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Recent studies have greatly increased our knowledge of microbial ecology of the indoor environments in
which we live and work. However, the number of studies collecting robust, long-term data using
standardized methods to characterize important building characteristics, indoor environmental condi-
tions, or human occupancy e collectively referred to as “built environment data” e remain limited.
Insufficiently described built environment data can limit our ability to compare microbial ecology results
from one indoor environment to another or to use the results to assess how best to control indoor
microbial communities. This work first reviews recent literature on microbial community characteriza-
tion in indoor environments (primarily those that utilized molecular methods), paying particular
attention to the level of assessment of influential built environment characteristics and the specific
methods and procedures that were used to collect those data. Based on those observations, we then
describe a large suite of indoor environmental and building design and operational parameters that can
be measured using standardized methods to inform experimental design in future studies of the mi-
crobial ecology of the built environment. This work builds upon the recently developed MIxS-BE package
that identifies high-level minimal built environment metadata to collect in microbial ecology studies,
primarily by providing more justification, detail, and context for these important parameters and others
from the perspective of engineers and building scientists. It is our intent to provide microbial ecologists
with knowledge of many of the tools available for built environment data collection, as well as some of
the constraints and considerations for these tools, which may improve our ability to design indoor
microbial ecology studies that can better inform building design and operation.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Recent advances in DNA sequencing techniques that allow rapid,
high-throughput characterization of taxonomic marker genes (e.g.,
16S/18S rRNA and fungal ITS) and whole genomic DNA from envi-
ronmental samples [1,2], coupled with the recognition that the
majority of people in the developed world spend most of their lives
indoors [3e7], has led to a rapid increase in the number of studies
exploring microbial diversity within the built environment [8e10].
Recent studies have characterized microbial diversity in offices and
other commercial buildings [11,12], university buildings and class-
rooms [13e17], healthcare facilities [18e23], homes [24e29],
public restrooms [30], and transportation environments [31,32], all
Ltd. This is an open access article u
of which represent indoor environments where people spend
much of their time.

These recent studies have greatly increased our knowledge of
microbial community structure and composition within the spaces
in which we live and work. They have revealed that culture-based
methods vastly underestimate the abundance and diversity of mi-
crobial communities in air and on surfaces indoors. A number of
these recent studies, in addition to many others from years of
studies relying on cultures and other methods, have also shown
that a number of building design and operational characteristics,
indoor environmental conditions, and human occupancy patterns
can strongly influence the structure, diversity, abundance, and
survival of microbial communities found indoors [13,15,23,33].
Some of these important building-related parameters include air
and surface temperatures, relative and absolute humidity, outdoor
air ventilation rates, HVAC particle filtration efficiency, human oc-
cupancy, human contact frequencies with surfaces, and several
others.
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However, the number of studies collecting robust, long-term
data using standardized methods to characterize building opera-
tion, human occupancy, indoor environmental conditions remain
limited. Insufficiently or inadequately described building opera-
tional and environmental characteristics can limit our ability to
compare results from microbial ecology investigations from one
indoor environment to another or to use the results to assess how
best to control indoor microbial communities [34]. Therefore, this
work first reviews recent literature on microbial community char-
acterization in indoor environments, paying particular attention to
the level of assessment of influential indoor environmental char-
acteristics and the specific methods and procedures that were used
to collect those data. Based on those observations, we then describe
a large suite of indoor environmental and building design and
operational parameters e collectively referred to as “built envi-
ronment data”e that can bemeasured using standardizedmethods
to inform experimental design in future studies of the microbial
ecology of the built environment. This work is intended to support
the recently developed MIxS-BE package [35] that describes mini-
mal built environment metadata to collect in microbial ecology
studies by providingmore justification, detail, and context for these
important parameters and others from the perspective of engineers
and building scientists.

2. Recent culture-independent analyses of microbial
communities in indoor environments and their relationships
to built environment data

Recent studies utilizing culture-independent analyses of mi-
crobial communities in indoor environments can be grouped into
three general categories based on their level of detail in doc-
umenting built environment data: (1) those that did not include
any building descriptions or building environmental measure-
ments; (2) those that included some basic information about
building characteristics, heating, ventilating, and air-conditioning
(HVAC) systems, outdoor air ventilation strategies, occupant be-
haviors, and/or environmental conditions during the time of testing
(i.e., basic built environment metadata); and (3) those that included
detailed information about HVAC systems, environmental condi-
tions, and/or human activities in the sampled space (i.e., detailed
built environment data). Although there is some overlap between
these categories, it is instructive to think of these studies with
increasing complexity in terms of building environmental, opera-
tional, and/or occupational characterizations. The next sections
describe details of several studies in each of these categories with
the intent of demonstrating how robust built environment data
collection can be used to generalize results from one indoor envi-
ronment to another and how a lack of methods standardization for
environmental data collection can lead to a decreased ability for
extrapolation.

2.1. Microbial diversity in the absence of built environment data

Many recent culture-independent studies of microbial diversity
in the built environment have focused primarily on surface sam-
pling, with fewer incorporating various methods of indoor air
sampling. Many of these studies focused on characterizing micro-
bial communities without characterizing building characteristics or
local indoor environmental and operational parameters that may
greatly affect microbial diversity [11,18,20e22,25,28,30]. For
example, Kelley et al. (2004) analyzed bacteria in biofilms from
used shower curtains from different households [28]. Each com-
munity was shown to be highly complex and no identical se-
quences were encountered in the different communities. However,
no information was reported on relevant environmental
parameters and conditions that may have influenced microbial
diversity among shower curtains such as shower usage, cleaning
procedures or frequency, or other building environmental condi-
tions that could have influenced bacteria survival such as temper-
ature or humidity. Documentation of such conditions, particularly
cleaning procedures, might have helped explain some of the vari-
ability among sampling locations as other studies have shown [36].

Lee et al. (2007) found a large diversity of uncultured bacteria on
a number of surfaces in a child-care center, including sequences
related to those found in human vaginal epithelium and waste-
water sludge, as well as a number of pathogens [22]. Additionally,
they observed some temporal variability in bacterial diversity in
this environment over a six-month period, particularly during cold
and flu season. Although, without collecting data on building
operation, environmental conditions, or human occupancy, this
variability could not be readily explained, which limits extrapola-
tion to other environments. Hewitt et al. (2012) found that bacterial
diversity on several surfaces in office spaces in Tucson, AZ were
clearly different from those found in New York, NY and San Fran-
cisco, CA (which were indistinguishable from each other) [11].
Additionally, bacterial abundance was significantly lower in San
Francisco compared to both Tucson and New York. However, with
samples in three very different climates, a lack of information on
human occupancy or building design and operational characteris-
tics limit our ability to further interpret these results beyond basic
geographic differences.

Poza et al. (2012) compared bacterial diversity on surfaces in
intensive care units (ICUs) to that observed in an open, crowded
entrance hall of a hospital [20]. Bacterial diversity detected in the
ICU was different from that in the hall, suggesting that high human
occupancy in close proximity within the hall may have played an
important role. Hewitt et al. (2013) surveyed bacterial diversity in
two neonatal intensive care units (NICUs) and tracked the sources
of microbes [18]. Many of the bacteria genera included known
pathogens and many were skin-associated. Fecal coliform bacteria
were also detected in high proportions of surface samples in one of
the units. Although the authors maintained a particular focus on
commonly touched surfaces in the units, no quantitative measures
of human occupancy were noted, which may have helped further
explain their results. In another study of ICUs in a hospital, Ober-
auner et al. (2013) sampled floors, medical devices, and workplaces
[21]. Floor-associated communities formed distinct clusters
compared to devices, whereas workplaces and devices were
similar, again suggesting occupancy influences. The authors also
noted that the investigated ICU had both air conditioning and
window ventilation, although it was not clear which was being
utilized during the study or how they may have impacted the
results.

Overall, results from these and other similar studies have pro-
vided tremendous additions to our knowledge of the diversity,
composition, and structure of indoor microbial communities.
However, extrapolation of results to other indoor environments is
challenging without more knowledge on the particular sample
environments themselves.

2.2. Microbial diversity and basic built environment metadata

Several recent indoor microbial investigations have provided
basic information about qualitative building characteristics, HVAC
systems and ventilation strategies, occupant behaviors, and/or
basic indoor environmental parameters such as air temperature (T)
and relative humidity (RH) during testing that could potentially
influence or explain some of the observed results. For example,
Rintala et al. (2008) investigated the composition and dynamics of
bacterial communities in settled dust using vacuum cleaner
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sampling inside offices in two similarly aged buildings over a period
of one year [19]. A civil engineer performed a technical inspection
on both buildings; one building had local signs of moisture and
microbial damage in the bathrooms, which is important to note
because higher biological loads have been observed in water-
damaged buildings and building materials [37e39] and dampness
is consistently associated with a number of adverse respiratory
health effects [40e43]. In fact, the authors noted that employees in
the building had complained of building-related health symptoms
and indoor air problems. Interestingly, differences between build-
ings were more pronounced and consistent than seasonal differ-
ences in the same buildings, although without more knowledge on
occupancy, activity, and cleaning patterns, environmental condi-
tions, ventilation rates, specific building materials, or the mass of
settled dust on the sample surfaces, it remains difficult to further
extrapolate these results to other indoor environments.

Amend et al. (2010) performed a survey of fungal composition in
settled dust samples in indoor environments in 72 buildings across
six continents, again using vacuum cleaner sampling methods [44].
Sixty-one buildings were households and the rest were offices,
shops, and a church. Samples were taken in “accessible,” “infre-
quently accessed,” and “inaccessible” areas in each of the buildings,
corresponding to different classifications of likely direct human
occupancy. Fungal diversity was significantly higher in buildings
located in temperate zones than in the tropics (measured by dis-
tance from the equator). This was hypothesized to reflect correla-
tions with local outdoor environments, impacted by variables such
as rainfall and temperature, although specific environmental con-
ditions were not measured. Interestingly, building function (i.e.,
homes versus offices) had no effect on indoor fungal composition,
despite very large differences in both architecture and materials of
buildings (although these differences were not described in detail).

More recently, Kembel et al. (2012) quantified airborne bacterial
communities and environmental conditions inside patient rooms of
a hospital that were occupied only by researchers during testing
and in outdoor air on the roof near the outdoor air intake of the
HVAC system [23]. The rooms were classified as “exposed to me-
chanical ventilation” or “exposed to window ventilation.” The
mechanically ventilated rooms had ventilation air supplied by the
HVAC system and removed by a return duct and a bathroom
exhaust duct. The window ventilated rooms had ventilation air
supplied directly from the outside through a window and removed
through a return duct, bathroom exhaust, and by any outflow
through portions of the same window. The phylogenetic diversity
of airborne bacterial communities was lower indoors than outdoors
overall, although the mechanically ventilated rooms were less
diverse than window-ventilated rooms. However, bacterial com-
munities indoors contained many taxa that are absent or rare
outdoors, including those potentially related to human pathogens,
suggesting humans were significant sources in these particular
rooms. Other building environmental parameters such as the
source of ventilation air, airflow rates, and indoor T/RH were also
correlated with the diversity and composition of indoor bacterial
communities (although some of these factors also correlated with
each other). The relative abundance of bacteria closely related to
human pathogens was higher in rooms with lower airflow rates
(used as a surrogate for air change rates) and lower relative hu-
midity. Results from this study clearly demonstrate that the source
of ventilation air is an important determinant of indoor microbial
communities, which suggests that at a minimum this kind of basic
built environment data should be collected in future studies.

Adams et al. (2013) assessed the pattern of fungal diversity and
composition in airborne dust that settled onto suspended petri
dishes both indoors (in the kitchen, living room, bathroom, and
bedroom) and outdoors (on a patio or deck) at a university housing
facility [45]. The authors also noted several details about the con-
struction of the housing complex units (e.g., age of construction,
exterior cladding material, and interior wall material). Each build-
ing had its own forced-air ventilation system with heating but no
air-conditioning. A short survey was given to occupants inquiring
about unit age, the number of various types of rooms, and the
frequency of cleaning by the occupants. Indoor air T/RH were also
measured during sampling. Some of these factors were significant
predictors of fungal community composition across units in single-
factor models, including floor level and frequency of cleaning;
however, only geographic distance from each other remained sig-
nificant predictors in multifactor models. Indoor T/RH showed no
association across the ranges measured. Overall, more fungal
biomass was found in outdoor air versus indoor air and indoor
fungal assemblages strongly correlated with outdoor measure-
ments. No fungal taxa were found as indicators of indoor sources
and room and occupant behavior had no detectable effect on the
fungi found in indoor air, suggesting that local outdoor air fungi
dominated the patterns of indoor air fungi in these residences.
However, if more basic building characteristics such as air change
rates (ACH) or building airtightness had been measured and
documented, we hypothesize that more could potentially have
been inferred about variations in fungal communities between
buildings since these parameters are well known to greatly influ-
ence outdoor particle infiltration [46e48].

Adams et al. (2014) also examined the bacterial component of
the same residential samples mentioned above and found that, as
with fungi, bacterial richness was higher outdoors than indoors
[49]. It was also higher in units that reported some humidifier use,
which suggests that moisture-generating indoor activities are
important built environment related mdata to capture. Bacterial
composition varied by residential unit and room type, while fungi
varied by season and residential unit. Indoor samples had a large
amount of human-associated taxa not found outdoors, indicating
humans as a greater indoor source of bacteria than fungi.

Meadow et al. (2013) measured indoor and outdoor airborne
bacterial communities using button samplers installed over a
period of 9 days in 8 classrooms within a highly-trafficked uni-
versity building with a hybrid HVAC system (i.e., with both me-
chanical and natural ventilation) [14]. Four of the classrooms were
identified as “night-flushed” rooms, which received mostly unfil-
tered outdoor air ventilation and four others were identified as
“non-night-flushed” rooms, which received a combination of
filtered recirculated air and outdoor air controlled by an econo-
mizer HVAC system that adjusted outdoor airflow fractions based
on outdoor temperatures. All mechanically supplied air passed
through a MERV 8 particle filter. MERV, or Minimum Efficiency
Removal Value, is a common method for classifying the particle
removal efficiency of HVAC filters, per ASHRAE Standard 52.2 [50].
Indoor air communities closely tracked outdoor air communities,
but human-associated bacterial genera were more than twice as
abundant in indoor air than outdoor air. Importantly, ventilation
was shown to have a demonstrative effect on indoor airborne
bacterial community composition, particularly after following a
time lag associated with particular ventilation strategies. For
example, when the fraction of outdoor air was reduced to 0% for
several hours in the “non-night-flushed” rooms (i.e., with 100%
recirculating and filtered air), indoor bacterial communities
became very dissimilar from outdoor air communities; at the same
time bacterial communities in the rooms with nearly 100% unfil-
tered outdoor air supply were very similar to those observed out-
doors. Thus, the importance of the source and delivery rates of
ventilation air was again clearly demonstrated in this study.

Overall, results from the studies in this section suggest that
outdoor ventilation strategies and HVAC system airflow rates can
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greatly impact indoor bacterial communities, which is intuitive
given their large influence on concentrations of both particles and
gases [47,51e54]. These results also suggest that basic environ-
mental parameters such as temperature and relative humidity and
human occupancy patterns play an important role in influencing
indoor microbial communities, which is consistent with previous
literature [33,55,56].

2.3. Microbial diversity and detailed built environment data

Finally, several recent studies have focused more on gathering
very detailed information about building characteristics, environ-
mental conditions, and/or human activities in their sampled envi-
ronments, which we believe has served to clearly demonstrate the
importance of robust, standardized built environment data collec-
tion. Perhaps most important for demonstrating this, Qian et al.
(2012) quantified size-resolved emission rates of airborne biolog-
ical (bacterial and fungal) particles from people using staged
measurements in a 90 m3 classroom [13]. Emission rates are
important to characterize because they allow for direct extrapola-
tion to other environments and comparisons between sources. The
authors were able to calculate emission rates because they suffi-
ciently characterized detailed building operation, including ACH,
HVAC operation, and the number of occupants during sampling.
More specifically, their study used measurements during four days
while the room was occupied and four days while the classroom
was vacant. The room held an average of 4.7 people during a total of
22.2 h of sampling during occupied periods, assessed visually by
the researchers. Windows and doors were closed and conditioned
air was delivered by the HVAC system through a single register.
Exhaust ports were located along the floor and near the wall
opposite of the ventilation supply. The ACH was measured using
periodic injections of CO2 followed by decay periods; themean ACH
was 5.5 per hour. Particles were sampled onto polycarbonate filters
loaded into an 8-stage non-viable impactor. To obtain genome
copies above detection levels on all stages, the impactors sampled
air cumulatively for the four consecutive occupied or vacant
experimental days. Optical particle counters were also used
simultaneously tomeasure size-resolved number concentrations in
the room.

Size-resolved microbial emission rates during human occu-
pancy were estimated by considering the room as a well-mixed
reactor and using a time-averaged mass balance to quantify the
indoor concentration as the sum of a fraction of the outdoor con-
centration (measured during vacant periods) plus a contribution
from indoor emissions (which is a function of individual emission
rates, the number of people present, the volume of the space, the
outdoor air ventilation rate, and size-resolved particle deposition
rates). Size-resolved particle deposition rates were assumed from
previously measured values in existing literature [57]. Emission
rates of bacteria or fungi were assumed to be the same for each
person in the room. Bacterial genomes showed a strong peak in
indoor concentrations during occupancy for particles in the
3e5 mm aerodynamic diameter size range. Fungal genomes peaked
near 2e5 mm and >10 mm, corresponding well with typically cited
aerodynamic diameters of unicellular and multicellular fungal
spores, respectively.

Overall, bacteria contributed approximately 0.1% to indoor
airborne particle mass during occupied periods; no such estimation
was made for fungi. These aggregate emission rates include both
contributions from resuspension from the carpeted floor and other
surfaces as well as direct shedding of microorganisms from
humans. The indoor occupied aerosol microbial ecology showed a
distinct signature of human skin microflora in addition to outdoor
air and resuspended dust. These important results demonstrated
that human occupancy results in significant emissions of airborne
particle mass, bacterial genomes, and fungal genomes. The authors
also noted that the dominant size ranges for bacterial genomes
were generally larger than pure culture (i.e., single bacteria), sug-
gesting that organisms may be attached to each other or to other
small biotic or abiotic particles. Detailed knowledge of particle size
distributions in this study offers a unique ability to extrapolate from
measured airborne microbial communities to the overall fate,
transport, and control of indoor bioaerosols.

Using data from the same study as above, Hospodsky et al.
(2012) characterized total particle mass concentrations, bacterial
genome concentrations, and bacterial phylogenetic populations
indoors, outdoors, and in ventilation duct supply air concurrently
[15]. HVAC filter dust and floor dust were also sampled. Impor-
tantly, a number of detailed measurements of environmental pa-
rameters, including T/RH and CO2 concentrations (used for ACH
measurements and as an indicator of occupancy), and HVAC char-
acteristics again allowed for stronger interpretation and extrapo-
lation of the results. The HVAC systemwas known to operate under
“economizer” conditions, varying the fraction of outdoor airflow
rate to total airflow from 25% to 100% depending on outdoor air
(OA) temperatures and heating and cooling requirements.
Although OA fraction measurements were not made in this study,
the authors suggest the building would likely have been near 50%
OA during test conditions, based on the measured values of indoor
and outdoor temperatures. Before entering the classroom, air in the
HVAC system passed through a MERV 8 particle filter; the authors
also measured the in-situ size-resolved filtration efficiency of this
filter using an optical particle counter. Air samples included PM2.5
and PM10 in indoor, outdoor, and HVAC supply environments;
HVAC filter and floor dust was mechanically extracted and then
sieved and resuspended to obtain PM2.5, PM10, and PM37 mass
fractions. Human occupancy increased the total aerosol mass and
bacterial genome concentration in both PM2.5 and PM10 size frac-
tions in indoor air. Floor dust contained more bacterial genomes on
a per mass basis than indoor aerosols. Comparisons between bac-
terial populations in indoor air and during unoccupied and occu-
pied periods further suggested that resuspended floor dust and
direct human shedding were important contributors to bacterial
populations in indoor air. These very detailed building character-
izations again allowed for uniquely quantitative estimates and in-
terpretations of their results.

Focusing less on environmental or operational characteristics
and more on indoor sources and cleaning activities, Medrano-F�elix
et al. (2011) identified and quantified the presence of Escherichia
coli, Staphylococcus aureus, Salmonella, hepatitis A, and norovirus in
60 homes in Mexico and assessed the effect of chlorine and
ammonium based disinfectants on these communities [27]. Surface
sample sites included kitchens (counter top, sponge, dishcloth,
cutting board, and sink), bathrooms (sink, toilet bowl, toilet seat,
and shower tile), pet areas (toy sites) and children's areas (toy
sites). In 30 homes that followed a disinfection protocol, therewas a
significant reduction in the presence of the study's target microbes
compared to a control group that did not utilize a disinfectant
protocol, suggesting that cleaning patterns are very important to
assess accurately for better interpretation of surface sample results.

Dunn et al. (2013) examined the diversity of bacterial commu-
nities in nine distinct locations within 40 homes in North Carolina
[24]. Surface sampling included: kitchen cutting board, kitchen
counter, shelf inside refrigerator, toilet seat, pillowcase, exterior
handle of main door into house, television screen, and the upper
door trip on exterior and interior doors (assumed to be infrequently
cleaned and representative of indoor and outdoor bioaerosols via
long-term particle deposition). Each of the sampled locations
harbored bacterial communities that were distinct from one
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another. Surfaces that were regularly cleaned typically harbored
lower levels of diversity than surfaces that were not frequently
cleaned. They also examined whether the variability in bacterial
diversity across homes could be attributed to outdoor environ-
mental factors, some indoor factors, or occupants of a home. The
presence of dogs had a significant effect on community composi-
tion within the homes as they harbored more diverse communities
and abundances of dog-associated bacterial taxa. There was also a
significant correlation between the types of bacteria deposited on
surfaces outside the home and those found inside the home, sug-
gesting that microbes from outdoors can have a direct effect on the
microbial communities living on surfaces inside homes. This study
further demonstrates how cleaning and occupants, human and
non-human alike, can have a significant impact on indoor microbial
communities.

Gaüz�ere et al. (2013) characterized the diversity and dynamics
of airborne microorganisms in one room in the Louvre Museum
during a period of 6-months [58]. The indoor airborne bacterial
diversity was shown to be relatively stable over time, while the
corresponding fungal community was less stable. The room was
described as being air-conditioned with two open doors and no
windows, although no information on HVAC system operation was
reported. The number of visitors was counted during measure-
ments to determine occupancy, with an average of 250 occupants
entering the room during one sample collection. Air samples were
collected at daily, weekly, and monthly intervals. T/RH was
measured continuously, in addition to size-resolved airborne par-
ticle concentrations with an optical particle counter. Air samples
were collected using an experimental bioaerosol collector that was
similar to a wetted wall cyclone [59]. T/RH were relatively constant
and approximately 90% of airborne particles measured with the
OPC were between 0.3 and 0.5 mm. Concentrations were similar
over all sampling periods. No correlations in bacterial communities
were observed with building environmental parameters, although
most likely because they were quite stable throughout the opera-
tion of the highly controlled museum environment.

Combined, the studies in this section utilized more detailed
measurements of building characteristics, environmental condi-
tions, and human activities that often had a large impact on indoor
microbial communities, or perhaps more importantly, allowed for
novel, quantitative inference from their results to other indoor
environments. The success of this particular group of recent studies
provides motivation for our suggestions for a standardized suite of
tools that can be used for collecting robust built environment data
in future investigations of the microbiology of the built environ-
ment, as described in the next section.

3. Tools for improving built environment data collection for
microbial ecology investigations

To inform the increasing number of microbial diversity studies
being conducted in indoor environments, here we suggest a large
suite of building environmental and operational characteristics that
can be measured in robust and standardized ways as needed for
particular study designs. These parameters and measurement
techniques are detailed in the following sections and summarized
along with key references for specific measurement or assessment
methodologies in Table 1. Collectively, we identify this suite of
likely influential ‘building science measurements’ for more robust
collection of built environment data. These parameters and tech-
niques are meant to build on those already introduced in the
recently developed MIxS-BE package [35] that describes minimal
built environment metadata to collect in microbial ecology studies
(including qualitative building properties such as building type,
HVAC system type, and lighting type, as well as core environmental
data such as air temperature and RH, surface temperature, pH, and
moisture, and human occupancy), primarily by providing more
justification, detail, and context for these important parameters
and others from the perspective of building engineers and building
scientists. Once these built environment data are collected, there
may be additional opportunities to improve analysis methods to
explore connections between built environment and microbial
ecology datasets.

This suite of building science measurement recommendations
can be categorized generally into (1) building characteristics and
indoor environmental conditions, (2) HVAC system characteriza-
tions and ventilation rate measurements, (3) human occupancy
measurements, (4) surface characterizations, and (5) air-sampling
and aerosol dynamics (the latter is not entirely considered ‘built
environment data’ but is important for standardized microbial
data collection and deserves attention in this work). These built
environment data collection efforts are informed in large part by
evidence of their importance for influencing microbial commu-
nities on indoor surfaces and in indoor air, as well as their
importance for general building characterizations in other indoor
environmental research. We should note, however, that this is not
necessarily an exhaustive list of parameters or methods, but
represents our best attempt to move toward a standardized suite
of available measurements given our current level of knowledge.
We should also note that our intent is primarily to provide mi-
crobial ecologists with knowledge of many of the tools available
for this type of data collection, as well as some of the constraints
and considerations for these tools. Not all measurement types will
be appropriate for all study designs or budgets. However, we
firmly believe that more standardized building operational and
environmental measurements can serve to maximize the amount
of extrapolation or translation between indoor environments that
can occur among otherwise disparate studies if integrated care-
fully into study designs.

3.1. Building characteristics and indoor environmental conditions

Several basic building characteristics and indoor environmental
measurements are fundamental to any indoor environmental
exploration. Important building characteristics include age of
construction, floor areas and volumes, material descriptions, type
of use, typical occupancy, history of water damage, occupant
complaints, HVAC system type and operation (i.e., in heating or
cooling modes), ventilation method and source, the use of hu-
midifiers, and many others, as many of these have already been
shown to influence microbial communities and are well known to
influence other aspects of indoor air and building operation.
Important indoor environmental conditions, including air temper-
ature (T), relative humidity (RH), absolute humidity, and light levels
in the sample space, may have particular influence on microbial
diversity outcomes [33]. Portable, off-the-shelf battery-powered
sensors can accurately and inexpensively measure and log these
data for long periods of time. Long-term data logging is important
for assembling a history of indoor environmental conditions that
may affect microbial growth and survival, rather than relying upon
spot measurements during the time of testing, although parame-
ters such as measurement interval and length may vary depending
on study design.

Indoor T/RH has been shown to be an important influential
parameter in a number of previous laboratory and field studies of
the microbiology of the built environment. In controlled laboratory
studies, T/RH have been shown to have large (often competing)
influences on the survival of a number of bacteria and viruses
[33,60e70], as well as fungal allergenicity [71]. In field studies,
indoor temperatures have been positively associated with fungi
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and negatively associated with bacteria and total inflammatory
potential (TIP) of cell assays in several homes in Denmark [72]. In
the same study, indoor RH was also positively correlated with in-
door fungi concentrations. In a study of child day-care centers in
Turkey, differences in airborne bacterial communities were seen
with some (varying) outdoor environmental conditions, which
could also have manifested in differences in indoor environmental
conditions such as temperature, relative humidity, or HVAC oper-
ation [73]. For example, the amount of endospore-forming Gram-
positive bacteria increased as the amount of sunlight and temper-
ature increased and as relative humidity decreased (all measured
outdoors). In fact, sunlight is known to have bactericidal powers
that inhibit bacterial growth, even through panes of glass, and it has
long been thought that sunlight (in addition to increased ventila-
tion) could reduce the spread airborne infections in hospitals,
although evidence is quite limited and suspected mechanisms are
not entirely environmental [74]. More recently, a study in primary
schools in Australia found that air temperature (measured over the
previous 24 h) was negatively associated with concentrations of
endotoxin in indoor air and positively correlated with endotoxin
loads in floor dust [75]. Additionally, lower airborne endotoxin
concentrations were observed during periods of higher levels of
relative humidity, and T and RH appeared to act separately.

Measurements of T/RH may be particularly important inside
HVAC systems as well; bacteria and fungi have been shown to grow
at an accelerated rate with higher temperatures and higher RH in
air-conditioning ducts subjected to dust deposition [76]. Other
studies have shown that a substantial amount of dust can accu-
mulate due to particle deposition on air-conditioning ducts
[77e79]. There are complex interactions between moisture and
building materials that may be important to characterize as well.
For example, in a recent study of day care centers in Sweden, fungal
DNA levels were shown to be higher in buildings at risk of damp-
ness, in rooms with linoleum flooring materials, and in buildings
with rotating heat exchangers [80]. T/RH measurements should
also be used to calculate absolute humidity ratios, or the mass of
water vapor per mass of dry air, regardless of temperature [81], as
there is some evidence that absolute humidity can influence
microorganism survival [82], mold growth on building materials
[83], airborne endotoxin [84], and the inactivation or survival of
influenza viruses on surfaces [85e87]. Thus, at a minimum, we
suggest that long-term measurements of T/RH, absolute humidity,
and possibly artificial and/or natural light levels be made and
recorded in future microbial diversity studies given appropriate
study design and resources, as many have already done.

3.2. HVAC system characterizations and ventilation rate
measurements

Another core set of parameters that can be measured in order to
accurately characterize building operation includes HVAC system
airflow rates and ventilation rates in the space being sampled.
HVAC system operation and ventilation performance will greatly
impact indoor concentrations of particles, including those of bio-
logical origin, and thus are of primary concern for indoor air sam-
pling. There are also a wide variety of ventilation and airflow
distribution systems in buildings that should be well characterized
in both qualitative and quantitative ways to allow for meaningful
interpretation of results from any indoor environmental investi-
gation [88].

A number of specific HVAC factors have been linked tomicrobial
growth, including temperature, humidity, air velocity, type and
location of filter (including removal efficiency and type of media),
and others [89,90]. Another important parameter is whether or not
an HVAC system is actually operating, particularly in smaller
buildings where HVAC systems may operate only in response to
heating and cooling loads [91]. Air change rates (ACH) have also
been shown to be an important influence on indoor microbial
communities; for example, increases in ACH were correlated with
increases in indoor fungi, a decrease in indoor bacteria, and a
decrease in inflammatory response in granulocyte cells in a recent
study of homes in Denmark [72]. Therefore, most if not all of these
parameters should be well characterized in any indoor microbial
investigation.

In addition to influencing airborne microbial concentrations,
HVAC systems can also impact settled dust on surfaces. For
example, high particle filtration efficiency and high HVAC recircu-
lation rates (the airflow rate through an HVAC system divided by
the volume of the space it serves) may selectively remove many
particle sizes at a rate greater than their rates of deposition to
surfaces. This could impact the amount of biomass that settles to
surfaces, depending on particle size and surface characteristics.
Size-resolved particle deposition rates to a variety of surfaces may
also be important to characterize over a long period of time [92].
The combined effects of airspeeds, mixing characteristics, and the
surface area-to-volume-ratio will also alter deposition rates of
particles to surfaces, varying by as much as an order of magnitude
[93,94]. Particle deposition rates can bemeasured relatively easily if
simultaneous ACH measurements are also made [94,95].

There are a variety of tools to measure airflow rates through
HVAC systems, many with varying degrees of difficulty, accuracy,
and equipment requirements [96]. Airflow rates can be measured
either within air handling units (depending in large part on the size
of the equipment) or at individual supply diffusers and return
grilles. There are several widely-accepted and standardized ways to
measure airflow rates at or near the air handling unit [97],
including: (i) pressure readings can be correlated to fan curve data
provided by the fan manufacturer; (ii) flow metering devices such
as venturi meters, flow nozzles, orifice meters, or rotameters can be
installed directly into the HVAC system; (iii) air velocity can be
measured using pitot tubes or hot-wire anemometers traversing
the entire area of a duct system, particularly if general guidelines
for the number and spacing of measurement points are followed
(i.e., equal-area or log-Tchebycheff methods can take into account
the distribution of air velocity from bulk air in the duct to the ve-
locity near the edges and corners of ducts), or (iv) pressure
matching with a calibrated fan. Particularly for small and medium
sized HVAC systems, there are also highly accurate airflowmetering
plates available for rapid measurements of air handler flow rates
[98].

Aside from airflow rate measurements at the air handler, it may
be critical to measure the operational cycles of the HVAC system
and the actual amount of airflow entering or leaving a space.
Runtime fractions can be assessed using a combination of supply
temperature measurements [99,100], measurements of the elec-
trical power draw of AHU fans and/or compressor units [101,102], or
by vibration or electromagnetic sensors on AHU blowers or
compressor motors [103]. Supply temperature measurements can
also reveal whether an HVAC system is operating in heating or
cooling modes.

Airflow rates at air handling units may also differ from the actual
amount delivered to a space because many buildings have signifi-
cant duct leakage to the exterior [101,104,105]. Duct leakage may
need to be accounted for and can be done by following standard-
ized test methods [106]. There are also other ways to measure
airflow rates leaving supply diffusers or entering return grilles,
including: (i) airflow capture hoods; (ii) air velocity readings
correlated to diffuser characteristics provided by the manufacturer;
(iii) duct traverse air velocity measurements; and (iv) pressure
matching with a calibrated fan. Once specific airflow rates have
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been characterized in an environment, there are severalmethods to
continue to record flow data over time without the need for in-
terventions by field-workers. For example, airflow rates (which are
invasive to measure) can be correlated to duct pressure measure-
ments (which can be easily measured and recorded on a portable
data logger) [102,107e109].

Once airflow rates are well characterized and recorded over
time, the rate of outdoor air supplied by the ventilation system can
also be measured and recorded. Many building automation and
control (BAC) systems report these values, although accuracy is
often an issue and data cannot always be accessed or trusted.
Outdoor air ventilation rates can be made by combining knowledge
of supply flow rates with the fraction of outdoor air in the air
stream. The fraction of outdoor air in an air stream can bemeasured
in several ways, for example by measuring CO2 concentrations in
recirculation, outdoor, and supply airstreams of an air handling unit
[110].

Ventilation rates and interzonal airflows can also be measured
directly in test environments using a variety of tracer gases
[111e115]. Standardized tracer gas methods include simple injec-
tion and decay, constant injection, and constant concentration
[112]. Both active and passive tracer gas injection and sampling
methods can be used as well. Active techniques allow for time-
varying ACH measurements but involve real-time monitoring of
tracer gases, which can introduce prohibitive costs and labor re-
quirements for large field studies. Passive techniques such as the
perfluorocarbon tracer (PFT) method utilize inexpensive passive
tracer sources and samplers, but are limited to measuring longer-
term time-averaged ACH [116]. Particular care should be taken to
achieve proper mixing and tracer gas distribution, as well as se-
lection of a nonreactive, nontoxic, inexpensive, and easily detect-
able tracer gas.

Natural ventilation rates (i.e., those caused by airflow through
window openings) can be more difficult to accurately quantify than
outdoor air supplied by a mechanical HVAC system [117e121]. At a
minimum, the configuration of window openings (including the
size and orientation) should be noted. One recent microbial
investigation used velocity measurements at two locations within a
window and video-recording of flags in order to show wind di-
rection at a window [23]; however, other, more accurate, methods
have also been used, such as using a grid of 32 point pitot tube
arrays measuring at very high frequency [117]. There are also many
models for predicting ventilation performance in buildings that can
be used in conjunction with measurements of meteorological
conditions [122].

3.3. Human occupancy measurements

Human occupancy is a major driver of indoor microbial com-
munities through a combination of direct human shedding, resus-
pension from flooring, and emission from respiratory activities
(e.g., sneezing, coughing, or even breathing); thus, not only is the
presence of people in an indoor environment an important deter-
minant of microbial diversity, but so are their activities and the
surfaces with which they come in contact [21,24,25,30,123,124]. But
how does one accurately measure human occupancy or activity?
Several recent studies that measured microbial diversity during
scripted, short-term events simply recorded occupancy by peri-
odically counting the number of people in the sample space
[13e15,58]. For longer-term studies, there are a variety of ways for
assessing human occupancy and/or activity, although none are
standardized and many depend on the design and construction of
the particular environment in question. Occupancy or activity
monitoring methods include video cameras equipped with people-
counting software [125e128], optical or infrared tripwires that
count people crossing a particular area, such as doorway [129,130]
and proximity or light sensors that can detect movement or lack of
movement near a specific location [131e133], CO2 sensors coupled
with dynamic mass balances on indoor CO2 concentrations
[134e138], high-resolution pressure sensors in HVAC systems that
detect fluctuations based on door closing or other activities [139],
radio-frequency identification (RFID) [140e143] and Bluetooth
tracking systems [144e146], acoustic sensors that detect noise
levels [130], and others [147]. Although some of these devices can
suffer from large uncertainty and calibration issues, they can also be
combined with sophisticated algorithms to provide robust de-
terminations of time-varying human occupancy and/or activity
[148e151].

Some occupancy measurement technologies are also more
appropriate for some environments than others. For example,
doorway break sensors are more appropriate for smaller volume
environments where location within the room may not be as
important as mere presence in the room. Video camera systems can
provide location detection in smaller environments but result in
prohibitive costs in larger environments. Additionally, beam break
sensors and some video camera systems are more appropriate for
environments with a limited number of entryways. Additionally,
upgrading from non-directional functionality to directional
doorway break sensors can greatly increase costs with current off-
the-shelf equipment, which often makes using them in environ-
ments with many entrances and exits cost prohibitive. Alterna-
tively, RFID and Bluetooth tracking systems require a known
population that can be pre-screened and identified prior to entry;
this may work for certain environments such as hospitals or offices,
but not for high turnover areas such as retail environments. Prox-
imity sensors can be very helpful for sensing occupancy near
particular locations, but can suffer in terms of accuracy, as lack of
movement does not necessarily mean lack of occupancy. Finally,
CO2 sensors can be good identifiers of human occupancy but suffer
from several issues, including prohibitive costs for highly accurate
sensors with minimal drift, variable and unknown CO2 emission
rates from individuals [135,152], non-well-mixed environments
lead to errors in mass balances, and other HVAC system charac-
teristics such as ACH must also be well-characterized. Unfortu-
nately there are no standardized methods for measuring and
recording human occupancy in indoor environments, but there are
several helpful options from which to choose depending on user
needs and budget, as shown in Table 1.

3.4. Surface characterizations

The last type of building environmental characterization that we
should mention involves meaningful characterization of surfaces
fromwhichmicrobes are sampled. Surfaces can harbor awide array
of settled dust and adsorbed compounds that may affect microbial
communities on them. Basic surface characteristics such as
porosity, composition, and environmental conditions immediately
adjacent to materials can all affect microbial community structure,
growth, and survival [33,153,154]. In fact, environmental conditions
of microbial-surface interfaces have been thought to play a greater
role in influencing microbial activity than basic interface charac-
teristics themselves [155].

For example, Andersen et al. (2011) both qualitatively and
quantitatively assessed fungal diversity growing on damp or water-
damaged building materials [156]. More than 5300 surface samples
were taken by means of contact plates with agar from materials
with visible fungal growth. Different fungi were correlated with
different distinct classes of surfaces, grouped by (i) gypsum, plaster,
and wallpaper, (ii) wood and plywood, and (iii) concrete and other
floor materials. Among the samples gathered, plaster was most
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likely to have had fungal growth from water damage, followed by
concrete, wood, wallpaper, gypsum, and several others. No infor-
mation was gathered on other building characteristics, nor another
important parameter referenced in the paper: water activity.

The water activity of a building material, which can be
approximated as the ratio of the vapor pressure of water in a ma-
terial to the vapor pressure of pure water, is a major determining
factor for fungal growth [83]. Water activity varies with tempera-
ture and the type of material; the longer a material's water activity
is over 75%, the greater risk of fungal growth [157], although
different fungi have different preferences [158]. Because water ac-
tivity is difficult to measure directly, a measure of the equilibrium
relative humidity in a small sealed chamber installed on the sample
surface is often used.

Last, the frequency of cleaning of particular sample surfaces is
also an important parameter to track over time. Cleaning will
impact settled dust and adsorbed compounds, as well as the mi-
crobial mass found on surfaces. An example of the importance of
cleaning frequency involves human hands; a recent study showed
that the microbial community composition on people's hands was
highly influenced by the time since their last hand washing [159].
The same can be said for building material surfaces [25,27,45].
There may be opportunities to advance methods to accurately
assess surface cleaning, perhaps by combining proximity IR sensors
or video surveillance with water activity measurements.

3.5. Air sampling and aerosol dynamics

Finally, air sampling and aerosol dynamics represent another
category of measurements for consideration in indoor microbial
investigations. We consider aerosol dynamics as built environment
data because they can be assessed with real-time instrumentation
[57,79,94,95,160] and they influence both airborne and surface-
deposited microbial communities. In particular, indoor particle
deposition rates (and total loss rates) can easily vary by two orders
of magnitude or more depending on particle size in the same in-
door environment [161], or by two orders of magnitude or more
across indoor environments, depending on a large number of fac-
tors including air speeds, furnishings, and surface characteristics
[57], ventilation rates and sources [94], temperature [162], particle
density [92], and surface orientation [163].

Additionally, a wide range of air sampling devices was used in
the aforementioned studies that measured airborne microbial
community composition, diversity, and/or abundance. Although air
sampling techniques are not necessarily considered ‘built envi-
ronment data’, a lack of standardization in air sampling method-
ologies substantially limits our ability to compare results from one
environment to another and thus a discussion of air sampling
methods is included herein. Recently used air sampling methods
have included liquid impingers [23,31], size-resolved [13,15] and
non-size-resolved [14,164] impaction-based filter methods (with a
variety of filter media ranging from PTFE, polycarbonate, or mixed
cellulose ester membrane filters to quartz fiber or gelatin filters),
petri dishes suspended in air [45,164], HVAC particle filters
installed in air handling units [12,32], and an experimental sampler
similar to a wetted wall cyclone [58]. A recent meeting report re-
views many of the challenges of bioaerosol sampling [165]. Only a
few studies have compared the ability of various bioaerosol sam-
plers to deliver repeatable results using molecular analysis tech-
niques [166,167] or for various analysis techniques to deliver
repeatable microbial community results from a particular air
sampling method [168]. Some airborne collection methods may
vary widely in their collection efficiencies for different sizes of
bioaerosols, as well as in their DNA extraction efficiency. For
example, Hospodsky et al. (2010) determined qPCR accuracy,
precision, andmethod detection limits for bacterial cells and fungal
spores collected on a variety of aerosol filters, including PCTE
membrane filters and quartz fiber filters [169]. DNA recovery effi-
ciencies were low; not accounting for extraction efficiencies was
shown to underestimate true aerosol concentrations by 10e24
times.

Frankel et al. (2012) compared different microbial sampling
methods for identifying culturable fungi and bacteria, endotoxin,
and the total inflammatory potential (TIP) of both airborne particles
and settled dust [170]. Polycarbonate- and Teflon-filter-based
airborne samplers yielded significantly higher microbial levels
than a common impinger, although results were highly correlated.
The use of an electrostatic dust fall collector (EDFC) [171] yielded
higher levels of fungi, endotoxin, and total inflammatory potential
compared to a dust fall collector (DFC); dust samples acquired by
vacuum cleaners were more similar to those captured by the EDFC
than the DFC. Another recent study showed that two different solid
impactors had similar collection efficiencies for culturable bacterial
sampling, whereas a liquid impinger and a filter-based sampler
were more efficient for total bacterial sampling [172]. Bioaerosol
samplers not only have a wide variety of collection and extraction
efficiencies, but they also differ in terms of practical concerns.
Bioaerosol samplers operate at airflow rates ranging from 4 Lmin�1

[14] to as much as 300 L min�1 [31] or even 1000 L min�1 [58]. The
advantage of higher flow rates is that more biomass can be
collected over shorter amounts of time and detection limits can be
overcome. However, there are some disadvantages to higher flow
rates in sampling systems. For example, removal by the sampling
pump may become competitive with air change rates in smaller
volume environments at high flow rates, which could alter aerosol
dynamics in the space. There are also practical size and noise
concerns associated with larger pumps used for higher flow rates.
Advantages of passive sampling techniques such as suspended petri
dishes are that there are no pump requirements, but they may
introduce bias by oversampling larger particle sizes that are more
likely to settle than smaller particles.

One recent development in air sampling mechanisms has been
the use of HVAC filters to semi-passively collect bioaerosols, inte-
grated over time. Tringe et al. (2008) used HVAC particle filters
installed in air handling units (AHUs) to sample air microbiota in
two shopping centers in Singapore [12]. HVAC filter sampling is
advantageous because an extremely large amount of air passes
through filters on a daily basis. For example, approximately
6� 106 m3 of air passed through the filters in this study for 14 h per
day over a period of approximately 90 days (~1260 h of operation).
Traditional bioaerosol sampling methods utilizing flow rates of
4e1000 L min�1 would have provided only ~3 � 102 to ~8 � 104 m3

for sampling, reducing the amount of biomass available for analysis
by 2e4 orders of magnitude. Each filter was classified as having an
arrestance efficiency of 90% for 1 mm particles, although size-
resolved data were not reported. Similarly, Noris et al. (2011)
compared bacterial and fungal concentrations and communities on
residential HVAC filters and found that microbial communities on
the filters were not different from those present in compose
month-long indoor air sampling via impingers [173]. HVAC filter
dust was also similar to that collected on surfaces, suggesting that
high efficiency HVAC filters could be used as a long-term integrated
measure of microbial communities in indoor air.

Most recently, Hoisington et al. (2014) compared six different air
sampling methods, including settled dust, HVAC filter, and four
bioaerosol samplers (BioSampler®, button sampler, personal envi-
ronmental monitor, and wetted-wall cyclone) [167]. They found
that microbial communities from settled dust and HVAC filter dust
clustered closely together and were more diverse than microbial
communities from the four bioaerosol samplers. Although the



Table 1
Tools for improved collection of built environment data.

Parameter(s) Measurement/collection
method

Important considerations Reference(s)

1. Building characteristics and environmental conditions
Basic building

characteristics
Surveys, visual assessments Age of construction, floor

areas and volumes, material
descriptions, type of use,
typical occupancy, history
of water damage, occupant
complaints, HVAC system
type and operation,
ventilation method and
source, the use of
humidifiers, etc.

[19,45,49,174]

Indoor T/RH, absolute
humidity, and artificial/
natural light

Portable, off-the-shelf,
battery-powered sensors
with data loggers

Storage capacity, accuracy,
precision, battery power

[175e178]

Outdoor T/RH, absolute
humidity, and light

Publicly available
meteorological data or local
weather station
installations

Data availability,
installation location

[179e181]

2. HVAC system characteristics and ventilation rates
Spot measurements of

airflow rates at AHU
Correlate pressure readings
to fan curve data by the fan
manufacturer

Requires knowledge of fan
manufacturer and in-situ
verification

[182]

Traverse velocity with pitot
tubes or hot-wire
anemometers (multiplied
by duct area)

Requires knowledge of duct
areas, high uncertainty

[96,105,160]

Pressure matching with
powered, calibrated fan

Typically greater accuracy
than capture hood, limited
to smaller systems, requires
clear access to AHU

[97,106,183,184]

Airflow metering plates Requires modifications for
larger AHUs

[98,107,109,185,186]

Spot measurements of
airflow rates at
individual supply
diffusers or return grilles

Airflow capture hood Limited accuracy under
some conditions

[105,187,188]

Air velocity or pressure
readings correlated to
diffuser characteristics

May not accurately reflect
in-situ performance,
requires knowledge of
specific manufacturer

[189]

Traverse velocity with pitot
tubes or hot-wire
anemometers (multiplied
by duct area)

Requires knowledge of duct
areas, high uncertainty

[96,105,160]

Pressure matching with
powered, calibrated fan
operating as flow hood

Typically greater accuracy
than capture hood

[97,105,106,183,184]

Continuous flow
measurements

Flow meters installed
directly into HVAC system
(e.g. venturi meters, flow
nozzles, orifice meters,
rotameters)

Invasive, requires HVAC
access, data logger, and
power

[96,190]

Duct pressure correlations
with spot flow
measurements

Simple and cost-effective,
requires data logger and
power

[102,107e109]

Outdoor air (OA) fraction in
mechanical HVAC
systems

Tracer (e.g., temperature,
CO2, or SF6) in RA, SA, and
OA

Accuracy issues at low
concentration changes,
high costs for accurate
sensors, requires injection,
data logger, and power

[110,191]

Zone tracer testing (e.g.,
CO2, SF6) coupled with
room volume

Costly, labor intensive,
requires assumptions for
mixing

[111e115,192]

Building automation
system (BAS) readings,
including economizer
settings

Often low accuracy, sensor
reliability, requires access
to facility data, typically
only present in large
buildings

[193]

Air change rates (ACH) Active tracer gas (e.g., CO2

or SF6)
Costly, labor and
equipment intensive,

[111e115]

(continued on next page)
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Table 1 (continued )

Parameter(s) Measurement/collection
method

Important considerations Reference(s)

requires injection and well-
mixed environment

Passive tracer gas (e.g., PFT) Limited to longer-term
time-averaged air change
rates

[116,194]

Natural ventilation rates
through windows

Pitot tube array Labor intensive, invasive [117]

HVAC on/off Current draw on AHU fan or
AC compressor

Requires HVAC access and
data logger

[101,102]

Supply temperature
measurements

Inexpensive and simple, but
issues with averaging
times; only works for
heating or cooling modes

[99,100]

Vibration or magnetic field Requires equipment
training period,
inexpensive field sensors
are commercially available

[103]

Duct leakage fractions/
flows

Fan pressurization, delta-Q,
or nulling tests

Time intensive [106,195,196]

Particle removal efficiency
of HVAC filters

Upstream/downstream
particle concentrations

Expensive instrumentation,
requires HVAC access

[15,79]

Whole-zone elevation and
decay

Expensive instrumentation,
time-consuming, requires
mixing assumptions and
knowledge of HVAC airflow
rates, but can also be
gathered from long-term
time-resolved data

[79]

3. Human occupancy/activity measurements
Number of occupants Manual observational

counts
Not feasible for long-term,
continuous sampling

[13]

Uni-directional IR beam
break people counting

Better for small
environments with limited
number of entrances/exits,
limited accuracy

[197,198]

Directional beam break or
thermal people counting

Higher accuracy, costlier,
limited number of
entrances/exits, requires
power

[129,130,197e200]

Video þ people counting
software

Costly in larger
environments, requires
power

[125e128,199]

Movement sensors based
on IR proximity, light, or
acoustics

May not represent true
occupancy

[130e133]

CO2 mass balance Costly, variable emission
rates, requires well-mixed
environment, well
characterized ventilation,
and power

[134e138]

Pressure sensors in HVAC
systems

Requires high-resolution
data loggers, accuracy
unknown

[139]

RFID tags or Bluetooth
tracking

Pre-screening/ID required,
provides continuous
monitoring among people
and between locations

[140e146]

Occupant profiles Survey questions: age,
gender, culture,
socioeconomics

Requires careful survey
design

[201]

Non-human occupants Survey questions: pets,
typical activities

Requires careful survey
design

[24,202,203]

Cleaning activities Visual observation,
questionnaires

Data quality and reliability [27]

Activity/resuspension Optical particle counters Expensive instrumentation,
requires power

[13,204]

4. Surface characterizations
Surface temperature Thermistors or

thermocouples
Data logging capabilities
preferred over spot
measurements

[155,205,206]
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Table 1 (continued )

Parameter(s) Measurement/collection
method

Important considerations Reference(s)

Water activity (or
equilibrium relative
humidity)

Approximated as relative
humidity in a sealed
chamber installed on
sample surface

Only provides surrogate
measure, few commercial
devices

[207,208]

Porosity, water vapor
permeance, moisture
content, and other
moisture properties

Vacuum saturation tests,
SEM, NMR, capacitance
methods, water uptake
experiments, and others

Difficult to measure in-situ,
some are costly and
destructive techniques

[209e212]

Cleaning strategies/details Records of cleaning
products and schedule, or
microbial loads

Potential data quality issues
with surveys, issues with
standardization on
microbial loads

[25,27,213]

Building material/
composition assessment
and survey of moisture
events

Qualitative descriptions,
surveys, and quantitative
material analysis

Potential data quality issues
with surveys, material
survey is time consuming

[19,156,214,215]

Identification of highly-
touched surfaces

Visual assessment or
proximity IR

Time-consuming for visual
assessment, inaccuracies in
proximity sensors

[17,159]

5. Air sampling and aerosol dynamics
Particle sampling Cascade impactors Can be particle size-

selective, quantitative
accounting of volume of air
sampled, mechanical forces
can rupture cellular
membranes and reduce
culturing viability, issues
with pump noise, power
requirements

[13e15,165]

Liquid impingers Mechanical forces can
rupture cellular
membranes, pump noise,
power requirements

[23,31,165]

Cyclones Particle size cut-off issues,
pump noise, power
requirements

[58,59]

Passive/HVAC filtering No pump or power
requirements, silent, large
air flows collect more
biomass, difficult to extract
DNA, biases towards certain
particle sizes based on filter
efficiency

[12,32,165,168,173]

Settling plates or dust fall
collectors (DFC or EDFC)

Silent, inexpensive, no
power requirements, may
bias toward larger particles

[45,171,216]

Particle deposition rates Whole-zone elevation and
decay

Expensive instrumentation,
requires ACH
measurements

[57,79,94,95,160]
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bioaerosol samplers were collocated and sampled over the same
period, they did not yield the same bacterial community, with only
13e16% of bacteria and 33e34% fungi common across all four
bioaerosol samplers. These results indicate that sampler design and
operation may substantially alter the microbial community
sampled and should be considered in detail when interpreting re-
sults. This work also suggests that utilizing a variety of sampling
techniques in sample environments may provide a more complete
representation of the true microbial community present.
Acknowledgments

This work was funded by a grant from the Alfred P. Sloan
Foundation's Program on the Microbiology of the Built
Environment (Grant No. 2013-10-07). Tiffanie Ramos was also
supported by a Starr-Fieldhouse Research Fellowship. We are
grateful for Hal Levin for valuable comments on a draft version of
this work. We are also grateful for a number of other colleagues
who have indirectly contributed to this work via countless personal
conversations over the past few years, including Jeffrey Siegel, Atila
Novoselac, Seema Bhangar, Denina Hospodsky, Rich Corsi, Michael
Waring, and many others.
References

[1] Wooley JC, Godzik A, Friedberg I. A primer on metagenomics. Bourne PE,
editor. PLoS Comput Biol 2010;6(2):e1000667.

[2] Su C, Lei L, Duan Y, Zhang K-Q, Yang J. Culture-independent methods for
studying environmental microorganisms: methods, application, and
perspective. Appl Microbiol Biotechnol 2012;93(3):993e1003.

http://refhub.elsevier.com/S0360-1323(14)00220-0/sref1
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref1
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref1
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref1


T. Ramos, B. Stephens / Building and Environment 81 (2014) 243e257254
[3] Farrow A, Taylor H, Golding J. Time spent in the Home by different family
members. Environ Technol 1997;18(6):605e13.

[4] Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, et al. The
National Human Activity Pattern Survey (NHAPS): a resource for assessing
exposure to environmental pollutants. J Expo Anal Environ Epidemiol
2001;11(3):231e52.

[5] Jenkins PL, Phillips TJ, Mulberg EJ, Hui SP. Activity patterns of Californians:
use of and proximity to indoor pollutant sources. Atmos Environ Part Gen
Top 1992;26(12):2141e8.

[6] Xue J, McCurdy T, Spengler J, Ozkaynak H. Understanding variability in time
spent in selected locations for 7e12-year old children. J Expo Anal Environ
Epidemiol 2004;14(3):222e33.

[7] Brasche S, Bischof W. Daily time spent indoors in German homes e baseline
data for the assessment of indoor exposure of German occupants. Int J Hyg
Environ Health 2005;208(4):247e53.

[8] Kelley ST, Gilbert JA. Studying the microbiology of the indoor environment.
Genome Biol 2013;14(2):202.

[9] Humphries C. Indoor ecosystems. Science 2012;335(6069):648e50.
[10] Konya T, Scott JA. Recent advances in the microbiology of the built envi-

ronment. Curr Sustain Energy Rep 2014;1(2):35e42.
[11] Hewitt KM, Gerba CP, Maxwell SL, Kelley ST. Office space bacterial abun-

dance and diversity in three metropolitan areas. Ravel J, editor. PLoS One
2012;7(5):e37849.

[12] Tringe SG, Zhang T, Liu X, Yu Y, Lee WH, Yap J, et al. The airborne meta-
genome in an indoor urban environment. Fairhead C, editor. PLoS One
2008;3(4):e1862.

[13] Qian J, Hospodsky D, Yamamoto N, Nazaroff WW, Peccia J. Size-resolved
emission rates of airborne bacteria and fungi in an occupied classroom. In-
door Air 2012;22(4):339e51.

[14] Meadow JF, Altrichter AE, Kembel SW, Kline J, Mhuireach G, Moriyama M,
et al. Indoor airborne bacterial communities are influenced by ventilation,
occupancy, and outdoor air source. Indoor Air February 2014;24(1):41e8.

[15] Hospodsky D, Qian J, Nazaroff WW, Yamamoto N, Bibby K, Rismani-Yazdi H,
et al. Human occupancy as a source of indoor airborne bacteria. Wold LE,
editor. PLoS One 2012;7(4):e34867.

[16] Kembel SW, Meadow JF, O'Connor TK, Mhuireach G, Northcutt D, Kline J,
et al. Architectural design drives the biogeography of indoor bacterial
communities. White BA, editor. PLoS One 2014;9(1):e87093.

[17] Meadow JF, Altrichter AE, Kembel SW, Moriyama M, O'Connor TK,
Womack AM, et al. Bacterial communities on classroom surfaces vary with
human contact. Microbiome 2014;2(1):7.

[18] Hewitt KM, Mannino FL, Gonzalez A, Chase JH, Caporaso JG, Knight R, et al.
Bacterial diversity in two Neonatal Intensive Care Units (NICUs). Ravel J,
editor. PLoS One 2013;8(1):e54703.

[19] Rintala H, Pitkaranta M, Toivola M, Paulin L, Nevalainen A. Diversity and
seasonal dynamics of bacterial community in indoor environment. BMC
Microbiol 2008;8(1):56.

[20] Poza M, Gayoso C, G�omez MJ, Rumbo-Feal S, Tom�as M, Aranda J, et al.
Exploring bacterial diversity in hospital environments by GS-FLX titanium
pyrosequencing. Horn M, editor. PLoS One 2012;7(8):e44105.

[21] Oberauner L, Zachow C, Lackner S, H€ogenauer C, Smolle K-H, Berg G. The
ignored diversity: complex bacterial communities in intensive care units
revealed by 16S pyrosequencing. Sci Rep [Internet] 2013 [cited 2013];3.
Available from: http://www.nature.com/doifinder/10.1038/srep01413.

[22] Lee L, Tin S, Kelley ST. Culture-independent analysis of bacterial diversity in a
child-care facility. BMC Microbiol 2007;7(1):27.

[23] Kembel SW, Jones E, Kline J, Northcutt D, Stenson J, Womack AM, et al.
Architectural design influences the diversity and structure of the built
environment microbiome. ISME J 2012;6(8):1469e79.

[24] Dunn RR, Fierer N, Henley JB, Leff JW, Menninger HL. Home life: factors
structuring the bacterial diversity found within and between Homes. Ber-
tilsson S, editor. PLoS One 2013;8(5):e64133.

[25] Flores GE, Bates ST, Caporaso JG, Lauber CL, Leff JW, Knight R, et al. Diversity,
distribution and sources of bacteria in residential kitchens. Environ Microbiol
2013;15(2):588e96.

[26] Jeon Y-S, Chun J, Kim B-S. Identification of household bacterial community
and analysis of species shared with human microbiome. Curr Microbiol
[Internet] 2013 [cited 2013]. Available from: http://link.springer.com/10.
1007/s00284-013-0401-y.

[27] Medrano-F�elix A, Martínez C, Castro-del Campo N, Le�on-F�elix J, Peraza-
Garay F, Gerba CP, et al. Impact of prescribed cleaning and disinfectant use
on microbial contamination in the home. J Appl Microbiol 2011;110(2):
463e71.

[28] Kelley ST, Theisen U, Angenent LT, St Amand A, Pace NR. Molecular analysis
of shower curtain biofilm microbes. Appl Environ Microbiol 2004;70(7):
4187e92.

[29] Adams RI, Miletto M, Taylor JW, Bruns TD. The diversity and distribution
of fungi on residential surfaces. Nielsen K, editor. PLoS One 2013;8(11):
e78866.

[30] Flores GE, Bates ST, Knights D, Lauber CL, Stombaugh J, Knight R, et al. Mi-
crobial biogeography of public restroom surfaces. Liles MR, editor. PLoS One
2011;6(11):e28132.

[31] Robertson CE, Baumgartner LK, Harris JK, Peterson KL, Stevens MJ, Frank DN,
et al. Culture-independent analysis of aerosol microbiology in a metropolitan
subway system. Appl Environ Microbiol 2013;79(11):3485e93.
[32] Korves TM, Piceno YM, Tom LM, DeSantis TZ, Jones BW, Andersen GL, et al.
Bacterial communities in commercial aircraft high-efficiency particulate air
(HEPA) filters assessed by PhyloChip analysis. Indoor Air 2013;23(1):50e61.

[33] Tang JW. The effect of environmental parameters on the survival of airborne
infectious agents. J R Soc Interface 2009;6(Suppl. 6):S737e46.

[34] Corsi RL, Kinney KA, Levin H. Microbiomes of built environments: 2011
symposium highlights and workgroup recommendations. Indoor Air
2012;22(3):171e2.

[35] Glass EM, Dribinsky Y, Yilmaz P, Levin H, Van Pelt R, Wendel D, et al. MIxS-
BE: a MIxS extension defining a minimum information standard for
sequence data from the built environment. ISME J [Internet] 2013 [cited
2013]. Available from: http://www.nature.com/doifinder/10.1038/ismej.
2013.176.

[36] Kinney KA, Maestre JP, King MD, Caya A, Hoisington A. Characterization and
source tracking of bioaerosols in residential showers. Basel, Switzerland;
2013.

[37] Singh J, Yu CWF, Kim Jeong Tai. Building pathology, investigation of sick
buildings e toxic moulds. Indoor Built Environ 2010;19(1):40e7.

[38] Andersson MA, Nikulin M, K€oljalg U, Andersson MC, Rainey F, Reijula K, et al.
Bacteria, molds, and toxins in water-damaged building materials. Appl En-
viron Microbiol 1997;63(2):387e93.

[39] Hyvarinen A, Meklin T, Vepsalainen A, Nevalainen A. Fungi and actino-
bacteria in moisture-damaged building materials d concentrations and di-
versity. Int Biodeterior Biodegr 2002;49(1):27e37.

[40] Fisk WJ, Lei-Gomez Q, Mendell MJ. Meta-analyses of the associations of
respiratory health effects with dampness and mold in homes. Indoor Air
2007;17(4):284e96.

[41] Quansah R, Jaakkola MS, Hugg TT, Heikkinen SAM, Jaakkola JJK. Residential
dampness and molds and the risk of developing asthma: a systematic review
and meta-analysis. Behrens T, editor. PLoS One 2012;7(11):e47526.

[42] Mendell MJ, Mirer AG, Cheung K, Tong M, Douwes J. Respiratory and allergic
health effects of dampness, mold, and dampness-related agents: a review of
the epidemiologic evidence. Environ Health Perspect 2011;119(6):748e56.

[43] IOM. Damp indoor spaces and health. Washington, DC: National Academies
Institute of Medicine; 2004.

[44] Amend AS, Seifert KA, Samson R, Bruns TD. Indoor fungal composition is
geographically patterned and more diverse in temperate zones than in the
tropics. Proc Natl Acad Sci 2010;107(31):13748e53.

[45] Adams RI, Miletto M, Taylor JW, Bruns TD. Dispersal in microbes: fungi in
indoor air are dominated by outdoor air and show dispersal limitation at
short distances. ISME J 2013;7(7):1262e73.

[46] Stephens B, Siegel JA. Penetration of ambient submicron particles into single-
family residences and associations with building characteristics. Indoor Air
2012;22(6):501e13.

[47] Riley WJ, McKone TE, Lai ACK, Nazaroff WW. Indoor particulate matter of
outdoor origin: importance of size-dependent removal mechanisms. Environ
Sci Technol 2002;36(2):200e7.

[48] Hodas N, Meng Q, Lunden MM, Rich DQ, €Ozkaynak H, Baxter LK, et al.
Variability in the fraction of ambient fine particulate matter found indoors
and observed heterogeneity in health effect estimates. J Expo Sci Environ
Epidemiol [Internet] 2012 [cited 2012]. Available from: http://www.nature.
com/doifinder/10.1038/jes.2012.34.

[49] Adams RI, Miletto M, Lindow SE, Taylor JW, Bruns TD. Airborne bacterial
communities in residences: similarities and differences with fungi. Moreau
CS, editor. PLoS One 2014;9(3):e91283.

[50] ASHRAE. Standard 52.2: method of testing general ventilation air-cleaning
devices for removal efficiency by particle size. American Society of Heat-
ing, Refrigerating and Air-Conditioning Engineers; 2012.

[51] Morawska L, Jamriska M, Guo H, Jayaratne ER, Cao M, Summerville S. Vari-
ation in indoor particle number and PM2.5 concentrations in a radio station
surrounded by busy roads before and after an upgrade of the HVAC system.
Build Environ 2009;44(1):76e84.

[52] Jamriska M, Morawska L, Clark BA. Effect of ventilation and filtration on
submicrometer particles in an indoor environment. Indoor Air 2000;10(1):
19e26.

[53] H€anninen OO, Palonen J, Tuomisto JT, Yli-Tuomi T, Seppanen O, Jantunen MJ.
Reduction potential of urban PM2.5 mortality risk using modern ventilation
systems in buildings. Indoor Air 2005;15(4):246e56.

[54] Rackes A, Waring MS. Modeling impacts of dynamic ventilation strategies on
indoor air quality of offices in six US cities. Build Environ 2013;60:243e53.

[55] Goh I, Obbard JP, Viswanathan S, Huang Y. Airborne bacteria and fungal
spores in the indoor environment. A case study in Singapore. Acta Biotechnol
2000;20(1):67e73.

[56] Tham KW, Zuraimi MS. Size relationship between airborne viable bacteria
and particles in a controlled indoor environment study. Indoor Air
2005;15(s9):48e57.

[57] Thatcher T. Effects of room furnishings and air speed on particle deposition
rates indoors. Atmos Environ 2002;36(11):1811e9.

[58] Gaüz�ere C, Moletta-Denat M, Blanquart H, Ferreira S, Moularat S, Godon J-J,
et al. Stability of airborne microbes in the Louvre Museum over time. Indoor
Air February 2014;24(1):29e40.

[59] Mathieu L, Robine E, Deloge-Abarkan M, Ritoux S, Pauly D, Hartemann P,
et al. Legionella bacteria in aerosols: sampling and analytical approaches
used during the Legionnaires disease outbreak in Pas-de-Calais. J Infect Dis
2006;193(9):1333e5.

http://refhub.elsevier.com/S0360-1323(14)00220-0/sref2
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref2
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref2
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref3
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref3
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref3
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref3
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref3
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref4
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref4
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref4
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref4
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref5
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref5
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref5
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref5
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref5
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref6
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref6
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref6
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref6
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref6
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref7
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref7
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref8
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref8
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref9
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref9
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref9
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref10
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref10
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref10
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref10
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref11
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref11
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref11
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref11
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref12
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref12
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref12
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref13
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref13
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref13
http://www.nature.com/doifinder/10.1038/srep01413
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref14
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref14
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref15
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref15
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref15
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref15
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref16
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref16
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref16
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref16
http://link.springer.com/10.1007/s00284-013-0401-y
http://link.springer.com/10.1007/s00284-013-0401-y
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref17
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref18
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref18
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref18
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref18
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref19
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref19
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref19
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref19
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref20
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref20
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref20
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref20
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref21
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref21
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref21
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref22
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref22
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref22
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref22
http://www.nature.com/doifinder/10.1038/ismej.2013.176
http://www.nature.com/doifinder/10.1038/ismej.2013.176
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref23
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref23
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref23
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref24
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref24
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref24
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref24
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref25
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref25
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref25
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref25
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref25
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref26
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref26
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref26
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref26
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref26
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref27
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref27
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref27
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref27
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref28
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref28
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref28
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref28
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref29
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref29
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref30
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref30
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref30
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref30
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref31
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref31
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref31
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref31
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref32
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref32
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref32
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref32
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref33
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref33
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref33
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref33
http://www.nature.com/doifinder/10.1038/jes.2012.34
http://www.nature.com/doifinder/10.1038/jes.2012.34
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref34
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref34
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref34
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref35
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref35
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref35
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref35
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref35
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref36
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref36
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref36
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref36
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref37
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref37
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref37
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref37
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref37
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref38
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref38
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref38
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref39
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref39
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref39
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref39
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref40
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref40
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref40
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref40
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref41
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref41
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref41
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref42
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref42
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref42
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref42
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref42
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref43
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref43
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref43
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref43
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref43


T. Ramos, B. Stephens / Building and Environment 81 (2014) 243e257 255
[60] Noyce JO, Michels H, Keevil CW. Potential use of copper surfaces to reduce
survival of epidemic meticillin-resistant Staphylococcus aureus in the
healthcare environment. J Hosp Infect 2006;63(3):289e97.

[61] Mbithi JN, Springthorpe VS, Sattar SA. Effect of relative humidity and air
temperature on survival of hepatitis A virus on environmental surfaces. Appl
Environ Microbiol 1991;57(5):1394e9.

[62] Noti JD, Blachere FM, McMillen CM, Lindsley WG, Kashon ML, Slaughter DR,
et al. High humidity leads to loss of infectious influenza virus from simulated
coughs. Rong L, editor. PLoS One 2013;8(2):e57485.

[63] Sattar SA, Ijaz MK, Johnson-Lussenburg CM, Springthorpe VS. Effect of rela-
tive humidity on the airborne survival of rotavirus SA11. Appl Environ
Microbiol 1984;47(4):879e81.

[64] Songer JR. Influence of relative humidity on the survival of some airborne
viruses. Appl Environ Microbiol 1967;15(1):35e42.

[65] Karim YG, Ijaz MK, Sattar SA, Johnson-Lussenburg CM. Effect of relative
humidity on the airborne survival of rhinovirus-14. Can J Microbiol
1985;31(11):1058e61.

[66] Handley BA, Webster AJF. Some factors affecting airborne survival of Pseu-
domonas fluorescens indoors. J Appl Bacteriol 1993;75(1):35e42.

[67] McEldowney S, Fletcher M. The effect of temperature and relative humidity
on the survival of bacteria attached to dry solid surfaces. Lett Appl Microbiol
1988;7(4):83e6.

[68] Coughenour C, Stevens V, Stetzenbach LD. An evaluation of methicillin-
resistant Staphylococcus aureus survival on five environmental surfaces.
Microb Drug Resist 2011;17(3):457e61.

[69] Makison C, Swan J. The effect of humidity on the survival of MRSA on hard
surfaces. Indoor Built Environ 2006;15(1):85e91.

[70] Kramer A, Schwebke I, Kampf G. How long do nosocomial pathogens persist
on inanimate surfaces? A systematic review. BMC Infect Dis 2006;6(130).

[71] Low SY, Dannemiller K, Yao M, Yamamoto N, Peccia J. The allergenicity of
Aspergillus fumigatus conidia is influenced by growth temperature. Fungal
Biol 2011;115(7):625e32.

[72] Frankel M, Beko G, Timm M, Gustavsen S, Hansen EW, Madsen AM. Seasonal
variations of indoor microbial exposures and their relation to temperature,
relative humidity, and air exchange rate. Appl Environ Microbiol
2012;78(23):8289e97.

[73] Aydogdu H, Asan A, Tatman Otkun M. Indoor and outdoor airborne bacteria
in child day-care centers in Edirne City (Turkey), seasonal distribution and
influence of meteorological factors. Environ Monit Assess 2009;164(1e4):
53e66.

[74] Hobday RA, Dancer SJ. Roles of sunlight and natural ventilation for con-
trolling infection: historical and current perspectives. J Hosp Infect [Internet]
2013 [cited 2013]. Available from: http://linkinghub.elsevier.com/retrieve/
pii/S0195670113001540.

[75] Salonen H, Duchaine C, L�etourneau V, Mazaheri M, Clifford S, Morawska L.
Endotoxins in indoor air and settled dust in primary schools in a subtropical
climate. Environ Sci Technol 2013;47(17):9882e90.

[76] Li A, Liu Z, Zhu X, Liu Y, Wang Q. The effect of air-conditioning parameters
and deposition dust on microbial growth in supply air ducts. Energy Build
2010;42(4):449e54.

[77] Waring MS, Siegel JA. Particle loading rates for HVAC filters, heat exchangers,
and ducts. Indoor Air 2008;18(3):209e24.

[78] Sippola M, Nazaroff W. Experiments measuring particle deposition from fully
developed turbulent flow in ventilation ducts. Aerosol Sci Technol
2004;38(9):914e25.

[79] Stephens B, Siegel JA. Comparison of test methods for determining the
particle removal efficiency of filters in residential and light-commercial
central HVAC systems. Aerosol Sci Technol 2012;46(5):504e13.

[80] Cai G-H, M€alarstig B, Kumlin A, Johansson I, Janson C, Norb€ack D. Fungal DNA
and pet allergen levels in Swedish day care centers and associations with
building characteristics. J Environ Monit 2011;13(7):2018.

[81] ASHRAE. ASHRAE handbook of fundamentals: chapter 1: psychrometrics.
American Society of Heating, Refrigerating and Air-Conditioning Engineers;
2013.

[82] Baughman AV, Arens EA. Indoor humidity and human health e part 1:
literature review of health effects of humidity-influenced indoor pollutants.
ASHRAE Trans 1996;102(1):193e211.

[83] Nielsen KF, Holm G, Uttrup LP, Nielsen PA. Mould growth on building ma-
terials under low water activities. Influence of humidity and temperature on
fungal growth and secondary metabolism. Int Biodeterior Biodegr
2004;54(4):325e36.

[84] Park JH, Spiegelman DL, Burge HA, Gold DR, Chew GL, Milton DK. Longitu-
dinal study of dust and airborne endotoxin in the home. Environ Health
Perspect 2000;108(11):1023e8.

[85] McDevitt J, Rudnick S, First M, Spengler J. Role of absolute humidity in the
inactivation of influenza viruses on stainless steel surfaces at elevated
temperatures. Appl Environ Microbiol 2010;76(12):3943e7.

[86] Shaman J, Pitzer VE, Viboud C, Grenfell BT, Lipsitch M. Absolute humidity and
the seasonal onset of influenza in the continental United States. Ferguson
NM, editor. PLoS Biol. 2010;8(2):e1000316.

[87] Shaman J, Kohn M. Absolute humidity modulates influenza survival, trans-
mission, and seasonality. Proc Natl Acad Sci 2009;106(9):3243e8.

[88] Cao G, Awbi H, Yao R, Fan Y, Sir�en K, Kosonen R, et al. A review of the
performance of different ventilation and airflow distribution systems in
buildings. Build Environ 2014;73:171e86.
[89] Bluyssen PM, Cox C, Sepp€anen O, De Oliveira Fernandes E, Clausen G,
Müller B, et al. Why, when and how do HVAC-systems pollute the indoor
environment and what to do about it? The European AIRLESS project. Build
Environ 2003;38(2):209e25.

[90] Wu P-C, Li Y-Y, Chiang C-M, Huang C-Y, Lee C-C, Li F-C, et al. Changing
microbial concentrations are associated with ventilation performance
in Taiwan's air-conditioned office buildings. Indoor Air 2005;15(1):
19e26.

[91] Bonetta S, Bonetta S, Mosso S, Samp�o S, Carraro E. Assessment of microbi-
ological indoor air quality in an Italian office building equipped with an
HVAC system. Environ Monit Assess 2009;161(1e4):473e83.

[92] Lai ACK, Nazaroff WW. Modeling indoor particle deposition from turbulent
flow onto smooth surfaces. J Aerosol Sci 2000;31(4):463e76.

[93] Lai ACK. Particle deposition indoors: a review. Indoor Air 2002;12(4):211e4.
[94] He C, Morawska L, Gilbert D. Particle deposition rates in residential houses.

Atmos Environ 2005;39(21):3891e9.
[95] Wallace L, Kindzierski W, Kearney J, MacNeill M, H�eroux M-�E, Wheeler AJ.

Fine and ultrafine particle decay rates in multiple homes. Environ Sci
Technol 2013;47(22):12929e37.

[96] ASHRAE. ASHRAE handbook of fundamentals: chapter 36: measurement and
instruments. American Society of Heating, Refrigerating and Air-
Conditioning Engineers; 2013.

[97] The Energy Conservatory. Minneapolis duct blaster operation manual. Min-
neapolis, MN: The Energy Conservatory; 2007.

[98] Francisco PW, Palmiter L. Field evaluation of a new device to measure air
handler flow. ASHRAE Trans 2003;109(2):403e12.

[99] Waring MS, Siegel JA. The effect of an ion generator on indoor air quality in a
residential room. Indoor Air 2011;21(4):267e76.

[100] Thornburg JW, Rodes CE, Lawless PA, Stevens CD, Williams RW. A pilot study
of the influence of residential HAC duty cycle on indoor air quality. Atmos
Environ 2004;38(11):1567e77.

[101] Stephens B, Siegel JA, Novoselac A. Operational characteristics of residential
and light-commercial air-conditioning systems in a hot and humid climate
zone. Build Environ 2011;46(10):1972e83.

[102] Stephens B, Novoselac A, Siegel JA. The effects of filtration on pressure drop
and energy consumption in residential HVAC systems. HVACR Res
2010;16(3):273e94.

[103] Miller LM, Halvorsen E, Dong T, Wright PK. Modeling and experimental
verification of low-frequency MEMS energy harvesting from ambient vi-
brations. J Micromechanics Microengineering 2011;21(4):045029.

[104] Cummings JB, Tooley JJ, Moyer NA, Dunsmore R. Impacts of duct leakage on
infiltration rates, space conditioning energy use, and peak electrical demand
in Florida homes. In: Proc. ACEEE 1990 summer study; 1990.

[105] Fisk WJ, Delp W, Diamond R, Dickerhoff D, Levinson R, Modera M, et al. Duct
systems in large commercial buildings: physical characterization, air leakage,
and heat conduction gains. Energy Build 2000;32(1):109e19.

[106] ASTM E 1554. Determining air leakage of air distribution systems by fan
pressurization; 2007.

[107] Stephens B, Siegel JA, Novoselac A. Energy implications of filtration in resi-
dential and light-commercial buildings (RP-1299). ASHRAE Trans
2010;116(1):346e57.

[108] Walker IS, Dickerhoff DJ, Faulkner D, Turner WJN. Energy implications of in-
line filtration in California. Berkeley, CA: Lawrence Berkeley National Labo-
ratory; 2012. Report No.: LBNL-6143E.

[109] The Energy Conservatory. TrueFlow air handler flow meter operation
manual. Minneapolis, MN: The Energy Conservatory; 2006.

[110] Persily AK. Evaluating building IAQ and ventilation with indoor carbon di-
oxide. ASHRAE Trans 1997;103(2):1e12.

[111] Wallace LA, Emmerich SJ, Howard-Reed C. Continuous measurements of air
change rates in an occupied house for 1 year: the effect of temperature,
wind, fans, and windows. J Expo Anal Environ Epidemiol 2002;12(4):
296e306.

[112] ASTM E 741. Standard test method for determining air change in a single
zone by means of a tracer gas dilution; 2006.

[113] Miller SL, Leiserson K, Nazaroff WW. Nonlinear least-squares minimization
applied to tracer gas decay for determining airflow rates in a two-zone
building. Indoor Air 1997;7(1):64e75.

[114] Sherman MH. On the estimation of multizone ventilation rates from tracer
gas measurements. Build Environ 1989;24(4):355e62.

[115] Sherman MH. Tracer-gas techniques for measuring ventilation in a single
zone. Build Environ 1990;25(4):365e74.

[116] Lunden M, Faulkner D, Heredia E, Cohn S, Dickerhoff D, Noris F, et al. Ex-
periments to evaluate and implement passive tracer gas methods to measure
ventilation rates in homes. Berkeley, CA: Lawrence Berkeley National Lab-
oratory; 2012. Report No.: LBNL-5984E.

[117] Lo LJ, Novoselac A. Cross ventilation with small openings: measurements in a
multi-zone test building. Build Environ 2012;57:377e86.

[118] Lo J, Banks D, Novoselac A. Combined wind tunnel and CFD analysis for in-
door airflow prediction of wind-driven cross ventilation. Build Environ
2013;60:12e23.

[119] Flourentzou F, Van der Maas J, Roulet C-A. Natural ventilation for passive
cooling: measurement of discharge coefficients. Energy Build 1998;27(3):
283e92.

[120] Larsen TS, Heiselberg P. Single-sided natural ventilation driven by wind
pressure and temperature difference. Energy Build 2008;40(6):1031e40.

http://refhub.elsevier.com/S0360-1323(14)00220-0/sref44
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref44
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref44
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref44
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref45
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref45
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref45
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref45
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref46
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref46
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref46
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref46
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref47
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref47
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref47
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref48
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref48
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref48
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref48
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref49
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref49
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref49
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref50
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref50
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref50
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref50
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref51
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref51
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref51
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref51
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref52
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref52
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref52
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref53
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref53
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref54
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref54
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref54
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref54
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref55
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref55
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref55
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref55
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref55
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref56
http://linkinghub.elsevier.com/retrieve/pii/S0195670113001540
http://linkinghub.elsevier.com/retrieve/pii/S0195670113001540
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref57
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref57
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref57
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref57
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref57
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref58
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref58
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref58
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref58
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref59
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref59
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref59
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref60
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref60
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref60
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref60
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref61
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref61
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref61
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref61
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref62
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref62
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref62
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref62
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref62
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref63
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref63
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref63
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref64
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref64
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref64
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref64
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref64
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref65
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref65
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref65
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref65
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref65
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref66
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref66
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref66
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref66
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref67
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref67
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref67
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref67
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref68
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref68
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref68
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref69
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref69
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref69
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref69
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref69
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref70
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref71
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref71
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref71
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref71
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref71
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref72
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref73
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref73
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref73
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref74
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref74
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref75
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref75
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref75
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref76
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref77
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref77
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref77
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref78
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref78
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref79
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref79
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref79
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref80
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref80
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref80
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref81
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref81
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref81
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref81
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref82
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref82
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref82
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref82
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref83
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref83
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref83
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref83
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref84
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref84
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref84
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref85
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref85
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref85
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref86
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref86
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref86
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref86
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref87
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref87
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref88
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref88
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref88
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref88
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref89
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref89
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref89
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref90
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref90
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref91
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref91
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref91
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref92
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref92
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref92
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref92
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref92
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref93
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref93
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref94
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref94
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref94
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref94
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref95
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref95
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref95
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref96
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref96
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref96
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref97
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref97
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref97
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref97
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref98
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref98
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref98
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref99
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref99
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref99
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref99
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref100
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref100
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref100
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref100
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref101
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref101
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref101


T. Ramos, B. Stephens / Building and Environment 81 (2014) 243e257256
[121] Dascalaki E, Santamouris M, Argiriou A, Helmis C, Asimakopoulos DN,
Papadopoulos K, et al. On the combination of air velocity and flow mea-
surements in single sided natural ventilation configurations. Energy Build
1996;24(2):155e65.

[122] Chen Q. Ventilation performance prediction for buildings: a method over-
view and recent applications. Build Environ 2009;44(4):848e58.

[123] T€aubel M, Rintala H, Pitk€aranta M, Paulin L, Laitinen S, Pekkanen J, et al. The
occupant as a source of house dust bacteria. J Allergy Clin Immunol
2009;124(4). 834.e47e840.e47.

[124] Chen Q, Hildemann LM. The effects of human activities on exposure to
particulate matter and bioaerosols in residential homes. Environ Sci Technol
2009;43(13):4641e6.

[125] Terada K, Yoshida D, Oe S, Yamaguchi J. A method of counting the passing
people by using the stereo images. IEEE; 1999 [cited 2013]. p. 338e342.
Available from: http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?
arnumber¼822913.

[126] Chen T, Chen T, Chen Z. An intelligent people-flow counting method for
passing through a Gate. IEEE; 2006 [cited 2013]. p. 1e6. Available from:
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber¼4018739.

[127] Erickson VL, Lin Y, Kamthe A, Brahme R, Surana A, Cerpa AE, et al. Energy
efficient building environment control strategies using real-time occupancy
measurements. ACM Press; 2009 [cited 2013]. p. 19e24. Available from:
http://portal.acm.org/citation.cfm?doid¼1810279.1810284.

[128] Liu D, Guan X, Du Y, Zhao Q. Measuring indoor occupancy in intelligent
buildings using the fusion of vision sensors. Meas Sci Technol 2013;24(7):
074023.

[129] Meyn S, Surana A, Lin Y, Oggianu SM, Narayanan S, Frewen TA. A sensor-
utility-network method for estimation of occupancy in buildings. Shanghai,
China; 2009. pp. 1494e500.

[130] Dong B, Andrews B. Sensor-based occupancy behavioral pattern recognition
for energy and comfort management in intelligent buildings. Glasgow,
Scotland; 2009. pp. 1444e51.

[131] Rubinstein FM, Colak N, Jennings J, Niels D. Analyzing occupancy profiles
from a lighting controls field study. San Diego, CA; 2003.

[132] Jennings JD, Rubinstein FM, DiBartolomeo D, Blanc SL. Comparison of control
options in private offices in an advanced lighting controls testbed; 1999.
pp. 275e98.

[133] Dodier RH, Henze GP, Tiller DK, Guo X. Building occupancy detection
through sensor belief networks. Energy Build 2006;38(9):1033e43.

[134] Wang S, Burnett J, Chong H. Experimental validation of CO2-based occupancy
detection for demand-controlled ventilation. Indoor Built Environ 1999;8(6):
377e91.

[135] Lawrence TM, Braun JE. A methodology for estimating occupant CO2 source
generation rates from measurements in small commercial buildings. Build
Environ 2007;42(2):623e39.

[136] Bartlett KH, Martinez M, Bert J. Modeling of occupant-generated CO2 dy-
namics in naturally ventilated classrooms. J Occup Environ Hyg 2004;1(3):
139e48.

[137] Cornaro C, Paravicini A, Cimini A. Monitoring indoor carbon dioxide con-
centration and effectiveness of natural trickle ventilation in a middle school
in Rome. Indoor Built Environ 2011;22(2):445e55.

[138] Zavala VM. Inference of building occupancy signals using moving horizon
estimation and Fourier regularization. J Process Control [Internet] 2013
[cited 2014]. Available from: http://linkinghub.elsevier.com/retrieve/pii/
S0959152413001893.

[139] Patel SN, Reynolds MS, Abowd GD. Detecting human movement by differ-
ential air pressure sensing in HVAC system ductwork: an exploration in
infrastructure mediated sensing. In: Indulska J, Patterson DJ, Rodden T,
Ott M, editors. Pervasive Comput. [Internet]. Berlin, Heidelberg: Springer;
2008 [cited 2012]. p. 1e18. Available from: http://www.springerlink.com/
index/10.1007/978-3-540-79576-6_1.

[140] Li N, Calis G, Becerik-Gerber B. Measuring and monitoring occupancy with an
RFID based system for demand-driven HVAC operations. Autom Constr
2012;24:89e99.

[141] Gillott M, Holland R, Riffat S, Fitchett JA. Post-occupancy evaluation of space
use in a dwelling using RFID tracking. Archit Eng Des Manag 2006;2(4):
273e88.

[142] Li N, Becerik-Gerber B. Performance-based evaluation of RFID-based indoor
location sensing solutions for the built environment. Adv Eng Inf 2011;25(3):
535e46.

[143] Huang YC, Xie Q. The construction of a hospital disease tracking and control
system with a disease infection probability model. J Intell Manuf [Internet]
2013 [cited 2014]. Available from: http://link.springer.com/10.1007/s10845-
013-0796-0.

[144] Bruno R, Delmastro F. Design and analysis of a bluetooth-based indoor
localization system. In: Conti M, Giordano S, Gregori E, Olariu S, editors. Pers.
Wirel. Commun. [Internet]. Berlin, Heidelberg: Springer; 2003 [cited 2013].
p. 711e25. Available from: http://www.springerlink.com/index/10.1007/
978-3-540-39867-7_66.

[145] Kjærgaard MB, Treu G, Ruppel P, Küpper A. Efficient indoor proximity and
separation detection for location fingerprinting. Brussels, Belgium; 2008.

[146] Naya F, Noma H, Ren Ohmura, Kogure K. Bluetooth-based indoor proximity
sensing for nursing context awareness. IEEE; 2005 [cited 2013]. p. 212e213.
Available from: http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?
arnumber¼1550816.
[147] Liao C, Barooah P. An integrated approach to occupancy modeling and
estimation in commercial buildings. Baltimore, MD; 2010. pp. 3130e5.

[148] Hutchins J, Ihler A, Smyth P. Modeling count data from multiple sensors: a
building occupancy model. IEEE; 2007 [cited 2013]. p. 241e244. Available
from: http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?
arnumber¼4498010.

[149] Ihler A, Hutchins J, Smyth P. Adaptive event detection with time-varying
poisson processes. Philadelphia, PA: ACM Press; 2006 [cited 2013]. p.
207e216. Available from: http://portal.acm.org/citation.cfm?doid¼1150402.
1150428.

[150] Page J, Robinson D, Morel N, Scartezzini J-L. A generalised stochastic
model for the simulation of occupant presence. Energy Build 2008;40(2):
83e98.

[151] Lam KP, H€oynck M, Dong B, Andrews B, Chiou Y-S, Zhang R, et al. Occupancy
detection through an extensive environmental sensor network in an open-
plan office building. Glasgow, Scotland; 2009. pp. 1452e9.

[152] U.S. EPA. reportExposure factors handbook: 2011 ed. [Internet]. U.S. Envi-
ronmental Protection Agency, Washington, DC: National Center for Envi-
ronmental Assessment; 2011 Report No.: EPA/600/R-09/052F. Available
from: http://www.epa.gov/ncea/efh.

[153] Greatorex JS, Digard P, Curran MD, Moynihan R, Wensley H, Wreghitt T,
et al. Survival of influenza A(H1N1) on materials found in households:
implications for infection control. Cowling BJ, editor. PLoS One 2011;6(11):
e27932.

[154] Bean B, Moore BM, Sterner B, Peterson LR, Gerding DN, Balfour HH. Survival
of influenza viruses on environmental surfaces. J Infect Dis 1982;146(1):
47e51.

[155] Van Loosdrecht MC, Lyklema J, Norde W, Zehnder AJ. Influence of interfaces
on microbial activity. Microbiol Mol Biol Rev 1990;54(1):75e87.

[156] Andersen B, Frisvad JC, Sondergaard I, Rasmussen IS, Larsen LS. Associations
between fungal species and water-damaged building materials. Appl Envi-
ron Microbiol 2011;77(12):4180e8.

[157] Viitanen H, Vinha J, Salminen K, Ojanen T, Peuhkuri R, Paajanen L, et al.
Moisture and bio-deterioration risk of building materials and structures.
J Build Phys 2010;33(3):201e24.

[158] Grant C, Hunter CA, Flannigan B, Bravery AF. The moisture requirements of
moulds isolated from domestic dwellings. Int Biodeterior 1989;25(4):
259e84.

[159] Fierer N, Hamady M, Lauber CL, Knight R. The influence of sex, handedness,
and washing on the diversity of hand surface bacteria. Proc Natl Acad Sci
2008;105(46):17994e9.

[160] Wallace L, Emmerich SJ, Howard-Reed C. Effect of central fans and in-duct
filters on deposition rates of ultrafine and fine particles in an occupied
townhouse. Atmos Environ 2004;38(3):405e13.

[161] Nazaroff WW. Indoor particle dynamics. Indoor Air 2004;14(s7):175e83.
[162] Zhao B, Wu J. Particle deposition in indoor environments: analysis of influ-

encing factors. J Hazard Mater 2007;147(1e2):439e48.
[163] Nazaroff WW, Cass GR. Particle deposition from a natural convection flow

onto a vertical isothermal flat plate. J Aerosol Sci 1987;18(4):445e55.
[164] Pi~nar G, Piombino-Mascali D, Maixner F, Zink A, Sterflinger K. Microbial

survey of the mummies from the Capuchin Catacombs of Palermo, Italy:
biodeterioration risk and contamination of the indoor air. FEMS Microbiol
Ecol 2013;86(2):341e56.

[165] NIST. Challenges in microbial sampling in the indoor environment: work-
shop summary report. Gaithersburg, MD: National Institute of Standards and
Technology (NIST); 2012. Report No.: NIST Technical Note 1737.

[166] Gaüz�ere C, Moletta-Denat M, Bousta F, Moularat S, Orial G, Ritoux S, et al.
Reliable procedure for molecular analysis of airborne microflora in three
indoor environments: an office and two different museum contexts. Clean e

Soil Air Water 2013;41(3):226e34.
[167] Hoisington AJ, Maestre JP, King MD, Siegel JA, Kinney KA. Impact of sampler

selection on the characterization of the indoor microbiome via high-
throughput sequencing. Build Environ October 2014;80:274e82. http://
dx.doi.org/10.1016/j.buildenv.2014.04.021.

[168] Hoisington A, Maestre JP, Siegel JA, Kinney KA. Exploring the microbiome of
the built environment: a primer on four biological methods available to
building professionals. HVACR Res 2014;20(1):167e75.

[169] Hospodsky D, Yamamoto N, Peccia J. Accuracy, precision, and method
detection limits of quantitative PCR for airborne bacteria and fungi. Appl
Environ Microbiol 2010;76(21):7004e12.

[170] Frankel M, Timm M, Hansen EW, Madsen AM. Comparison of sampling
methods for the assessment of indoor microbial exposure. Indoor Air
2012;22(5):405e14.

[171] Noss I, Wouters IM, Visser M, Heederik DJJ, Thorne PS, Brunekreef B, et al.
Evaluation of a low-cost electrostatic dust fall collector for indoor air
endotoxin exposure assessment. Appl Environ Microbiol 2008;74(18):
5621e7.

[172] Li K. Molecular comparison of the sampling efficiency of four types of
airborne bacterial samplers. Sci Total Environ 2011;409(24):5493e8.

[173] Noris F, Siegel JA, Kinney KA. Evaluation of HVAC filters as a sampling
mechanism for indoor microbial communities. Atmos Environ 2011;45(2):
338e46.

[174] Bluyssen PM, Oliveira Fernandes E, Groes L, Clausen G, Fanger PO, Valbjorn O,
et al. European indoor air quality audit project in 56 office buildings. Indoor
Air 1996;6(4):221e38.

http://refhub.elsevier.com/S0360-1323(14)00220-0/sref102
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref102
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref102
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref102
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref102
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref103
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref103
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref103
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref104
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref105
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref105
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref105
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref105
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=822913
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=822913
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=822913
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4018739
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4018739
http://portal.acm.org/citation.cfm?doid=1810279.1810284
http://portal.acm.org/citation.cfm?doid=1810279.1810284
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref106
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref106
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref106
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref107
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref107
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref107
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref107
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref108
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref108
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref108
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref108
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref109
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref109
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref110
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref110
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref110
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref110
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref111
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref111
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref111
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref112
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref112
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref112
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref112
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref112
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref113
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref113
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref113
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref113
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref113
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref114
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref114
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref114
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref114
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref114
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref115
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref115
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref115
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref115
http://linkinghub.elsevier.com/retrieve/pii/S0959152413001893
http://linkinghub.elsevier.com/retrieve/pii/S0959152413001893
http://www.springerlink.com/index/10.1007/978-3-540-79576-6_1
http://www.springerlink.com/index/10.1007/978-3-540-79576-6_1
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref117
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref117
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref117
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref117
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref118
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref118
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref118
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref118
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref119
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref119
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref119
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref119
http://link.springer.com/10.1007/s10845-013-0796-0
http://link.springer.com/10.1007/s10845-013-0796-0
http://www.springerlink.com/index/10.1007/978-3-540-39867-7_66
http://www.springerlink.com/index/10.1007/978-3-540-39867-7_66
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref121
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref121
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1550816
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1550816
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1550816
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref122
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref122
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref122
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4498010
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4498010
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4498010
http://portal.acm.org/citation.cfm?doid=1150402.1150428
http://portal.acm.org/citation.cfm?doid=1150402.1150428
http://portal.acm.org/citation.cfm?doid=1150402.1150428
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref123
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref123
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref123
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref123
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref124
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref124
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref124
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref124
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref124
http://www.epa.gov/ncea/efh
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref125
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref125
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref125
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref125
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref126
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref126
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref126
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref127
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref127
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref127
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref127
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref128
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref128
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref128
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref128
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref129
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref129
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref129
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref129
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref130
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref130
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref130
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref130
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref131
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref131
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref131
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref131
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref132
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref132
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref133
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref133
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref133
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref133
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref134
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref134
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref134
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref135
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref136
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref136
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref136
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref137
http://dx.doi.org/10.1016/j.buildenv.2014.04.021
http://dx.doi.org/10.1016/j.buildenv.2014.04.021
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref139
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref139
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref139
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref139
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref140
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref140
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref140
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref140
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref141
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref141
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref141
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref141
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref142
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref142
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref142
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref142
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref142
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref143
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref143
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref143
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref144
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref144
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref144
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref144
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref145
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref145
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref145
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref145


T. Ramos, B. Stephens / Building and Environment 81 (2014) 243e257 257
[175] Koep TH, Enders FT, Pierret C, Ekker SC, Krageschmidt D, Neff KL, et al.
Predictors of indoor absolute humidity and estimated effects on influenza
virus survival in grade schools. BMC Infect Dis 2013;13(1):71.

[176] Spilak MP, Karottki GD, Kolarik B, Frederiksen M, Loft S, Gunnarsen L.
Evaluation of building characteristics in 27 dwellings in Denmark and the
effect of using particle filtration units on PM2.5 concentrations. Build Envi-
ron 2014;73:55e63.

[177] Nguyen JL, Schwartz J, Dockery DW. The relationship between indoor and
outdoor temperature, apparent temperature, relative humidity, and absolute
humidity. Indoor Air 2014;24(1):103e12.

[178] Bajaj A, Rosner B, Lockley SW, Schernhammer ES. Validation of a light
questionnaire with real-life photopic illuminance measurements: the Har-
vard Light Exposure Assessment Questionnaire. Cancer Epidemiol Bio-
markers Prev 2011;20(7):1341e9.

[179] wunderground.com. Weather underground: weather history and data
archive [Internet]. Hist. Weather; 2014. Available from: http://www.
wunderground.com/history/.

[180] Park JS. Long-term field measurement on effects of wind speed and direc-
tional fluctuation on wind-driven cross ventilation in a mock-up building.
Build Environ 2013;62:1e8.

[181] Eber MR, Shardell M, Schweizer ML, Laxminarayan R, Perencevich EN Sea-
sonal and temperature-associated increases in gram-negative bacterial
bloodstream infections among hospitalized patients. Spellberg B, editor.
PLoS One 2011;6(9):e25298.

[182] Liu M, Liu G, Joo I, Song L, Wang G. Development of in situ fan
curve measurement for VAV AHU systems. J Sol Energy Eng
2005;127(2):287.

[183] ASHRAE. ASHRAE standard 152: method of test for determining the design
and seasonal efficiencies of residential thermal distribution systems. Amer-
ican Society of Heating, Refrigerating and Air-Conditioning Engineers; 2004.

[184] Walker IS, McWiliams JA, Konopacki SJ. Case study field evaluation of a
systems approach to retrofitting a residential HVAC system [Internet]; 2003.
Report No.: LBNL-53444, 819480. Available from: http://www.osti.gov/
servlets/purl/819480-KeIJWv/native/.

[185] Zaatari M, Siegel J. Particle characterization in retail environments: con-
centrations, sources, and removal mechanisms. Indoor Air 2014. http://
dx.doi.org/10.1111/ina.12088 [Epub ahead of print e early view].

[186] Zaatari M, Novoselac A, Siegel J. The relationship between filter pressure
drop, indoor air quality, and energy consumption in rooftop HVAC units.
Build Environ 2014;73:151e61.

[187] Wray C, Walker I, Sherman M. Accuracy of flow hoods in residential appli-
cations. In: Proc. 2002 ACEEE summer study energy Effic. Build; 2002.

[188] ASHRAE. ASHRAE standard 111. Measurement, testing, adjusting, and
balancing of building HVAC systems. American Society of Heating, Refrig-
erating and Air-Conditioning Engineers; 2008.

[189] ASHRAE. Standard 70: method of testing the performance of air outlets and
air inlets. American Society of Heating, Refrigerating and Air-Conditioning
Engineers; 2011.

[190] Fisk WJ, Faulkner D, Sullivan DP. An evaluation of three commercially
available technologies for real-time measurement of rates of outdoor airflow
into HVAC systems. ASHRAE Trans 2005;111(2):443e55.

[191] Etheridge D, Sandberg M. Building ventilation: theory and measurement.
Chichester; New York: John Wiley & Sons; 1996.

[192] Chamberlin GA, Maki KS, Li Z, Schwenk DM, Christianson LL. VAV systems
and outdoor air. ASHRAE J 1999;October 1999:39e45.

[193] Brambley M, Pratt R, Chassin D, Katipamula S, Hatley D. Diagnostics for
outdoor air ventilation and economizers. ASHRAE J 1998;October 1998:
49e55.

[194] Dietz RN, Cote EA. Air infiltration measurements in a home using a conve-
nient perfluorocarbon tracer technique. Environ Int 1982;8(1e6):419e33.

[195] Walker IS, Sherman MH, Wempen J, Wang D, McWilliams JA, Dickerhoff DJ.
Development of a new duct leakage test: Delta Q. Berkeley, CA: Lawrence
Berkeley National Laboratory; 2001. Report No.: LBNL-47308.
[196] Francisco PW, Palmiter L. The nulling test: a newmeasurement technique for
estimating duct leakage in residential homes. ASHRAE Trans 2001;107(1):
297e303.

[197] Rosenblum BT. Collecting occupant presence data for use in energy man-
agement of commercial buildings [Master's thesis, Department of Architec-
ture]. Berkeley, CA: University of California, Berkeley; 2011.

[198] SenSource. People counters, people counting system, retail traffic counter,
pedestrian counter [Internet]; 2014. Available from: http://www.
sensourceinc.com/peoplecounters.htm.

[199] Teixeira T, Dublon G, Savvides A. A survey of human-sensing: methods for
detecting presence, count, location, track, and identity. ACM Comput Surv
2010;5.

[200] Fisk W, Sullivan D. Optical people counting for demand controlled ventila-
tion: a pilot study of counter performance. Berkeley, CA: Lawrence Berkeley
National Laboratory; 2009. Report No.: LBNL-3170E.

[201] Su H, Wu P, Chen H, Lee F, Lin L. Exposure assessment of indoor allergens,
endotoxin, and airborne fungi for homes in Southern Taiwan. Environ Res
2001;85(2):135e44.

[202] Song SJ, Lauber C, Costello EK, Lozupone CA, Humphrey G, Berg-Lyons D,
et al. Cohabiting family members share microbiota with one another and
with their dogs. eLife 2013;2(0):e00458.

[203] Medjo B, Atanaskovic-Markovic M, Nikolic D, Spasojevic-Dimitrijeva B,
Ivanovski P, Djukic S. Association between pet-keeping and asthma in school
children: pets and asthma. Pediatr Int 2013;55(2):133e7.

[204] Qian J, Ferro AR. Resuspension of dust particles in a chamber and associated
environmental factors. Aerosol Sci Technol 2008;42(7):566e78.

[205] Nazaroff WW, Ligocki MP, Ma T, Cass GR. Particle deposition in museums:
comparison of modeling and measurement results. Aerosol Sci Technol
1990;13(3):332e48.

[206] Clark J, Peeters L, Novoselac A. Experimental study of convective heat
transfer from windows with Venetian blinds. Build Environ 2013;59:
690e700.

[207] Gee GW, Campbell MD, Campbell GS, Campbell JH. Rapid measurement of
low soil water potentials using a water activity meter. Soil Sci Soc Am J
1992;56(4):1068.

[208] Pasanen A-L, Juutinen T, Jantunen MJ, Kalliokoski P. Occurrence and moisture
requirements of microbial growth in building materials. Int Biodeterior
Biodegr 1992;30(4):273e83.

[209] Roels S, Carmeliet J, Hens H, Adan O, Brocken H, Cerny R, et al. Interlabor-
atory comparison of hygric properties of porous building materials. J Build
Phys 2004;27(4):307e25.

[210] Kumaran MK. Moisture diffusivity of building materials from water ab-
sorption measurements. J Build Phys 1999;22(4):349e55.

[211] Carmeliet J, Hens H, Roels S, Adan O, Brocken H, Cerny R, et al. Determination
of the liquid water diffusivity from transient moisture transfer experiments.
J Build Phys 2004;27(4):277e305.

[212] Roels S, Carmeliet J, Hens H, Adan O, Brocken H, Cerny R, et al. A comparison
of different techniques to quantify moisture content profiles in porous
building materials. J Build Phys 2004;27(4):261e76.

[213] Dancer S. How do we assess hospital cleaning? A proposal for microbiological
standards for surface hygiene in hospitals. J Hosp Infect 2004;56(1):10e5.

[214] Hodgson AT, Ming KY, Singer BC. Quantifying object and material surface
areas in residences. Berkeley, CA: Lawrence Berkeley National Laboratory;
2005. Report No.: LBNL-56786.

[215] Nunez M, Hammer H. Microbial specialists in below-grade foundation walls
in Scandinavia. Indoor Air 2014. http://dx.doi.org/10.1111/ina.12095 [Epub
ahead of print e early view].

[216] Wurtz H, Sigsgaard T, Valbjorn O, Doekes G, Meyer HW. The dustfall collector
e a simple passive tool for long-term collection of airborne dust: a project
under the Danish Mould in Buildings program (DAMIB). Indoor Air
2005;15(s9):33e40.

http://refhub.elsevier.com/S0360-1323(14)00220-0/sref146
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref146
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref146
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref147
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref147
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref147
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref147
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref147
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref148
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref148
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref148
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref148
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref149
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref149
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref149
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref149
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref149
http://wunderground.com
http://www.wunderground.com/history/
http://www.wunderground.com/history/
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref150
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref150
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref150
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref150
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref151
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref151
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref151
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref152
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref152
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref152
http://www.osti.gov/servlets/purl/819480-KeIJWv/native/
http://www.osti.gov/servlets/purl/819480-KeIJWv/native/
http://dx.doi.org/10.1111/ina.12088
http://dx.doi.org/10.1111/ina.12088
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref155
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref155
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref155
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref155
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref156
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref156
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref157
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref157
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref157
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref158
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref158
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref158
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref159
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref159
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref159
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref159
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref160
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref160
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref160
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref161
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref161
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref161
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref162
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref162
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref162
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref162
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref163
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref163
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref163
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref163
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref164
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref164
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref164
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref165
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref165
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref165
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref165
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref166
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref166
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref166
http://www.sensourceinc.com/peoplecounters.htm
http://www.sensourceinc.com/peoplecounters.htm
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref168
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref168
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref168
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref169
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref169
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref169
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref170
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref170
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref170
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref170
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref171
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref171
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref171
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref172
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref172
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref172
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref172
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref173
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref173
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref173
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref174
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref174
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref174
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref174
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref175
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref175
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref175
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref175
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref176
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref176
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref176
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref177
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref177
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref177
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref177
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref178
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref178
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref178
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref178
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref179
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref179
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref179
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref180
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref180
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref180
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref180
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref181
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref181
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref181
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref181
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref182
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref182
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref182
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref183
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref183
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref183
http://dx.doi.org/10.1111/ina.12095
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref185
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref185
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref185
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref185
http://refhub.elsevier.com/S0360-1323(14)00220-0/sref185

	Tools to improve built environment data collection for indoor microbial ecology investigations
	1 Introduction
	2 Recent culture-independent analyses of microbial communities in indoor environments and their relationships to built envi ...
	2.1 Microbial diversity in the absence of built environment data
	2.2 Microbial diversity and basic built environment metadata
	2.3 Microbial diversity and detailed built environment data

	3 Tools for improving built environment data collection for microbial ecology investigations
	3.1 Building characteristics and indoor environmental conditions
	3.2 HVAC system characterizations and ventilation rate measurements
	3.3 Human occupancy measurements
	3.4 Surface characterizations
	3.5 Air sampling and aerosol dynamics

	Acknowledgments
	References


