RESEARCH ARTICLES

Health Outcomes and Green Renovation
of Affordable Housing

JiLL BreYsse, MHS* ABSTRACT

Davip E. Jacoss, PHD? . . . . . .
WILLIAM {NEBER MARCH® Objective. This study sought to determine whether renovating low-income

SHERRY DIXON. PHD? housing using “green” and healthy principles improved resident health and
CAROL KawEck1, MA, RN# building performance.
SusaN AceTti, MSW*

JorGE Lopez BS Methods. We investigated resident health and building performance outcomes

at baseline and one year after the rehabilitation of low-income housing using
Enterprise Green Communities green specifications, which improve ventila-
tion; reduce moisture, mold, pests, and radon; and use sustainable building
products and other healthy housing features. We assessed participant health
via questionnaire, provided Healthy Homes training to all participants, and
measured ventilation, carbon dioxide, and radon.
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respiratory problems. Post-renovation building performance testing indicated
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Low-income families are more likely to encounter
environmental health and safety hazards in their
homes and communities and are, therefore, dispro-
portionately affected by environmental diseases."?
Low-income children are eight times more likely to
suffer from lead poisoning,® and childhood asthma
rates are higher in low-income communities.* Housing
affects health directly and indirectly, and the burden
of housing-related diseases and injuries is substantial.’
Physical, chemical, and biological exposures in the
home that produce adverse health outcomes and
associated housing interventions have been reviewed
elsewhere.*” Data are needed to elucidate the complex
links between health, buildings, and communities to
enable building owners, community planners, and
others to more confidently implement health-based
housing interventions. This study sought to determine
whether renovating low-income housing using green
and healthy principles improved resident health and
building performance.

Several different “green” rating systems have
appeared recently, including Enterprise Green Com-
munities Criteria,'® U.S. Environmental Protection
Agency’s (EPA’s) Energy Star Plus Indoor Air Program
(Indoor airPLUS)," and Leadership in Energy and
Environmental Design (LEED)."? While such systems
may improve health, evidence to support this claim is
sparse. The definition of “green” construction is fluid
and developing. These leading green building systems
differ greatly with regard to whether health aspects of
green are required or optional. For example, the Enter-
prise Green Communities standards used in the reno-

vation described in this study include several required
health-related specifications, while LEED only provides
a certain number of optional points for health items.

Although two earlier studies demonstrated sig-
nificant respiratory health improvements in new green
construction,'®!" this is the first study to investigate
whether renovating low-income housing using green
principles improves resident health.

METHODS

A three-building, 60-unit apartment complex in south-
west Minnesota underwent substantial green renovation
in 20062007, complying with the voluntary Enterprise
Green Communities Criteria,'” which cover eight
renovation areas: integrated design process, location
and neighborhood fabric, site, water conservation,
energy conservation, materials and resources, healthy
living environment, and operations and management.
Of the housing improvements conducted, eight were
health-related (Figure 1).

We administered a structured health interview to
assess self-reported health status of participating adults
and children. The health interview was adapted from
the Centers for Disease Control and Prevention’s
(CDC’s) annual National Health Interview Survey,'
CDC’s Behavioral Risk Factor Surveillance System,'
and the National Institute of Environmental Health
Sciences’ National Survey of Lead and Allergens in
Housing (sponsored in conjunction with the U.S.
Department of Housing and Urban Development
[HUD])."

Figure 1. Health-related green housing rehabilitation features:

Green Housing Renovation Study, Minnesota, 2006-2008

Green housing feature

Rehabiliation action

Ventilation and fresh air supply

Comply with ASHRAE Standard 62.2. Install air-handling units in each apartment, with ducted

supplies into bedroom and living space and central return at the unit. Duct fresh air from exterior to

systems return duct.

Off-gassing

Use low-VOC adhesives, finishes, and paints.

Radon Conduct testing and mitigate if indicated.

Pest control

Tobacco smoke No smoking in common areas
Mold control No carpets in wet rooms
Moisture control

Other green features

Conduct integrated pest management.

Install kitchen and bath exhaust fans.

Energy: Install geothermal heating and cooling system; install high-performance (U-value 0.32)

windows; add insulation to exterior walls (existing R-value 11 plus 7.5 added) and to roof assembly

(R-value 48).

Water: Replace water fixtures in kitchen and bathroom, install dual-flush toilets, and install low-water

clothes washers.

ASHRAE = American Society of Heating, Refrigerating, and Air-Conditioning Engineers

VOC = volatile organic compound
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Interviews were administered one to four months
after residents moved into renovated apartments and
were repeated 12 to 18 months later. We assessed pre-
renovation health status through respondent recall at
this interview, which included questions concerning
housing characteristics, demographics, cleaning prac-
tices, smoking history, respiratory health, and physical
injury. One adult per dwelling was interviewed and
provided information on his or her health and the
health of other resident adults and children. Study data
collection began in November 2006 and was completed
in September 2008.

Time 0 (TO) refers to the residents’ recall of con-
ditions in their old homes prior to renovation; time
1 (T1) refers to the first study visit, which occurred
an average of 67 days after people moved into the
renovated apartments; and time 2 (T2) refers to the
follow-up visit approximately 12 to 18 months later.
Following each interview, residents received training
on maintaining a healthy home using a HUD booklet
focusing on methods of keeping housing dry, clean,
pest-free, safe, contaminant-free, ventilated, and
maintained."

Building performance testing was conducted in the
third renovated building (the only one that was vacant
after renovation was complete but before re-occupancy)
to compare it with design criteria and building stan-
dards. The renovated air-handling system was designed
to supply outdoor air to individual apartments, instead
of the pre-renovation system, which supplied outdoor
air only through unplanned building envelope leakage.
Airflow was measured with the air handler running
continuously. Total building shell leakage was mea-
sured using a calibrated blower door, which was also
used to test two apartments. Inlet airflow was tested
during operation of the air handler, bathroom exhaust
fans, and kitchen exhaust fans. Kitchen and bathroom
exhaust fan airflows were compared with design specifi-
cations. Duct return airflows and duct leakage from the
total air-handling system were evaluated using a duct
blaster. Interstitial pressures were measured between
rooms within individual units, with interior doors
closed if rooms were positively pressured and opened if
neutral or negatively pressured relative to the main liv-
ing space. Pressure tests were conducted to determine
if return air within living areas was adequate.

We placed three-day radon test dosimeters in 25
locations in the three buildings before renovation. After
renovation but before any radon mitigation, alpha-track
long-term (approximately 90-day) radon dosimeters
were placed in 17 locations in two buildings. After
radon mitigation in two buildings, 90-day dosimeters
were placed in 26 locations. Using Onset® HOBO

data loggers (Onset Computer Corp., Bourne, Mas-
sachusetts), carbon dioxide (CO,) levels were tracked
in the living space of four units for approximately 12
months post-renovation. Funding limitations prevented
testing more units. CO, data were retrieved quarterly
and compared with the commonly used indoor air
quality guideline of 1,000 parts per million (ppm) to
determine if fresh air ventilation was adequate.'**'

We analyzed utility bills to determine overall energy
use and carbon gas emissions before renovation and
one year after renovation. Total annual energy use
(measured in kilo British thermal units per year
[kBTU/yr]) was divided by the square footage (ft*) of
the conditioned space and heating degree days (HDD)
to compensate for yearly weather fluctuations (kBTU/
HDD/ft*/yr). When utility bill data were missing for
individual apartments, we estimated energy use by using
average energy use for the same unit type.

For interview questions that could be answered either
yes or no, we used McNemar’s test to test the hypothesis
that the percent of people answering yes to a question
was different at two specific times. When all people had
the same responses at both times, the p-value could be
calculated. The binomial test of proportion was used to
test the hypothesis that the proportion of respondents
with better health was different from the proportion
reporting worse health. For questions that could be
answered with a multiple list of options representing
some order of intensity (e.g., whether general health
was “very good/excellent,” “good,” or “fair/poor”), we
used the Cochran-Mantel-Haenszel row mean score
test for ordinal variables to test the hypothesis that the
means at two specific times were significantly different.
When comparing interview data at two different time
periods, we first matched data for both participants
and apartments. Statistical significance was defined as
$<0.05 and marginal significance as 0.05=p<<0.1. We
did not control for multiple testing.

RESULTS

Thirty-one (31) of the 54 occupied units (57%) were
enrolled in the study. Due to differing start times for
building renovation and the study, residents could not
be interviewed before renovation, so baseline data were
based on recall. At the initial visit, residents had lived in
their newly renovated apartments less than one month
to approximately four months. Housing data for TO and
T1 were gathered for 31 units. Interviewed adults from
29 apartments provided TO and T1 health data about
themselves, 21 other adults, and 30 children younger
than 18 years of age residing in these apartments.
Fifteen (52%) of the 29 apartments that provided TO
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and T1 health data had children. Residents in 18 of
the 31 units agreed to participate in the T2 follow-up
visit, a retention rate of 58%. The 18 interviewed adults
provided T2 data for themselves, six other adults, and
17 children living in these apartments. Nine (50%)
of the 18 apartments had children at T2. Of the 17
children, two were 17 years old at the T1 visit and 18
years old at the T2 visit.

Demographic data
Study participants were largely immigrants of minor-
ity race/ethnicity and all low-income (Table 1). Less

than half (43%) of the adults but most (82%) of the
children were born in the U.S. Most adults were either
white (37%) or African (not African American) (35%).
Mean annual household income was $29,000. There
were no statistically significant differences in resident
demographics between T1 and T2 (all p>0.1).

Adult health

More adults reported better vs. worse overall health at
T1 compared with TO (34% vs. 7%; p=0.042; Table 2).
Adult health status was better at T2 than T1 (p=0.052).
Sixty-two percent reported that adult health was very

Table 1. Demographic data of participants: Green Housing Renovation Study, Minnesota, 2006-2008

Initial interview (T1) Follow-up interview (T2)

Characteristic Ne Result NP Result
Born in the U.S. (n [percent])
Adults 49 21 (43) 24 11 (46)
Children 27 22 (82) 17 14 (82)
Age (in years) (mean)
Adults 50 39 24 44
Children 29 6 17 6
Highest level of education (median)
Adults 49 10th grade 24 12th grade®
Children 13 7th grade 8 6th grade
Female gender (n [percent])
Adults 50 29 (58) 24 16 (67)
Children 30 11 (37) 16 7 (44)
Race/ethnicity (n [percent])
Adults 49 22
White/Hispanic 5(10) 2(9)
White/non-Hispanic 13 (27) 8 (36)
African 17 (35) 7 (32)
Black/African American 4 (8) 2(9)
American Indian/Hispanic 1(2) 0(0)
American Indian/non-Hispanic 1(2) 0 (0)
Some other race/don’t know/Hispanic 8 (16) 3(14)
Children 29 17
White/Hispanic 1) 1(6)
White/non-Hispanic 2 (7) 2(12)
African 9 (31) 2(12)
Black/African American/Hispanic 2(7) 0 (0)
Black/African American/non-Hispanic 11 (38) 9 (53)
American Indian/Hispanic 10) 1(6)
Some other race/don’t know/Hispanic 3 (10) 2(12)
Number of people living in each apartment (mean) 31 3 18 2
Length of time in renovated home at T1 (months) (range) 30 <1-3 16 14-29
Lived elsewhere 12 months prior to T1 (n [percent]) 21 8 (38) NA NA
Annual household income (median) 8 $29,000 7 $28,000

*Although some T1 data were reported for 50 adults and 30 children in 31 homes, some values were missing.

°Although some T2 data were reported for 24 adults and 17 children in 18 homes, some values were missing.

“Two residents that were children at T1 were adults at T2.

T1 = time 1 (refers to the first study visit, which occurred an average of 67 days after people moved into the renovated apartments)

T2 = time 2 (refers to the follow-up visit approximately 12 to 18 months after people moved into the renovated apartments)

NA = not applicable
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Table 2. General health data for adults and children: Green Housing Renovation Study, Minnesota, 2006-2008

T1 T2
Count Count
Characteristic N (percent)  P-value? N (percent)  P-value? P-value®
Health comparison: interviewed adult 29 0.042 18 0.786 NA
Better 10 (34) 5 (28)
Same 17 (59) 9 (50
Worse 2(7) 4 (22)
Health comparison: child® 30 0.476 15 0.358 NA
Better 7 (23) 5(33)
Same 19 (63) 8 (52)
Worse 4 (13 2(13
General health status: adult 21 NA 21 NA 0.052
Very good or excellent 7 (33) 13 (62)
Good 10 (48) 5 (24)
Fair or poor 4 (19 3 (14
General health status: child 17 NA 17 NA 0.206
Very good or excellent 9 (53) 11 (65)
Good 6 (35) 6 (35)
Fair or poor 2(12) 0 (0)

?P-value from the binomial test of proportion that the percent with better health is greater than the percent with worse

bP-value from the Cochran-Mantel-Haenszel row mean score test (for ordinal variables) that there was a difference in the means at T1 and T2

At T1 respondents were asked about changes from time 0. At T2 respondents were asked about changes from T1.

T1 = time 1 (refers to the first study visit, which occurred an average of 67 days after people moved into the renovated apartments)

T2 = time 2 (refers to the follow-up visit approximately 12 to 18 months after people moved into the renovated apartments)

NA = not applicable

good/excellent at T2, compared with 33% at T1. Those
reporting health status as fair/poor decreased from
19% at T1 to 14% at T2. The percentage of adults
reporting several specific health problems signifi-
cantly improved from TO to T1 (Figure 2) for asthma
(p=0.046) and non-asthma respiratory problems
(p=0.030). Improvements in reports of non-asthma
respiratory problems (p=0.025) remained significant
from TO to T2 (Figure 3). For adults, non-asthma
respiratory problems included emphysema, hay fever,
sinusitis, and chronic bronchitis.

Child health

More children had better overall health vs. worse
health at T1 than TO, although the difference was not
significant (23% vs. 13%; p=0.476; Table 2). Reports
of general child health status did not significantly
change when comparing T1 to T2 ($p=0.206). The
percentage of children with non-asthma respiratory
problems improved from 33% to 15% between T0 and
T1 (p=0.025) (Figure 2). For children, non-asthma
respiratory problems included hay fever, sinusitis,
chronic bronchitis, ear infections, and respiratory
allergies. At TO and T1, only 7% of children reportedly
had doctor-diagnosed asthma.

Housing condition

The majority of people reported that their newly
renovated homes at T1 were easier to clean (p<<0.001),
more comfortable ($<0.001), and safer (p=0.008)
than their old homes at TO; their neighborhood was
safer (p=0.021); and their children played outside
more ($p=0.059) (Figure 4). At T1, significantly fewer
people reported that their renovated homes had a
mildew odor/musty smell ($=0.020) or evidence of
water/dampness (p=0.083) (Figure 5). At T2, only
one person reported dampness, and none reported
mildew odors/musty smells (Figure 6).

The percentage of residents reporting a cockroach
problem marginally improved at T1 compared with
TO (p=0.083; Figure 5). From TO to T1, the use of
insecticides by either residents or exterminators/main-
tenance personnel significantly improved (p=0.059
and p=0.003, respectively). At T2, only two people
still reported having cockroach problems, and none
reported using insecticides at home (Figure 6). The
percentage of residents reporting mice/rat problems
in the previous 12 months decreased from TO to T2
(p=0.046).

From TO to T1, fewer people reported smoke inside
their homes due to incense, cigarettes, cigars, pipes,
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wood fires, or non-tobacco cigarettes (p=0.025) (Fig-
ure 5). The percentage increased slightly between TO
and T2, but not significantly (p=0.157) (Figure 6).

Building performance testing and indoor CO,

Blower door testing showed building air leakage was
0.38 cubic feet per minute per square foot at 50 pascals
(cfm/ft?*@50 Pa) (Table 3), higher than the current
standard for Minnesota single family housing of 0.24
cfm/f?@50 Pa.?? The mean leakage in individual units
was 3.7 times greater than that for the building. Mean
fresh air supply rates to individual units were 21 cfm
and 29 cfm for two- and three-bedroom units, respec-
tively, approximately 70% of the American Society of
Heating, Refrigerating, and Air-Conditioning Engi-
neers (ASHRAE) 62.2 standards of 30 cfm and 39 cfm,
respectively.” The mean annual level of CO, was 982
ppm, slightly less than the 1,000 ppm guideline. The
mean kitchen exhaust fan high-speed airflow of 84 cfm
was slightly below ASHRAE’s 100-cfm standard, but the

mean bathroom exhaust airflow of 68 cfm exceeded
ASHRAE’s 50-cfm standard. The mean measured return
airflow for tested air handlers was 346 cfm, within 10%
of manufacturer-specified values. However, the mean
duct leakage was 28 cfm/100f*@25 Pa, more than 3.5
times higher than EPA’s Indoor airPLUS new construc-
tion criterion of 6 cfm/100f*@25 Pa.'' The bedrooms
were under positive pressure with the ventilation system
on, contrary to design specifications.

Radon

Of the 25 areas having pre-renovation short-term radon
tests, seven had radon levels equal to or greater than
the EPA’s 4-picocuries-per-liter (pCi/L) action level
(Table 4).** Because the renovation included sealing
of all basement foundation cracks, radon mitigation
was not included in the original renovation. But post-
renovation long-term measurements conducted before
radon mitigation yielded two of 17 tested areas with
levels greater than 4 pCi/L; therefore, radon mitigation

Figure 2. Change in reports of specific adult (n=49) and child (n=27) health issues, pre-renovation (T0) vs.
immediate post-renovation (T1): Green Housing Renovation Study, Minnesota, 2006-2008
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*For adults, non-asthma respiratory problems include emphysema, hay fever, sinusitis, and chronic bronchitis.

°For children, non-asthma respiratory problems include hay fever, sinusitis, chronic bronchitis, ear infections, and respiratory allergies.

TO = time O (refers to the residents’ recall of conditions in their old home prior to renovation)

T1 = time 1 (refers to the first study visit, which occurred an average of 67 days after people moved into the renovated apartments)

NA = not applicable
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Figure 3. Change in reports of specific adult (n=22) and child (n=13) health issues, pre-renovation (T0) vs.
one year post-renovation (T2): Green Housing Renovation Study, Minnesota, 2006-2008
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*For adults, non-asthma respiratory problems include emphysema, hay fever, sinusitis, and chronic bronchitis.

®For children, non-asthma respiratory problems include hay fever, sinusitis, chronic bronchitis, ear infections, and respiratory allergies.

TO = time O (refers to the residents’ recall of conditions in their old home prior to renovation)

T2 = time 2 (refers to the follow-up visit approximately 12 to 18 months after people moved into the renovated apartments)

NA = not applicable

Figure 4. Changes in reports of general housing condition (better vs. worse), pre-renovation (T0) vs.
immediate post-renovation (T1): Green Housing Renovation Study, Minnesota, 2006-2008
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Figure 5. Changes in reports of specific housing conditions, pre-renovation (T0) to immediate post-renovation

(T1): Green Housing Renovation Study, Minnesota, 2006-2008
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TO = time O (refers to the residents’ recall of conditions in their old home prior to renovation)
T1 = time 1 (refers to the first study visit, which occurred an average of 67 days after people moved into the renovated apartments)

Figure 6. Changes in specific housing conditions, pre-renovation (T0) to one year post-renovation

(T2): Green Housing Renovation Study, Minnesota, 2006-2008
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TO = time O (refers to the residents’ recall of conditions in their old home prior to renovation)

T2 = time 2 (refers to the follow-up visit approximately 12 to 18 months after people moved into the renovated apartments)
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Table 3. Building ventilation performance results: Green Housing Renovation Study, Minnesota, 2006-2008

Design criterion

Ventilation system Minimum Maximum Mean Design criterion reference
Building shell leakage Minnesota Single-Family
(cfm/ft2@50 Pa) (n=1) NA 0.38 NA 0.24 Housing Standard
Unit leakage (cfm/ft?@50 Pa) (n=2) 1.33 1.44 1.39 NA NA
Ratio of building leakage to unit leakage 3.5 3.8 3.7 NA NA
Indoor Air Quality

Carbon dioxide (ppm) 253 2,499 982 1,000 benchmark
Fresh-air supply (cfm)

Two-bedroom unit (n=14) 0 36 21 302 ASHRAE 62.2

Three-bedroom unit (h=10) 12 46 29 392 ASHRAE 62.2
Kitchen exhaust (cfm) (n=23) 32 151 84 100 ASHRAE 62.2
Bathroom exhaust (cfm) (n=24) 52 90 68 50 ASHRAE 62.2
Duct leakage
(cfm/100ft?@25 Pa) (n=12) 22 32 28 6 EPA 2007

Within =10%

Duct return airflow (cfm) of manufacturer Manufacturer data
(n=12) 215 460 346 data sheets sheet specifications
Within-unit interstitial pressure for all
tested bedrooms (Pa) (n=58) 1.0 15.4 6.1 NA NA
Within-unit interstitial pressure for
bedrooms without air handlers in living
room (Pa) (n=46) 1.5 15.4 7.1 NA NA

2ASHRAE 62.2 ventilation rate is calculated according to the following equation: (number of bedrooms + 1) X (7.5 cfm) + (square feet X 0.01 cfm).

cfm = cubic feet per minute
ft2 = square foot

Pa = Pascal

NA = not applicable

ppm = parts per million

ASHRAE = American Society of Heating, Refrigerating, and Air-Conditioning Engineers

EPA = Environmental Protection Agency

was added. The mitigation utilized the existing foun-
dation drain tile and sub-slab plumbing along with
fan-powered exterior vertical stacks to vent soil gas
outdoors. Post-mitigation long-term average radon
levels were 0.7 pCi/L, with no test results exceeding
4 pCi/L.

Energy use

The annual complex-wide post-renovation combined
electric/natural gas energy use was 5.05 BTU/HDD/
ft2/yr compared with 9.76 BTU/HDD/ft*/yr for pre-
renovation, a 48% reduction. Without considering
HDD, the total combined one-year postrenovation
electric and natural gas energy use was 39.3 kBTU/
ft?/yr (Figure 7; October 2007 through September
2008). This result, while well below the pre-renovation
energy use of 72.4 kBTU/ ft*/yr, was 56% higher than
the Architecture 2030 Challenge benchmark of 25.4
kBTU/ft*/yr set for U.S. Midwest residential projects

of five or more units.® Differentiation of energy use
intensity by end use could not be determined due to
overlapping end use from the same sources. Electricity
use combines household use with all heating, cooling,
and ventilation energy.

DISCUSSION

Primary drivers of the green building movement are
improved energy conservation and reduced carbon
emissions. In the 1970s, some of the first energy effi-
ciency efforts yielded major indoor air-quality prob-
lems.?® By contrast, this study yielded improvements
in energy efficiency, health, and indoor environmental
quality. However, retrofitting ventilation systems in
buildings that previously relied solely on building
leakage for fresh air supply is difficult. Even the most
well-designed renovation needs post-renovation com-
missioning, including building performance testing.
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Table 4. Radon testing results (pCi/L): Green Housing Renovation Study, Minnesota, 2006-2008

N (percent) of

Test result Minimum Maximum Average  results >4 pCi/L*
Short-term test results, pre-construction (n=25) 1.0 6.7 3.1 7 (28)
Long-term test results, post-construction/pre-mitigation (n=17) 0.6 4.5 2.2 2(12)
Long-term test results, post-construction and post-mitigation (n=26) 0.3 2.2 0.7 0 (0)

4 pCi/L = Environmental Protection Agency action level

pCi/L = picocuries per liter

Study data suggest that had the buildings achieved
the full ASHRAE-specified fresh air rates, average CO,
levels, which were only barely below the benchmark
of 1,000 ppm, may have been lower.

Results also suggest that the benefits of improved
housing for low-income households likely include sig-
nificant health cost reductions and could contribute to
health-care cost containment, not to mention reduced
suffering from avoidable illnesses.

Limitations

This study had several limitations. First, it was dif-
ficult to discern whether health improvements were
due to the nature of “green” renovation vs. “normal”
renovation. In Minnesota and other jurisdictions,
most federal- and state-assisted renovations are man-
dated “green,” making this distinction less important.
Another limitation was that one adult answered the
health questions for children and other adults in the
apartment, potentially introducing bias. Cultural dif-
ferences between interviewers and interviewees may
have caused misunderstanding of some questions.

While 14 households required no translation services,
the rest did. Self-reported health at two points in time
may be subject to recall bias and uncertainty, especially
because, due to the timing of study funding, residents
interviewed had to recall pre-renovation health and
housing information just after renovation was com-
plete. Although evidence indicates that recall reports
were reasonably well-correlated with actual health,?
future studies should endeavor to find funds for reha-
bilitation and research simultaneously so that baseline
data can be gathered before renovation begins.

For the building performance testing, the fact that
fresh-air delivery was lower than design specifications
was likely due to complex pressure differentials, mak-
ing air more likely to be drawn from adjacent units
than from outside. Although the building shell was
made tighter, interior walls were not sealed during
renovation, potentially causing increased odor or
smoke migration between apartments, a common post-
renovation resident complaint. Duct leakage was high
because the contractor failed to seal each duct joint.
These findings led to retrofits, which may have cost

Figure 7. One-year post-intervention total building energy consumption—electricity and natural
gas combined: Green Housing Renovation Study, Minnesota, 2006-2008
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less if implemented during the original rehabilitation.
Some ventilation systems did not perform to design
specifications, likely due to limited equipment choices/
sizing options, budgetary constraints, and existing
building characteristics. Ventilation design could be
improved by using a secondary energy-efficient fan in
the fresh-air duct to improve airflow volume and an
intermittent timer-cycling thermostat to ensure regular
fresh-air delivery. The high positive pressures within
each unit could drive air and moisture into exterior
walls or ceiling assemblies, potentially causing future
deterioration and mold problems. In each unit, the
design team installed a transfer grill linking bedrooms
to the living spaces, creating a return path and equal-
izing pressure. Future projects with central air return
options should include jump-ducting or transfer grills
with light and acoustic dampening grills.

At the design stage, no protocols existed for con-
ducting radon tests and mitigation in multifamily
buildings. The American Association of Radon Scien-
tists and Technologists is working to develop protocols
for multifamily testing and mitigation. Minnesota has
adopted mandatory radon construction techniques for
single-family new construction, and Minnesota Housing
requires radon-resistant construction for new multifam-
ily housing in EPA Radon Zone 1. Had radon mitigation
been included in the original renovation instead of
retrofitting, costs would have been reduced.

Overall, building performance results demonstrate
that sufficient planning at the design stage and imme-
diate post-renovation testing are essential to ensure
that building ventilation works as intended. Building
performance testing results underscore the need for
early formation of an integrated design team (includ-
ing architecture, engineering, environment, public
health, and other expertise) to yield more cost-effective
results.

The statistical strength of future studies could be
improved by larger enrollment and the use of both
medical data and self-reported data to evaluate health
outcomes. Although it would have been preferable to
account for the lack of independence of health reports
between residents in the same apartment, this was not
possible due to the small study sample size. Initial inter-
views indicated that participants were generally in good
health at the start of the study, possibly indicating that
healthier people agreed to participate. A larger sample
size and a baseline population in poorer health may
have shown additional health improvements.

CONCLUSIONS

The green renovation produced improvements in
resident health, particularly adults, whose overall
health, asthma, and non-asthma respiratory problems
significantly improved during the one- to four-month
follow-up period. Adults’ non-asthma respiratory prob-
lems also improved one year post-renovation. Children’s
non-asthma respiratory problems improved during the
one- to four-month and one-year follow-up periods.
Exposures to radon declined, children played outside
more, and security and ventilation were improved.
Energy use declined dramatically. The renovations
yielded improved housing conditions, making homes
easier to clean, more comfortable, and safer both inside
the apartment and in the community. There were
fewer moisture and dampness issues, little or no pest
problems, and less smoke indoors. All green housing
standards should include health-related requirements.
Integrated design teams could yield more sustainable,
energy-efficient, and healthy housing.

The authors acknowledge the following project partners for their
contributions to this study: the building residents and property
managers, Southwest Minnesota Housing Partnership, Minnesota
Green Communities, Greater Minnesota Housing Fund, Univer-
sity of Minnesota Center for Sustainable Building Research, and
National Center for Healthy Housing. Study funding was provided
by the Blue Cross Blue Shield of Minnesota Foundation, the U.S.
Environmental Protection Agency, and Enterprise Community
Partners.
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