pdf

Coulter, J., Davis, B., Dastur, C., Malkin-Weber, M., & Dixon, T. (2007). Liabilities of Vented Crawl
Spaces And Their Impacts on Indoor Air Quality in Southeastern US Homes. In Clima 2007 WellBeing
Indoors.

Delp, W. W., & Singer, B. C. (2012). Performance Assessment of US Residential Cooking Exhaust
Hoods. Environmental Science & Technology, 46(11), 6167-6173.

Emmerich, S. J., Gorfain, J. E., Huang, M., & Howard-Reed, C. (2003). Air and pollutant transport from
attached garages to residential living spaces. NISTIR, 7072, 25.



References Il

Emmerich, Steven J., Howard-Reed, C., & Gupte, A. (2005). Modeling the IAQ Impact of HHI
Interventions in Inner-city Housing (No. NISTIR 7212). Washington, D.C.: National Institute of
Standards and Technology. Retrieved from

Fleischer, R. L., Mogro-Campero, A., & Turner, L. G. (1982). Indoor radon levels: Effects of energy-
efficiency in homes. Environment International, 8(1-6), 105—-109.

Grimsrud, D. T., Turk, B. H., Prill, R. J., & Revzan, K. L. (1988). The Compatibility of Energy
Conservation and Indoor Air Quality. In Third Soviet-American Symposium on Energy Conservation
Research and Development. Lawrence Berkeley Lab., CA (USA).

Gusdorf, J., & Hamlin, T. (1995). Indoor Air Quality and Ventilation Rates in R-2000 Houses (No.
23440-95-1037). Energy Technology Branch, CANMET, Department of Natural Resources Canada.
Retrieved from http://publications.gc.ca/collections/Collection/M91-7-347-1995E.pdf

Gusdorf, J., & Parekh, A. (2000). Energy Efficiency and Indoor Air Quality in R-2000 and Conventional
New Houses in Canada. In Summer Study for Energy Efficiency in Buildings. ACEEE. Retrieved from
http://www.aceee.org/proceedings-paper/ss00/panel01/paper09

Hekmat, D., Feustel, H. E., & Modera, M. P. (1986). Impacts of ventilation strategies on energy
consumption and indoor air quality in single-family residences. Energy and Buildings, 9(3), 239-251.

Hill, D. (1998). Field Survey of Heat Recovery Ventilation Systems (Technical Series No. 96-215).
Ottawa, Ontario: Canada Mortgage and Housing Corporation: Research Division. Retrieved from
http://publications.gc.ca/collections/collection_2011/schl-cmhc/nh18-1/NH18-1-90-1998-eng.pdf



References |

Hollowell, C. D., James, B. V., & Traynor, V. W. (1978). Indoor air quality measurements in energy
efficient buildings (No. LBNL Paper LBL-7831). LBNL. Retrieved from http://www.escholarship.org/
uc/item/1mp855qg

Hun, D. E., Corsi, R. L., Morandi, M. T., & Siegel, J. A. (2010). Formaldehyde in residences: long-term
indoor concentrations and influencing factors. Indoor Air, 20(3), 196—203.

Jacobs, D. E. (2013, October). Health Outcomes of Green and Energy-Efficient Housing. Presented at
the Lead & Environmental Hazards Association, Peoria, IL. Retrieved from

Klug, V. L., Lobscheid, A. B., & Singer, B. C. (2011). Cooking Appliance Use in California Homes—Data
Collected from a Web-Based Survey. LBNL-5028E, Berkeley, CA, Lawrence Berkeley National

Laboratory.

Kovesi, T., Zaloum, C., Stocco, C., Fugler, D., Dales, R. E., Ni, A,, ... Miller, J. D. (2009). Heat recovery
ventilators prevent respiratory disorders in Inuit children. Indoor Air, 19(6), 489-499. do0i:10.1111/].
1600-0668.2009.00615.x

Lee, K., Xue, J., Geyh, A. S., Ozkaynak, H., Leaderer, B. P., Weschler, C. J., & Spengler, J. D. (2002).
Nitrous acid, nitrogen dioxide, and ozone concentrations in residential environments. Environmental
Health Perspectives, 110(2), 145.



References IV

Leech, J. A., Raizenne, M., & Gusdorf, J. (2004). Health in occupants of energy efficient new homes.
Indoor Air, 14(3), 169—-173. doi:10.1111/j.1600-0668.2004.00212.x

Less, B. (2012). Indoor Air Quality in 24 California Residences Designed as High Performance Green
Homes. University of California, Berkeley, Berkeley, CA. Retrieved from http://escholarship.org/uc/
item/25x5j8w6

Less, B., Fisher, J., & Walker, I. (2012). Deep Energy Retrofits-11 California Case Studies (No.
LBNL-6166E). Berkeley, CA: Lawrence Berkeley National Laboratory. Retrieved from

Logue, J. M., Sherman, M. H., Walker, I. S., & Singer, B. C. (2013). Energy impacts of envelope
tightening and mechanical ventilation for the U.S. residential sector. Energy and Buildings, 65(0),
281-291. d0i:10.1016/j.enbuild.2013.06.008

Logue, J. M., Price, P. N., Sherman, M. H., & Singer, B. C. (2012). A Method to Estimate the Chronic
Health Impact of Air Pollutants in U.S. Residences. Environmental Health Perspectives, 120(2), 216—
222.

Milner, J., Shrubsole, C., Das, P., Jones, B., Ridley, I., Chalabi, Z., ... Wilkinson, P. (2014). Home energy
efficiency and radon related risk of lung cancer: modelling study. British Medical Journal, 348(f7493).
doi:http://dx.doi.org/10.1136/bm;j.f7493



References V

Mullen, N., Li, J., & Singer, B. (2012). Impact of Natural Gas Appliances on Pollutant Levels in
California Homes (No. LBNL-5970E). Berkeley, CA: Lawrence Berkeley National Laboratory. Retrieved
from http://eetd.lbl.gov/sites/all/files/impact_of natural_gas_appliances.pdf

Noris, F., Adamkiewicz, G., Delp, W. W., Hotchi, T., Russell, M., Singer, B. C., ... Fisk, W. J. (2013).
Indoor environmental quality benefits of apartment energy retrofits. Building and Environment, 68,
170-178. doi:10.1016/j.buildenv.2013.07.003

Offermann, F. (2009). Ventilation and Indoor Air Quality in New Homes (No. CEC-500-2009-085).
California Energy Commission. Retrieved from http://www.energy.ca.gov/2009publications/
CEC-500-2009-085/CEC-500-2009-085.PDF

Offermann, F. J., Hollowell, C. D., Nazaroff, W. W., Roseme, G. D., & Rizzuto, J. R. (1982). Low-
infiltration housing in Rochester, New York: A study of air-exchange rates and indoor air quality.

Environment International, 8(1-6), 435-445.

Riley, M., & Piersol, P. (1988). Indoor Formaldehyde Levels in Energy-Efficient Homes with
Mechanical Ventilation Systems. In AIVC Conference (p. 283). AIVC.

Shaw, C. Y., Magee, R. J., Swinton, M. C,, Riley, M., & Robar, J. (2001). Canadian Experience in
Healthy Housing (No. NRCC-44699). NRC-CNRC. Retrieved from http://www.nrc.ca/irc/ircpubs

Singer, B. C., Delp, W. W.,, Price, P. N., & Apte, M. G. (2011). Performance of installed cooking
exhaust devices. Indoor Air, 22(3), 224-234.



References VI

Spengler, J., Schwab, M., Ryan, P. B., Colome, S., Wilson, A. L., Billick, I., & Becker, E. (1994). Personal
exposure to nitrogen dioxide in the Los Angeles Basin. Journal of the Air & Waste Management
Association, 44(1), 39-47.

Stephens, B., & Siegel, J. A. (2012). Penetration of ambient submicron particles into single-family
residences and associations with building characteristics. Indoor Air, 22(6), 501-513. doi:10.1111/].
1600-0668.2012.00779.x

Stratton, C., Walker, I., & Wray, C. P. (2012). Measuring Residential Ventilation System Airflows: Part
2 - Field Evaluation of Airflow Meter Devices and System Flow Verification (No. LBNL-5982E).
Berkeley, CA: Lawrence Berkeley National Lab. Retrieved from http://homes.lbl.gov/sites/all/files/
Ibnl-5982e.pdf

Tohn, E. (2012). The Effect of Weatherization on Radon Levels. Presented at the Affordable Comfort,

Inc. National Home Performance Conference, Baltimore, MD. Retrieved from http://acinational.org/
node/83295

Turk, B. H., Grimsrud, D. T., Harrison, J., Prill, R. J., & Revzan, K. L. (1988). Pacific Northwest Existing
Home Indoor Air Quality Survey and Weatherization Sensitivity Study: Final Report (No. LBL-23979).
Lawrence Berkeley Lab., CA (USA).

Walker, I. S., Sherman, M., & Dickerhoff, D. (2012). Development of a Residential Integrated
Ventilation Controller (No. LBNL-5554E). Berkeley, CA: Lawrence Berkeley National Laboratory.
Retrieved from http://homes.lbl.gov/sites/all/files/lbnl-5554e.pdf



References VI

Weichenthal, S., Mallach, G., Kulka, R., Black, A., Wheeler, A., You, H., ... Sharp, D. (2013). A
randomized double-blind crossover study of indoor air filtration and acute changes in
cardiorespiratory health in a First Nations community. Indoor Air, 23(3), 175-184. doi:10.1111/ina.
12019

Willem, H., Hult, E. L., Hotchi, T., Russell, M. L., Maddalena, R. L., & Singer, B. C. (2013). Ventilation
Control of Volatile Organic Compounds in New U.S. Homes: Results of a Controlled Field Study in Nine
Residential Units (No. LBNL-6022E). Berkeley, CA: Lawrence Berkeley National Laboratory. Retrieved
from http://eetd.lbl.gov/sites/all/files/publications/lbnl-6022e.pdf

Wilson, J., Dixon, S., Jacobs, D., Breysse, J., Akoto, J., Tohn, E., ... Hernandez, Y. (2013). Watts-to-
Wellbeing: does residential energy conservation improve health? Energy Efficiency, 1-10. doi:
10.1007/s12053-013-9216-8



