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a b s t r a c t
Green eco-friendly housing includes approaches to reduce indoor air pollutant sources and to increase energy
efﬁciency. Although sealing/tightening buildings can save energy and reduce the penetration of outdoor
pollutants, an adverse outcome can be increased buildup of pollutants with indoor sources. The objective of
this study was to determine the differences in the indoor air quality (IAQ) between green and non-green
homes in low-income housing complexes. In one housing complex, apartments were renovated using green
principles (n = 28). Home visits were conducted immediately after the renovation, and subsequently at 6 months
and at 12 months following the renovation. Of these homes, eight homes had pre-renovation home visits;
this allowed pre- and post-renovation comparisons within the same homes. Parallel visits were conducted in
non-green (control) apartments (n = 14) in a nearby low-income housing complex. The IAQ assessments
included PM2.5, black carbon, ultraﬁne particles, sulfur, total volatile organic compounds (VOCs), formaldehyde,
and air exchange rate. Data were analyzed using linear mixed-effects models. None of the indoor pollutant
concentrations were signiﬁcantly different between green and non-green homes. However, we found differences
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when comparing the concentrations before and after renovation. Measured immediately after renovation, indoor
black carbon concentrations were signiﬁcantly lower averaging 682 ng/m3 in post-renovation vs. 2364 ng/m3 in
pre-renovation home visits (p = 0.01). In contrast, formaldehyde concentrations were signiﬁcantly higher in
post-renovated (0.03 ppm) than in pre-renovated homes (0.01 ppm) (p = 0.004). Questionnaire data showed
that opening of windows occurred less frequently in homes immediately post-renovation compared to prerenovation; this factor likely affected the levels of indoor black carbon (from outdoor sources) and formaldehyde
(from indoor sources) more than the renovation status itself. To reduce IAQ problems and potentially improve
health, careful selection of indoor building materials and ensuring sufﬁcient ventilation are important for
green building designs.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Environmental concerns for improved energy consumption and
reduced carbon emissions have motivated increased adoption of green
principles in new construction and remodeling practices. “Green” housing is designed by utilizing building materials with low-emissions,
increasing energy efﬁciency and improving the health of occupants. As
buildings become more “green”, there have been rising concerns
about the long-term effects of changes in building materials as well as
operations and construction practices. Concerns about indoor air quality
(IAQ) in energy-efﬁcient buildings started as early as the 1970's. By the
mid-1980's, it was reported that up to 30% of new or remodeled energyefﬁcient buildings might have an unusually high rate of complaints of
sick building syndrome (Akimenko et al., 1986). It has been suggested
that “green” housing solutions may be detrimental to residents' health
if factors affecting the IAQ are not considered. Improper selection and
implementation of retroﬁts such as continuous and adequate outdoor
air ﬂow and HVAC operational parameters can directly affect indoor
environmental quality and may be detrimental to resident's health
(Mudarri, 2006).
Additionally, Americans may have increased exposure to indoor
contaminants as they spend increasing amount of time indoors. It has
been estimated that adults spend 90% of their time indoors, whereas
children younger than 3 years spend up to 100% of their time in indoor
environments. Additionally between the ages of 7–12 years, which is
the age group of interest in the overarching study, children can spend
up to 87% of their time indoors (Moya et al., 2011). Indoor environment
in homes can present signiﬁcant health risks (Samet, 1993; Weisel et al.,
2005; Logue et al., 2012), with some of the most vulnerable populations
affected being children and those with existing respiratory diseases
(Peat et al., 1998; Emenius et al., 2004; Breysse et al., 2010). Furthermore, poor indoor air quality has increased health implications in lowincome communities (Krieger et al., 2002; Perlin et al., 2001). It has
been suggested that multilevel interventions are necessary to properly
assess and improve the indoor environment of low-income residents
(Brugge et al., 2004; Sandel et al., 2004). Previous studies have emphasized the potential for IAQ improvements through retroﬁt measures
that also make houses more energy-efﬁcient (Noris et al., 2013). However, even with lower emission materials, tighter homes still have the
potential of poorer IAQ due to reduced air exchange. It is important
to assess the extent to which green-built, low-income housing actually
improves indoor air quality when compared to standard-built, lowincome housing.
Green building studies that have focused on the indoor environment
have been mostly qualitative and based on data collected from questionnaires rather than quantitative indoor sampling and analysis
(Jacobs et al., 2010; Jacobs, 2011). Among few efforts that aimed at
quantitatively assessing the overall indoor environment within green
buildings, little has been reported regarding the impact of aerosol particles on the IAQ of low-income green homes (Colton et al., 2014; Frey
et al., 2015; Xiong et al., 2015).
This research is a subset of the Green Housing Study (GHS), a multisite study designed by the Centers for Disease Control and Prevention
(CDC) and the Department of Housing and Urban Development (HUD).

A main objective of the GHS is to investigate how green housing factors
are associated with IAQ and children's respiratory health. For the current
manuscript, we compare and quantitatively evaluate the indoor air quality between green and non-green low-income homes in one of the GHS
sites, Cincinnati, Ohio.
2. Methods
2.1. Study design
The study site in Cincinnati was a low-income multi-family housing
complex of approximately 800 apartments. The housing complex renovations were subsidized by a federal housing program. The occupants of
these residences were primarily English-speaking African Americans.
The corresponding control homes, located about 6 miles from the test
site, belonged to a Cincinnati Metropolitan Housing Authority (CHMA)
housing community built in the 1940s that is populated by lowincome (mostly English-speaking African American) residents.
Subject recruitment in Cincinnati was initiated at a town hall
meeting in October 2011 in order to reach a sample size goal of 64
children (established for each study site of the GHS). All residents
were invited to the meeting by mailing ﬂiers to their units. Following
the town hall meeting, recruitment proceeded mainly by door-todoor home visits which likely resulted in a convenience sample of
eligible households. The main inclusion criterion was having a child
(ages 7–12 years) with a report of doctor-diagnosed asthma residing
in the unit. Table 1 describes the elements of renovation in the
“green” housing complex.
Fig. 1A & B depicts the timeline of the study in 42 homes, of which
14 were considered non-green units, and 28 were green units. Fig. 1A
depicts eight homes for which we were able to also conduct assessments before (i.e., Baseline pre-renovation visit = Visit 1).
Baseline (post-renovation) data on green-renovated homes was collected within four months of renovation (Visit 2). Thereafter, data were
collected from these homes every six months for a period of one year
(Visits 3 and 4). Parallel assessments were simultaneously conducted

Table 1
Comparison of building features between the green-renovated homes and non-green
homes.
Renovation features implemented in the “Green” homes

Present in non-green
(control) homes

Integrated pest management (“green” feature)
Low VOC countertops, doors, and paint (“green” feature)
Energy efﬁcient windows and doors (“green” feature)
Energy efﬁcient lighting and bulbs (“green” feature)
Low ﬂow toilets (“green” feature)
New rooﬁng (not a “green” feature)
Whole house insulation (“green” feature)
Energy efﬁcient central heating/cooling systems with
programmable thermostats (“green” feature)
Bathroom exhaust fans
Combination smoke/carbon monoxide alarms
Designated parking for low emission vehicles (“green” feature)

No
No
No
No
No
No
No
No
Yes
No
No
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Fig. 1. Schematic of an overall timeline for the Cincinnati Green Housing Study (CGHS). (A) Green homes (n = 8) in the housing complex that had visits before and after renovation.
White home indicates the pre-renovation visit. (B) Green homes in one housing complex (n = 28) vs. non-green homes in a different housing complex (n = 14). Gray shading
indicates green homes.

in the non-green homes at a different low-income housing complex
located within 5 km of the ﬁrst housing complex. For the non-green
homes, no Visit 1 assessments occurred because there was no “prerenovation” measurement.
2.2. Indoor air sampling and analysis
We measured six pollutants indoors: particulate matter b2.5 μm
(PM2.5), black carbon (BC), sulfur (S), ultraﬁne particles (UFP), total
volatile organic compounds (TVOCs) and formaldehyde. Sulfur concentrations were calculated to determine the indoor/outdoor (I/O)
ratio, which has been used as a surrogate for air exchange rates. Each
air sample was collected in the child's bedroom to determine the level
of indoor pollution in the space where the asthmatic child was likely
to spend most of his/her time indoors. In cases where the child spent
the majority of his/her time in the parent's bedroom, the sampling
event was conducted in the parent's bedroom instead. Additionally,
questionnaires were administered to families to collect data on household and occupant characteristics. The following questionnaire data
were analyzed to determine if other occupant activities had an impact
on indoor concentrations pre- and post-renovation:
−
−
−
−
−
−
−

frequency of opening of windows,
use of paint thinner, brush cleaner, furniture stripper,
use of varnish, lacquer, wood stain, wet paint,
use of toilet bowl deodorant,
use of air freshener, room deodorizer,
use of mothballs, and
use of ﬁngernail polish.

The majority of the pollutants, except for ultraﬁne particles, were
measured over a ﬁve-day period. Temperature and relative humidity
measurements were made using a HOBO® data logger (Onset Computer
Corporation, Bourne, MA) and were continuously recorded every 5 min
throughout the ﬁve-day sampling duration. The data were downloaded
to a computer for further analysis. Integrated PM2.5 samples were collected at a height of 1 m above the ﬂoor for ﬁve days. The PM2.5 sample
collection was performed onto 37 mm diameter, 2.0 μm pore-size
polytetraﬂuoroethylene (PTFE) membrane ﬁlters using single-stage
Personal Modular Impactors (SKC, Inc., Eighty Four, PA) connected to
AirChek 2000 (Model 200-2002; SKC, Inc., Eighty Four, PA) pumps.
These pumps are portable and designed for quiet indoor operation. The
pump was calibrated to a ﬂow rate of 3 (± 10%) L/min prior to the
start of sampling and checked immediately after sampling with a BIOS
DryCal DC-2 ﬂow meter (SKC, Inc., Eighty Four, PA).
The ﬁlters were analyzed for PM2.5 and BC content at the LamontDoherty Earth Observatory following standard protocols for PTFE ﬁlters
(Grass et al., 2010; Yan et al., 2011). Brieﬂy, after equilibration for at
least 24 h in a temperature- and humidity-controlled chamber, ﬁlters
were statically discharged via polonium sources and weighed on a
microbalance located inside the chamber. Two reference weights and
one internal lab ﬁlter were measured every weighing session. A minor
correction was made to all ﬁlters for differences in ﬁlter buoyancy
due to atmospheric pressure difference pre- and post-measurement.
The mass concentration of black carbon on the PM2.5 ﬁlters was measured using a multi-wavelength integrating sphere method (Yan et al.,
2011) that deployed a balanced deuterium tungsten halogen light
source (DH-2000-BAL), an integrating sphere (ISP-50-8-R), a labmade ﬁlter holder, and an Ocean Optics USB4000-VIS-NIR miniature
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ﬁber-optic spectrometer. Furthermore, sulfur concentrations of the
PM2.5 ﬁlters were quantiﬁed utilizing energy dispersive X-ray ﬂuorescence (XRF) spectrometry (EPA, 1999).
Real-time concentrations of ultraﬁne particles were measured in the
child's bedroom with a P-Trak (TSI, Inc., Shoreview, MN) for 45–60 min
on day one of the ﬁve-day sampling. The P-Trak Ultraﬁne Particle
Counter is a portable handheld device used to detect and count particles
between the size range of 0.02–1 μm.
Simultaneously with the ﬁve-day PM2.5 sampling, continuous air
sampling was conducted using passive diffusion dosimeters for VOCs;
solvents were measured with organic vapor monitors (3520 Badge,
3M, Saint Paul, MN), and aldehydes were sampled with passive sampling badges (UMEx 100, SKC Inc., Eighty Four, PA). VOCs and aldehyde
samples were sent to the Wisconsin Occupational Health Laboratory
(WOHL) for analysis. VOCs were desorbed from the passive sampling
media with carbon disulﬁde and quantiﬁed using gas chromatography
coupled with ﬂame ionization (GC-FID) and mass spectrometric
(GC/MS) detection (Agilent, Santa Clara, CA) (WOHL, 2011). Aldehydes
were desorbed from passive 2,4-dinitrophenylhydrazine (DNPH) treated media with acetonitrile, and the derivatized aldehydes were quantiﬁed using ultra high-performance liquid chromatography (UPLC) with
UV detection (Acquity, Waters, Milford, MA) (WOHL, 2010).
Air exchange rates (AER) were assessed using perﬂuorocarbon (PFT)
technique (Dietz et al., 1986). Brieﬂy, sources of perﬂuoromethyl cyclohexane gas (PMCH) were placed on external walls of the investigated
apartment and a capillary absorption tube (CAT) was placed in the
center of the home to sample the gas by diffusion. The PFT was quantiﬁed by gas chromatography and AER was calculated by assuming a
well-mixed interior (Dietz et al., 1986). Due to a batch-speciﬁc PMCH
contamination problem, our results were deemed reliable for only
40 total of 119 AER assessments. Negligible levels of tracer gas on lab
and ﬁeld blanks were used as the criteria to conﬁrm the removal of
the source of contamination. However, due to a batch-speciﬁc PMCH
contamination problem, our results were deemed reliable for only 40
total of 119 AER assessments. Negligible levels of tracer gas on lab and
ﬁeld blanks were used as the criteria to conﬁrm the removal of the
source of contamination.
2.3. Outdoor air sampling
To obtain an estimate of outdoor PM2.5, black carbon and VOC concentrations, outdoor sampling was conducted on the roof of a building
located at a central site that was within a 5 km radius of both housing
complexes. The outdoor sampling was performed during one week
per each season using the same methods and protocols as for indoor
sampling. These measurements were repeated throughout the duration
of the study to yield an estimate of the average outdoor PM2.5 and VOC
concentrations. To compare the outdoor-to-indoor data, an average
was calculated from the total indoor-to-outdoor ratios determined for
individual homes. For this calculation, indoor measurements were
taken from homes where sampling corresponded with the same dates
as outdoor sampling events.
2.4. Statistical analysis
2.4.1. Part 1: “Green vs. Non-Green”
Differences in concentrations of all six pollutants between green or
non-green homes (Fig. 1B) were assessed using mixed effects linear
models. Only observations from Visits 2, 3, and 4 were used in this
portion of the analysis. To take into account autocorrelation among
repeated measurements in a home, home ID was treated as a random
effect in the models. (i.e., each home had its own intercept). The models
were adjusted for indoor relative humidity, season and number of occupants. The number of occupants were used instead of occupant density
given that square footage of green (average = 987 ft2) and non-green
(average = 970 ft2) homes in this study were comparable. Seasons
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were categorized as heating (October–March) vs. non-heating (April–
September), based on personal communication with representatives
from a local energy company in Cincinnati. Each model only used observations with complete information on all relevant variables. Models
were ﬁt using the Nonlinear Mixed Effects Model (NLME) package in
the R Project for Statistical Computing software (RStudio, Boston, MA)
and MATLAB (Mathworks, Natick, MA).
2.4.2. Part 2: “Before and after renovation”
Differences between pre- and post-renovation data for homes within the same housing complex were assessed in a separate analysis
(Fig. 1A). Only homes with Visit 1 were used in this portion of the analysis. Visit 1 (Baseline pre-renovation) was considered non-green and
Visits 2, 3, and 4 (all of which were post-renovation) were considered
as green for these homes. Differences in concentrations of all six pollutants between Visit 1 compared to Visits 2, 3, and 4 were assessed using a
Wilcoxon signed rank test. Questionnaire responses about home characteristics were dichotomized (e.g., Windows opened on average
more than 3 h during the week of air sampling (Yes/No)), then a
McNemar's test was used to identify changes in occupant behavior
that could potentially affect ventilation and have an inﬂuence on the
indoor air pollution, based on questionnaire data, from pre-renovation
to post-renovation.
3. Results and discussion
Household demographics (Table 2) showed that more than 95%
of the population in both green and non-green homes identiﬁed as
African-American, with the entire study population earning b$25,000
per annum. While it appears that many of the primary caregivers
(mainly mothers) of the green homes had attained a high school
diploma or GED (test of high school ability), many of the primary caregivers in the non-green homes did not ﬁnish high school. Additionally,
the majority of the primary caregivers in green homes reported an
annual household income b$5000, whereas a higher number of primary
caregivers in non-green homes reported an annual household income
between $10,000 and $25,000. It is not clear if these differences could
inﬂuence household characteristics that could subsequently affect environmental exposure or asthma outcomes of their children. However

Table 2
Occupant and household characteristics of low-income green and non-green homes.
Characteristics

Race/ethnicity
African American
White
Number of occupants per
household (median)
Adults
Children
Presence of pets
Smoking
Household member
Visitors in house
Level of education
bHigh school diploma or GED
High school diploma or GED
Some college but no degree
Associate degree
Bachelor's degree
Annual household income
b$5000
$5000–$9,999
$10,000–$25,000

Green homes
(N = 28)

Non-green homes
(N = 14)

p-Value

N (%)

N (%)

27 (96%)
1 (4%)
4

14 (100%)
0
4

0.53
0.53
0.29a

3
1
5 (18%)

3
1
4 (29%)

0.09a
0.23a
0.41

20 (71%)
19 (68%)

8 (57%)
9 (64%)

0.3
0.84

3 (11%)
11 (39%)
12 (43%)
1 (4%)
1 (4%)

6 (43%)
2 (14%)
3 (21%)
3 (21%)
0

0.02
0.09
0.18
0.06
0.49

18 (64%)
7 (25%)
3 (11%)

5 (36%)
0
9 (64%)

0.08
0.04
b0.001

a
Two-sample t-test used to test differences for continuous variables. A chi-square test
was used to test differences for categorical variables.
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Table 3
Medians and interquartile ranges of pollutant concentrations from all repeated home
visits and outdoor sampling sessions.
Indoor pollutants

n

Median

Interquartile range

PM2.5 (μg/m3)
Black carbon (ng/m3)
Sulfur (μg/m3)
Ultraﬁne particles (count/cm3)
Total VOCs (ppm)
Total VOCs (μg/m3)
Formaldehyde (ppm)

94
93
93
102
96
96
96

41
988
0.51
19,000
0.32
1,283
0.02

25–62
720–1,400
0.42–0.61
10,000–32,000
0.24–0.61
830–2,200
0.014–0.033

Outdoor pollutants

n

Median

Interquartile range

PM2.5 (μg/m3)
Black carbon (ng/m3)
Sulfur (μg/m3)
Total VOCs (ppm)
Total VOCs (μg/m3)
Formaldehyde (ppm)

34
40
41
7
7
7

28
939
0.6
0.1
429
0.0053

27–29
670–1,170
0.4–1
0.09–0.2
350–710
0.004–0.006

n = number of observations for all homes that were sampled or outdoor sampling
sessions.

socioeconomic status will be investigated further in future Green
Housing study sites. Furthermore, green and non-green homes had an
equally high number of smokers. The presence of pets was considerably
low in both green (18%) and non-green (29%) homes.
Table 3 summarizes the overall averages of indoor and outdoor pollutant concentrations. To understand whether these concentrations
were high or low, we compared to other studies. We found that indoor
PM2.5 levels measured in our study were much higher than those
reported in other studies. Xiong et al. (2015) reported ranges between

1 and 6 μg/m3 in the green buildings; Colton et al. (2014) reported
medians of 8.9 μg/m3 and 15.1 μg/m3 in green and non-green homes, respectively; Frey et al. (2015) reported medians of 13 μg/m3 in nonrenovated and 20 μg/m3 in post-renovated buildings. Additionally,
Martuzevicius et al. (2008) reported indoor PM2.5 ranges between 9.1
and 46 μg/m3 within traditional non-green homes in Cincinnati, which
is much lower than the indoor PM2.5 concentrations that we observed
in this investigation. Indoor black carbon measurements, used as a surrogate for elemental carbon, however, were similar to those reported by
Martuzevicius et al. (2008). Compared to the levels of indoor sulfur
found by Martuzevicius et al. (2008), 0.01–4 μg/m3, our measurements
were lower. The ultraﬁne particle concentrations observed in this study
were somewhat lower than those reported by Hochstetler et al. (2011).
They found concentrations ranging from 2,000 to 56,000 count/cm3 for
indoor air in schools of the Cincinnati metropolitan area. Indoor total
VOC levels measured in this investigation were fairly low compared to
other studies conducted in the north-eastern US [210–6,000 μg/m3
(Pickett and Bell, 2011)]. The indoor formaldehyde measurements
also revealed somewhat lower levels than those reported by other investigators; Frey et al. (2015) reported a median of 0.04 ppm in nonrenovated homes and 0.05 ppm in renovated homes and Xiong et al.
(2015) reported medians ranging from b0.01 ppm–0.04 ppm in green
homes.
Fig. 2 presents the indoor concentrations of all the six variables
in green and non-green homes. There were no signiﬁcant differences
between green and non-green homes in the concentrations for any of
the pollutants, in either the unadjusted mixed effects model or in the
model adjusted for humidity, occupants and season. Unlike the ﬁndings
of recent studies conducted by Frey et al. (2015) and Colton et al.
(2014), where the investigators studied the impact of green new

Fig. 2. Indoor concentrations in green versus non-green homes. Panel of boxplots for the concentrations of the various pollutants separated by visit number and green/non-green status of
homes in Fig. 1B. Green homes are represented by the shaded gray bars and non-green homes by the white bars. The y-axis is plotted on the log scale and the number of observations
during each visit is stated on top of each boxplot. The boxes represent the interquartile range, the dark line represents the median and the whiskers represent the most extreme data
point, which is no more than one and a half interquartile range away from the box. Points beyond the whiskers have been omitted.
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construction on the indoor air quality and noticed PM2.5 levels decreasing signiﬁcantly over time, we did not ﬁnd signiﬁcant difference between either green or non-green homes nor between sampling visits
(2, 3 and 4) in green homes. Indoor PM2.5 and BC followed similar trends
in green homes, where concentrations rose slightly from Visit 2
(i.e., Baseline post-renovation visit) to Visit 3 (i.e., 6-month follow-up
visit), then declined so that during Visit 4 (i.e., 12-month follow-up
visit), the concentrations were similar to those observed during the
Visit 2 (i.e., Baseline post-renovation visit).
It has been shown in previous studies that both indoor (tobacco
smoke, etc.) and outdoor sources (automobile exhaust, etc.) contribute
to PM2.5 concentrations in the indoor environment (Abt et al., 2000;
Na and Cocker, 2005; Götschi et al., 2002). The median of indoor PM2.5
concentrations was higher than that of the outdoor concentrations
(41 μg/m3 vs. 28 μg/m3) (Table 3). Additionally, the I/O ratio for PM2.5
in this study ranged from 1 to 11, with a median of 5.3 (data not
shown) suggesting that PM2.5 was dominated by indoor sources. This
may, at least partially, be associated with a high percentage of smokers
in the majority of our study homes (Table 2). Na and Cocker (2005)
have shown that 24-h average concentration of PM2.5 was over
200 μg/m3 in homes with a frequent smoker whereas only about
30 μg/m3 in similar homes without smokers. Another study using realtime monitoring in low-income multifamily housing showed that
transient PM2.5 concentration can be up to 1000 μg/m3 indoors during
smoking (Russo et al., 2015).
The median of indoor BC concentrations was close to that observed
outdoors (988 ng/m3 and 939 ng/m3, respectively) (Table 3). Additionally, the I/O ratio for BC ranged from 0.3 to 5.1, with a median of
0.7 (data not shown) suggesting that indoor concentrations mostly
followed outdoor concentration trends. Therefore, our data on BC
corroborated previously reported ﬁndings that indoor BC concentration
depends predominantly on the outdoor concentration (Götschi et al.,
2002).
Data on the I/O ratio for sulfur also showed no difference between
green apartments (average = 3.1) at and the non-green (average =
3.3) apartments at the control housing complex. This could be due
to the inﬂuence of other environmental and emission parameters
such as smoking indoors and the opening of windows, which could
affect the indoor concentrations of sulfur. The median calculated from
indoor sulfur data was similar to that calculated from the outdoor data
(0.5 μg/m3 and 0.6 μg/m3, respectively). Overall, the I/O ratio for sulfur
ranged from 0.1 to 4.5, with a median of 1.1 (data not shown); this,
again, suggests that indoor concentration followed the outdoor trends.
Additionally, the I/O ratio for sulfur in green homes ranged from 0.1 to
3.9 with a median of 1.3, whereas in non-green homes it ranged from
0.4 to 4.5 with a median of 1.4. As I/O ratio of sulfur is a surrogate for
air exchange (Wallace and Williams, 2005), our sulfur data indicate
that air exchange rates were similar in green and non-green homes.
Sulfur I/O data were supported by the data from AER measurements
as there was no signiﬁcant difference in air exchange rate per hour between green (median = 0.5) and non-green (median = 0.6) home
types (p = 0.3; data not shown). This did not follow the trend observed
by Colton et al. (2014) who showed that there was marginally lower
AER in green homes. The difference could potentially be attributed to
the smaller sample size of the present study.
Real-time ultraﬁne particle measurements did not follow the trends
identiﬁed for either black carbon or PM2.5. One of the potential reasons
for this can be explained by the different sampling schedule, as ultraﬁne
particles were measured for only 45–60 min on the days of equipment
deployment instead of a continuous 5 day sampling regimen used for
PM2.5 and BC. Since resident behaviors can vary widely throughout the
day, this likely affected variability in ultra-ﬁne measurements.
There was no signiﬁcant difference in the levels of formaldehyde and
total VOC levels between green and non-green homes (Fig. 2). This
could be explained by the high levels of indoor smoking in both types
of homes (Table 2). It was established that indoor formaldehyde and
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total VOC concentrations were dependent mainly on indoor sources as
the outdoor concentrations were much lower than the indoor concentrations (Table 3). Similar trends have been established for formaldehyde in previous studies (Salthammer et al., 2010).
Although there were no signiﬁcant differences in any of the six
pollutants between the green units at the test site and non-green
units at the control site, signiﬁcant differences were found in BC and
formaldehyde levels measured before and after green renovations
in the units at the test site (Fig. 3). BC observed immediately post
renovations at Visit 1 (average = 682 ng/m3) was signiﬁcantly lower
(p = 0.01) than the pre-renovation level found at Visit 0 (average =
2364 ng/m3). Formaldehyde concentrations were found to be signiﬁcantly higher (p = 0.004) in homes immediately post renovation as
compared to pre-renovation (0.03 vs. 0.01 ppm). The signiﬁcant increase in the levels of formaldehyde, however, was not consistent
with the ﬁndings of previous studies which either reported signiﬁcant
decrease of the formaldehyde level (Frey et al., 2015) or failed to ﬁnd
its increase in the green buildings post-renovation. In the current
study, an increase in indoor formaldehyde levels post-renovation can
be explained by indoor smoking (WHO, 2010) among other parameters
such as the presence of new building material consisting of particleboard and plywood, which could potentially contain formaldehydebased resins (WHO, 2010).
Based on questionnaire data from all pre- and post-renovated
homes, frequency of opening of windows tended to be lower trend immediately post renovation. Five homes tended to have opened windows
for at least 3 h per day during the sampling period prior to renovation
(Visit 1, N = 8) compared to two homes post renovation (Visit 2,
N = 8) (p = 0.1). These results were likely not affected by seasonal variation as sampling was spread throughout all seasons. A decrease in the
opening of windows post-renovation potentially reduced the transport
of BC from outdoors to indoors. In contrast, this behavior may have
increased the accumulation of formaldehyde from indoor sources. Additionally, although AERs were not obtained from all the homes in this
study, lower sulfur levels in homes post-renovation implied increased
air tightness in renovated homes. This could lead to a decrease in the
inﬁltration of outdoor air pollutants and an increase in accumulation
of pollutants from indoor sources. This in turn would explain a higher
indoor formaldehyde concentration from indoor sources and lower
BC concentration, which originated primarily from outdoor sources.
Besides the opening of windows, no statistical signiﬁcance/trend was
identiﬁed for any of the other questionnaire data.
All of the pollutants evaluated in this paper have been reported to
generate detrimental effects on human health. Although no limits
have been established for indoor PM2.5, the World Health Organization
(WHO) retains the existing 24-h ﬁne particle standard for outdoor
air (issued in 2005) at 25 μg/m3 (WHO, 2010). In our study, 71%, 89%
and 78% of green homes were higher than the WHO PM2.5 standard
during Visits 1, 2 and 3, respectively. Among non-green homes, the
respective percentages were 69%, 62% and 67%. Carbonyls, especially
formaldehyde is ubiquitous in the indoor environment. The levels
of formaldehyde measured in all green and control homes exceeded
the recommended exposure limit (REL) of 7 ppb, established by the
California EPA (2008). However, none of the measured formaldehyde
levels were higher than the 0.1 mg/m3 (i.e., 81 ppb) WHO guideline
(WHO, 2010). No guideline values are available for black carbon, sulfur,
ultraﬁne particles or TVOCs.
4. Study limitations
There were several limitations in the study, starting with the small
sample size. Small sample size combined with high variability in pollutant concentrations decreased our ability to detect signiﬁcant differences
in IAQ between green and non-green homes. The ultraﬁne particles
were measured for shorter time than the PM2.5, which limits the comparability of results between ultraﬁne and PM2.5 particles. However, it is
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Fig. 3. Indoor concentrations of environmental pollutants in pre- and post-renovated homes presented in Fig. 1A. Each symbol in the ﬁgure represents a single measurement. The data
represent measurements conducted only in homes of families that stayed within the community pre- and post-renovation. The lines in the ﬁgure represent the medians. * represents
statistically signiﬁcant difference (p b 0.05).

notable that signiﬁcant differences were seen only in the comparison
that had the smallest sample size: pre- vs. post-renovation visits of
the eight homes in the green housing complex. There were also several
homes that were lost to follow-up after Visit 1, which further reduced
the sample size. Selection bias could be an issue if households with
perceived poor IAQ preferentially enrolled from the green or from the
non-green housing complexes. However, this is unlikely since we had
almost equal smoking prevalence, one of the strongest indicators of
poor IAQ (IOM, 2011), in both types of home. Additionally, air exchange
data was available only for a fraction of homes, which limited our ability
to appropriately determine the tightness of the building envelopes and
consequently narrowed our options in examining factors affecting the
transport of air pollutants. The limited air exchange data, however,
agreed well with the I/O ratio of sulfur. Smoking could potentially be
an effect modiﬁer in this study. Both green and non-green homes had
over 50% of household members smoking indoors. Therefore, even if
the green homes were tighter and prevented more outdoor particles
from getting in, indoor smoking would still make the levels in both
green and non-green homes appear to be the same. Lastly, the building
materials in the non-renovated homes were older than the newly renovated homes and would therefore generate fewer indoor emissions.
This could have affected the formaldehyde concentrations indoors.
With our small sample size of n = 28 green homes and n = 14 nongreen homes, we were not able to test for effect modiﬁcation in our
models, but future studies might be able to investigate this further.
5. Conclusions
There was no signiﬁcant difference in the levels of PM2.5, black
carbon, sulfur, ultraﬁne particles, total VOCs or formaldehyde between
green homes at the test site and non-green homes at the control site. Differences were observed only when the homes located in the same community were compared before and after the “green” renovation. Black

carbon levels were signiﬁcantly lower immediately post-renovation
whereas formaldehyde was signiﬁcantly higher immediately postrenovation. Both of these trends appear to be attributable to opening
of windows that decreased after renovation. Overall, the results indicate
that occupants' activities appear to affect the indoor air quality more
than the renovation status.
We could not detect signiﬁcant differences between green and nongreen homes, since this study was underpowered. However with future
study sites and additional homes in different locations, it might be able
to detect differences in green and non-green homes.
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