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Abstract: School buildings are one of the most commonly occupied building types for children,
second only to their homes. Indoor environmental quality (IEQ) is an ongoing issue in schools,
especially in urban environments where students are exposed to higher levels of outdoor pollutants.
To examine this issue, five elementary school buildings located in a major city on the East Coast of
the United States were selected for one-week of quantitative IEQ measurements, with a satisfaction
survey collected from teachers at the selected schools. The schools included three high-performance
schools, one recently renovated school, and one conventional school. Despite building designers and
operators following the recommendations of current high-performance design standards, the three
high-performance school buildings did not have measurably better IEQ than the renovated and
conventional school buildings, nor were they perceived as better based on the satisfaction survey.
This indicates that current high-performance design standards may not place enough emphasis on
reducing health-related pollutants in urban schools.
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1. Introduction

Since the mid 1970s, buildings have become progressively more energy efficient, due in large part
to the energy crisis and the subsequent development of building efficiency standards, including the
American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) Standard
90.1 [1]. However, early attempts to design energy-efficient buildings resulted in buildings with tight
envelopes and little to no ventilation. The lack of adequate ventilation caused occupants to fall ill and
suffer from asthma, allergies, and other illnesses generally referred to as sick building syndrome (SBS).
In the United States, the ASHRAE Standard 62.1 sets minimum ventilation rates for acceptable indoor
air quality (IAQ) in commercial buildings [2]. In the earlier version of the ASHRAE Standard 62.1,
“acceptable indoor air quality” was defined only by smells and discomfort. However, in the most
recent version published in 2016, the definition was expanded to include a requirement that the air
does not likely contain contaminants at concentrations that are known to pose a health risk. In Europe,
the European Committee for Standardization (CEN) addresses commercial building ventilation in
standard EN 16798 [3], a revision of the former standard EN 15251 [4]. Unlike ASHRAE Standard 62.1,
EN 16798 is performance-based and sets minimum filtration efficiency based on outdoor air quality.
Since 2014, ASHRAE has been a member of the Indoor Environment Global Alliance (IEQ-GA) along
with The Federation of European Heating, Ventilation and Air Conditioning associations (REHVA)
and several other organizations working to achieve better IEQ in buildings around the world [5].

Early IEQ (which consists of the four categories: thermal comfort, indoor air quality (IAQ), lighting,
and acoustics that affect occupant health, comfort, satisfaction, and productivity) studies focused on
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office buildings. However, the importance of IEQ in school buildings was quickly realized. According
to the U.S. Environmental Protection Agency (EPA), people spend over 90% of their time indoors [6].
School buildings are one of the most commonly occupied building types for children, second only
to their homes. Poor IEQ is known to cause health and performance issues in building occupants.
School-age children are particularly susceptible to developing long term damage as a result of poor
IEQ [7]. Furthermore, the American Lung Association (ALA) reports that school children in urban
environments are exposed to higher levels of outdoor air pollutants than in rural areas [8]. A recent
review of IEQ field studies in schools by Oldham and Kim [9] found school children in cities were
exposed to higher levels of outdoor air pollutants than in rural areas, while facing the same internally
generated IAQ issues. However, few studies have examined how IAQ in urban schools differs from
IAQ in suburban or rural schools. In addition, other aspects of IEQ, including thermal comfort, lighting,
and acoustics, have been shown to have an effect on building occupant performance [10,11].

While many standards and codes provide design guidance for energy-efficiency and basic occupant
comfort, there is still a lack of clarity on the relationship of actual building energy performance and
perceived IEQ after the building is in operation. Previous efforts such as high-performance design
standards and certifications (e.g., Leadership in Energy and Environmental Design (LEED) [12],
Building Research Establishment Environmental Assessment Method (BREEAM) [13], and Green
Globes [14]), which seek to address both issues have been widely adopted around the world. Further
efforts, including the ASHRAE Advanced Energy Design Guide for K-12 School Buildings [15],
have been made to provide guidance for both energy efficiency and occupant comfort specifically
for schools. However, these efforts have largely focused on the design performance of both issues in
a separate way. As a result, perceived IEQ in high-performance school buildings is not always better
than in traditional school buildings [16].

Therefore, this study aims to address elements of the research gap in IEQ in schools by investigating
the IEQ conditions in high-performance, urban schools in a major city on the East Coast of the United
States. For comparative purposes, five case study schools were selected, including three defined
as “high-performance” (HP), one recently “renovated”, non-high-performance school (R), and one
non-recently renovated “conventional” school (C). All the selected schools were located in the same city.
This paper is an extended version of the work presented at the 2019 ASHRAE Annual Conference [17],
which reported the preliminary results of this study. The results presented in this paper provide deeper
insights into the thermal comfort and lighting in the measured classrooms and schools. This paper
also provides a more thorough analysis of the relationship between LEED points earned and measured
and perceived IEQ in urban schools.

2. Literature Review

2.1. General Approach

In order to design this study, an extensive literature review was conducted, focusing on IEQ field
studies from the past 15 years published in relevant journals. The preliminary results of this review
were presented at the Indoor Air Conference in summer 2018 [9]. To identify pertinent studies several
combinations of search terms including IEQ, IAQ, schools, high-performance, green, urban, rural,
and LEED were entered into WorldCat as well as searched directly through journals including Indoor
Air, Building and Environment, and the Journal of Environmental Health. A total of 105 studies were
identified, the 38 most relevant studies focusing on IAQ and thermal comfort were selected for detailed
analysis [7,15,18–53]. Three continents were represented among the 105 studies, North America,
Europe, and Asia, with the most studies coming from North America, followed by Europe, and finally
Asia. Within the United States, no studies were found in Climate Zone 4a, the climate zone of this
study. The number of schools in each study varied from one to 386 with a median value of 18.5 and the
number of classrooms measured varied from six to 820 with a median value of 73.
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2.2. Previous IAQ and Thermal Comfort Field Measurement Results

The identified studies measured a variety of indoor pollutants, contaminants, comfort metrics,
health symptoms, and performance metrics such as test scores, as shown in Table 1. Among the 38
studies most relevant to this paper, the most commonly studied IAQ metric was CO2, which was
addressed in 26 of the 38 studies (68%). The second most commonly studied IAQ metric was
PM2.5/PM10 which were measured in 16 of the 38 studies (42%). The most commonly studied thermal
comfort metric was temperature which was addressed in 15 of the 38 studies (39%). 24 of the 38 studies
did not address health or occupant performance at all. Among student outcomes, test-performance
was the most commonly reported metric (21%), followed by health symptoms (16%).

Among the wider pool of 105 studies, more studies were found which addressed IEQ metrics
including lighting levels, acoustics, and thermal comfort. For example, a 2019 study found a statistically
significant relationship between sound type and sound pressure level and student performance [54].
Another recent study presented the results of a workshop where students identified IEQ problems in
their classrooms and suggested creative solutions [55]. The issues most commonly identified by the
students in this study were noise related, followed by temperature related.

Figure 1 presents the mean CO2 measurements of the 22 studies organized by the type of
developed environments: urban, suburban/ mixed, or rural. Out of the 26 studies that reported
CO2, four studies [30,36,39,47] were excluded from this graphical analysis because only non-specific
or graphical data was available in these studies. Values are plotted using the aggregate data by
environment type, with some studies including multiple schools and environment types. The Study ID
numbers in Figures 1 and 2 are identical to the reference numbers. The mean CO2 levels exceeded the
recommended level of 1000 ppm [2] for 13 of the 22 aggregate data points in which CO2 was measured.
The mean CO2 level was determined by taking the mean of all available CO2 data for each study.
Studies included differing amounts of data often taken across many classrooms, schools, and districts.
Many, but not all, studies also presented peak CO2 (i.e., the highest level of CO2 measured in the
study), and low CO2 (i.e., the lowest level of CO2 measured in the study). Maximum CO2 levels were
reported in 18 studies of which the highest peak CO2 level was 6000 ppm [22], which was caused by
substandard ventilation rates. The methodology of this study required the windows and doors of the
classrooms remained closed during the measurement period in order to better estimate mechanical
ventilation rates using the measured CO2 data, which might affect the measured low ventilation rates.
Based on the available data, school location was not significantly related to CO2 concentrations in
classrooms, which is expected since the CO2 concentrations are directly affected by ventilation rates.
High CO2 concentrations were observed across all environment types. The percentages of aggregate
data points in which mean CO2 levels exceeding 1000 ppm were 40% (four out of 10 studies) in urban
environment, 67% (eight out of 12 studies) in suburban/mixed environment, and 25% (1 out of 4 studies)
in rural environment.
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Table 1. Number of Studies Addressing (a) Specific Indoor Air Quality (IAQ) Metrics and (b) Specific
Thermal Comfort Metric and (c) Student Outcomes (Total Number of Studies = 38) [7,15,18–53].

(a) Number of Studies by IAQ Metric

Ventilation CO2 VOCs CH2O PM2.5/PM10 Allergens

Number of Studies 12 26 12 7 16 4

(b) Number of Studies by Thermal Comfort Metric

Temperature Humidity Air Velocity Thermal Satisfaction

Number of Studies 15 14 1 3

(c) Number of Studies by Student Outcome

Absenteeism Test Performance Health Symptoms

Number of Studies 3 8 6
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Figure 1. Low, Mean, and Peak CO2 of the Selected Studies by Environment Type.

PM2.5 was measured in only 12 of the 38 studies, four additional studies measured PM10.
This small sample is problematic as PM2.5 is a known to deeply penetrate the lungs creating long
term impairments of lung function [56]. Figure 2 presents the mean PM2.5 measurements from the
selected 12 studies organized by the type of developed environments. The recommended limits for
PM2.5 are given in two different concentrations based on time-period of exposure [57]. The acceptable
average value of exposure over 1-year is 12 ug/m3. The acceptable average value of exposure in
24 h is 35 ug/m3. On average, urban schools tended to have slightly higher mean PM2.5 levels than
suburban/mixed or rural schools with six out of nine (67%) falling outside of the acceptable limit
over 24-h. Fewer studies exceeded the acceptable range over 24-h: two out of five studies (40%)
in suburban/mixed environment and one of two studies (50%) in rural environment. The observed
unexpectedly high PM2.5 concentration in a rural environment was reported by Fuoco et al. [45],
which was due to one of the rural schools being located next to a major highway. Generally, PM2.5
appears to be more problematic in urban areas, as expected, however there is still a need for more
research to achieve statistical significance.
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2.3. Relationship between IEQ and Student Outcome

Several of the selected studies [7,15,18,21–25,28,31,34,35,39] reported an association between poor
IEQ, and negative health symptoms or poor performance. In these studies, ventilation rate, which was
directly measured or indirectly measured using CO2, has been a main indicator of IAQ which was
strongly associated with health and achievement. One of the reviewed studies [21] completed a study
of 820 classrooms in Denmark comparing naturally and mechanically ventilated classroom and found
that mechanically ventilated classrooms had lower CO2 concentrations. As a result, they found that
the students in the mechanically ventilated classrooms had significantly higher achievement indicators.
Another study [23] in California elementary schools found that ventilation rates generally fell below the
state requirement of 7.1 L/s-person [2], and that increasing ventilation rates could increase attendance.
This could in turn increase attendance-linked funding to the schools by $33 million a year, while costing
the schools only $4 million a year. There was also a study which looked specifically at the relationship
between student absence and CO2 concentrations in 22 schools in the states of Washington and Idaho.
The findings of that study indicated a 10–20% increase in student absence is classrooms with elevated
concentrations of CO2 [24].

A comprehensive literature review performed in 2003 by Daisey et al. [58] found that while
individual studies could not demonstrate a clear relationship between ventilation rates and health
symptoms on their own, the meta-analysis did suggest a clear relationship. In this review, the most
common health complaints associated with poor ventilation were SBS and asthma. A more recent
literature review [59] showed while the health effects of pollutants and ventilation rates continue to be
studied, few studies simultaneously looked at thermal comfort in schools [59]. Overall, these reviews
showed that, despite early efforts to improve IAQ in schools, the majority of IAQ studies in schools
still showed unacceptable levels of common indoor pollutants.

2.4. Research Gap in Previous Field Studies on School IEQ

Of the 38 studies reviewed, only three studies [31,42,47] compared IAQ between urban schools
and rural schools. A 2010 study that compared IAQ in 17 urban and rural preschools in Korea [42]
showed that indoor and urban concentrations of common pollutants were higher than those in outdoor
and rural areas. However, a 2010 study that examined concentrations of PM and CO2 in four naturally
ventilated nursery schools located near Gliwice, Poland [47] unexpectedly showed elevated levels
of PM, both indoors and outdoors, at the rural schools due partially to the proximity to high-traffic
streets. A recent study that examined IAQ in Kuwaiti schools located in either the “urban” sector,
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or the “industrial” sector [31] reported similar indoor concentrations of outdoor pollutants such as SO2,
NO2, H2S, and Acetaldehyde for both zones except for CH2O. In this paper, the “urban zone” refers to
an area near the city center, while the “industrial zone” refers to an area near oil and gas processing
plants. CH2O was the only metric where the indoor concentrations were significantly higher in the
urban zone schools than in the industrial zone schools because of indoor sources in painting and
science rooms.

In regard to IEQ in high-performance schools, four studies [15,18,40,52] addressed this subject.
Generally, these studies demonstrated slightly better IEQ in high-performance schools than in
conventional schools, with some disagreement. A 2009 study of 11 school buildings in the
Netherlands [15] showed that common sustainable strategies can ensure acceptable IAQ based
on acceptable levels of pollutants and ventilation. However, this does not always mean occupants
will be more satisfied with the IEQ. A 2011 study in Toronto, Canada [18] showed that teachers in
high-performance schools were more satisfied with the IAQ, lighting and thermal comfort conditions
of their classrooms and were less likely to report neuro-physiologic symptoms such as headache,
fatigue, and difficulty concentrating. A 2018 study in Athens, Greece [40] found that, during the
summer, the green roof system reduced top-floor classroom temperature by about 2.8 ◦C, but all
measured classrooms were insufficiently ventilated. Lastly, a study which measured IAQ in 10 recently
built high-performance school buildings in France [52] found that indoor pollutant concentrations in
high-performance schools are similar to or lower than the levels in conventional schools. This study
focused on volatile organic compounds (VOC’s) and most of the pollutants measured were found to
have come from indoor sources.

Overall, there is not sufficient research to provide meaningful recommendations on how to provide
acceptable IEQ in high-performance schools in urban environments. No studies were found which
looked specifically at IEQ in high-performance school buildings in urban environments. Furthermore,
the research findings are often contradictory to each other. As the world continues to rapidly urbanize
and faces the realities of climate change, this research gap requires further investigation.

3. Methods

3.1. General Approach

In order to better understand IEQ in high-performance, urban school buildings, five public
elementary school buildings located in one school district of a major city on the East Coast of the
United States were selected for measurement, as shown in Table 2. Three of the participating schools
received LEED Gold certification (i.e., Schools #1 to #3, High-Performance (HP)), one had undergone
a recent renovation including energy-saving design strategies but had not been LEED certified (i.e.,
School #4, Renovated (R)), and one was not LEED certified and had not been recently renovated (i.e.,
School #5, Conventional (C)). The previous year of energy bills was provided by the school district in
order calculate the energy use intensity (EUI) of each school building. In terms of IAQ, the focus of this
study is the effect of local outdoor pollution in urban areas on indoor pollutant levels. Thus, CO2 was
measured as an indicator of outdoor air ventilation rates, while indoor and outdoor PM2.5 and PM10
were measured to evaluate the intrusion of outdoor pollutants.

3.2. Case-Study Buildings

Upon the selection of the case-study school buildings, a basic survey of each building was
undertaken to identify which design and operational elements were present. The LEED scorecards
were gathered for applicable schools. School-level demographic, and test performance data, as well as
1-year of building energy use data was provided by the school district. Table 2 presents an overall
description of each case-study building, and Table 3 presents the detailed LEED credits earned in each
category. School #1 was certified Gold under LEED v3-2009, and schools #2 and #3 were certified Gold
under LEED v2-2007. Under LEED for School v2- 2007, 44–57 credits were required to receive Gold
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certification. Under LEED for Schools v3-2009, 60–70 credits were required to receive Gold certification.
Interestingly, School #2 (HP) had the second highest site EUI of the selected schools at 268 kWh/m2/year,
while School #4 (R) had the lowest EUI at 113 kWh/m2/year despite not achieving LEED certification.
School #5 (C) had the highest EUI while serving the lowest number of students. The case-study schools
represented a variety of communities across the city and had varied enrollment demographics.

Table 2. Case-Study Building Descriptions.

ID # Year
Built

Year
Renovated

Gross Floor
Area (m2)

Number of
Students

% Non-White
Students

LEED
Rating

EUI
(kWh/m2/year)

#1 (HP) 1932 2016 4318 300 58% Gold 249
#2 (HP) 1929 2013 7900 599 25% Gold 268
#3 (HP) 1909 2010 7962 388 96% Gold 183
#4 (R) 1916 2012 7636 442 94% N/A 113
#5 (C) 1907 unknown 8203 272 100% N/A 363

Table 3. Detailed LEED Credits by School Including (a) Total Credits by Category and (b) Specific
Credits Earned in the IEQ Category.

(a) Total Credits by Category

LEED Category School #1 (HP) School #2 (HP) School #3 (HP)

LEED Version Schools v3 Schools v2 Schools v2
LEED Rating Gold Gold Gold

Total Points Earned 61 48 49
Sustainable Sites 21 10 10
Water Efficiency 6 4 5

Energy & Atmosphere 13 5 9
Materials & Resources 5 8 8

Indoor Environmental Quality 10 16 13
Innovation 5 5 4

Regional Priority 1 0 0

(b) Specific Credits Earned in the IEQ Category

Outdoor Air Delivery Monitoring 1 2 0

Mold Prevention 0 0 0
Increased Ventilation 0 0 1

Construction IAQ Management Plan: During Construction 1 1 1
Construction IAQ Management Plan: Before Occupancy 0 0 1

Low-Emitting Materials 3 4 4
Indoor Chemical & Pollutant Source Control 1 0 0

Lighting System Design & Controllability 1 1 1
Thermal Comfort Controllability 1 1 1

Thermal Comfort: Design 1 1 1
Thermal Comfort: Verification 1 1 1

Daylight & Views: Daylight 0 3 1
Daylight & Views: Views 0 1 0

Enhanced Acoustical Performance 0 1 1

3.3. Data Collection

Within each selected school, two representative classrooms were selected for 1-week of
continuous IEQ measurements. IEQ measurements took place between May and October 2018
in the selected classrooms. The measurement period consisted of four school days and one full
weekend, from Thursday morning to Tuesday afternoon. Table 4 presents the measurement period at
each school with the corresponding mean outdoor air temperature and relative humidity (RH) during
each measurement period.
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For the continuous IEQ measurements, custom-built IEQ monitoring devices, both furniture
integrated and desktop type, were used (Figure 3). These devices measured: air temperature, humidity,
globe temperature, air velocity, CO2, and illuminance with occupancy. Data were recorded in
one-minute intervals. The IEQ monitoring devices were located near the teacher’s desk in the center
of the classroom, away from objects which may have interfered with the data. Spot measurements
of particle pollution (i.e., PM10, PM2.5) were taken after school on the final day of the measurement
period, around 3:30 PM, using a handheld meter. Table 5 presents the specifications of the IEQ
instrument, including the sensor type and accuracy. PM measurements were taken in every school,
in both classrooms, as well as outside the front door of the school.

Table 4. Measurement Period of Each School.

ID # First Date of Measurement Last Date of Measurement Mean Outdoor
Temperature (◦C)

Mean Outdoor
RH (%)

#1 (HP) Thursday, September 13, 2018 Tuesday, September 18, 2018. 24.4 82.3
#2 (HP) Thursday, August 23, 2018 Tuesday, August 28, 2018 25.5 73.5
#3 (HP) Thursday, August 23, 2018 Tuesday, August 28, 2018 25.5 73.5
#4 (R) Thursday, May 31, 2018 Tuesday, June 5, 2018 22.7 73.3
#5 (C) Thursday, October 11, 2018 Tuesday, October 16, 2018. 16.5 79.6
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Table 5. Specifications of IEQ Measurement Instrumentation.

Parameter Sensor Type Accuracy Range

Air Temperature (◦C) Thermistor ±0.21 ◦C
(from 0◦ to 50 ◦C) −40 to 75 ◦C

Relative Humidity (%) Capacity polymer sensor ±2% RH
(from 20% to 80% RH) 0% to 100%

Globe Temperature (◦C) Thermistor ±0.21 ◦C
(from 0◦ to 50 ◦C) 40 to 75 ◦C

Air speed (m/s) Thermal anemometer ±0.05 m/s or 10%
of reading 0.15 m/s to 5 m/s

CO2 (ppm) Single beam absorption
infrared sensor

±50 ppm or ±5%
of reading 0 to 5000 ppm

Horizontal Illuminance (lux) Silicon photovoltaic detector ± 5.0% of reading 0 to 20,000 Lux

PM 2.5, PM10 (ug/m3) Particle Counter 5% loss at 2,000,000
particles per ft3 0.3, 0.5, 1.0, 2.5, 5.0, 10 µm

An IEQ assessment survey addressing IEQ satisfaction and self-rated productivity was distributed
to elementary school teachers in the selected schools via email and by hard copies which were dropped
off and picked-up at the same time as the IEQ monitoring devices. The questionnaire is based on the
University of California, Berkeley’s Center for the Built Environment IEQ survey [60]. The assessment
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survey asked teachers to rate their satisfaction and self-rated productivity with four IEQ categories:
thermal comfort, IAQ, lighting, and acoustics. Participants ranked their satisfaction and self-rated
productivity on a seven-point scale (i.e., −3 (high dissatisfied), 0 (neither satisfied nor dissatisfied),
3 (highly satisfied)). If participants indicated dissatisfaction, they were directed to a series of follow-up
questions which asked them to indicate the source of their dissatisfaction. The survey also included
questions regarding demographics, and background information. In total, 44 teacher surveys were
collected: seven from School #1 (HP), three from School #2 (HP), nine from School #3 (HP), 14 from
School #4 (R), and 11 from School #5 (C). While an inadequate number of surveys were collected to
achieve statistical significance, the results proved helpful in identifying the causes of anomalies in the
quantitative data.

3.4. Statistical Analysis

For the continuously measured IEQ metrics, a one-way ANOVA between subjects was conducted
to determine if there was significant difference between school buildings. The null hypothesis was
tested for a p-value of 0.05. When the null hypothesis was rejected a post hoc Fishers Least Significant
Difference (LSD) test was preformed to determine which specific groups showed a significant difference.

4. Results & Discussion

Table 6 presents a summary of the mean and standard deviation values of the continuously
measured IEQ data from each classroom in each school building (Due to a logger error, only one
classroom of data was analyzed at School #2 (HP).). Percent Mean Vote (PMV) and Percent Predicted
Dissatisfied (PPD) are also presented and were calculated using a clothing level of 0.57 clo and
an activity level of 1 met. The data are presented by three different occupancy modes. The classrooms
were considered to be in occupied mode (Occ) during the school’s operating hours, between 08:00
and 15:00 Monday through Friday, were considered to be in unoccupied mode (UnOcc) after school
hours during the school week, between 15:00 and 8:00 Monday through Friday morning, and were
considered to be in weekend mode from 15:00 Friday afternoon through 08:00 Monday. Table 7 presents
the results of the one-way ANOVA analysis between school buildings. Statistical distributions of data
are presented in subsequent sections of this paper.

Table 6. Mean (Standard Deviation) of the Measured IEQ Variables by Occupancy Mode.

Mode Air Temp.
(◦C) RH (%) Air Velocity

(m/s) PMV PPD (%) CO2
(ppm)

Illuminance
(lux)

School
#1

Occ
CR1 21.2 (0.4) 70.4 (1.4) 0.09 (0.00) −1.4 (0.1) 46.1 (8.2) 607 (180) 199 (99)
CR2 25.7 (1.0) 61.9 (8.4) 0.12 (0.01) 0.0 (0.3) 7.5 (6.3) 540 (192) 36.7 (12)

UnOcc
CR1 20.6 (0.5) 20.6 (0.5) 0.09 (0.01) −1.6 (0.1) 58.1 (10.6) 445 (52.5) 20.6 (0.5)
CR2 25.2 (0.2) 25.2 (0.2) 0.12 (0.00) 0.0 (0.1) 5.6 (0.6) 486 (77.9) 25.2 (0.2)

Wknd
CR1 20.2 (0.3) 20.2 (0.3) 0.09 (0.00) −1.7 (0.1) 64.9 (6.8) 429 (18.1) 20.3 (0.4)
CR2 25.3 (0.1) 25.3 (0.0) 0.12 (0.00) −0.1 (0.0) 5.3 (0.1) 417 (26.9) 25.3 (0.1)

School
#2

Occ
CR1 25.3 (1.5) 52.8 (6.5) 0.1 (0.01) 0.0 (0.5) 11.2 (7.6) 961 (267) 2903 (3723)
NA - - - - - - -

UnOcc
CR1 22.9 (0.8) 22.9 (0.8) 0.11 (0.02) −0.8 (0.3) 24 (15.7) 502 (155) 23.0 (0.8)
NA - - - - - - -

Wknd
CR1 23.2 (1.1) 23.2 (1.1) 0.10 (0.01) −0.7 (0.4) 21.2 (11.1) 422 (75) 23.3 (1.1)
NA - - - - - - -

School
#3

Occ
CR1 23.5 (1.1) 50.5 (2.8) 0.12 (0.01) −0.8 (0.3) 22.9 (14.8) 777 (150) 255 (161)
CR2 23.3 (1.1) 53.1 (3.2) 0.1 (0.00) −0.8 (0.3) 22 (16.4) 818 (148) 100 (49)

UnOcc
CR1 23.4 (0.9) 23.4 (0.9) 0.12 (0.01) −0.8 (0.3) 21.8 (11.2) 469 (74.0) 23.4 (1.0)
CR2 22.8 (0.8) 22.8 (0.8) 0.10 (0.00) −0.9 (0.3) 26 (12.1) 492 (62.8) 22.9 (0.9)

Wknd
CR1 23.3 (0.9) 23.3 (0.9) 0.12 (0.00) −0.9 (0.3) 24.7 (10.6) 443 (64.1) 23.4 (1.0)
CR2 22.4 (0.9) 22.4 (0.9) 0.10 (0.00) −1.1 (0.3) 34.3 (13.2) 443 (49.6) 22.4 (0.9)
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Table 6. Cont.

Mode Air Temp.
(◦C) RH (%) Air Velocity

(m/s) PMV PPD (%) CO2
(ppm)

Illuminance
(lux)

School
#4

Occ
CR1 22.1 (1.1) 65.9 (6) 0.12 (0.01) −1.2 (0.4) 37.8 (19) 664 (267) 702 (434)
CR2 21.3 (1.2) 63.7 (5.8) 0.11 (0.01) −1.4 (0.4) 51.1 (20.1) 697 (275) 117 (102)

UnOcc
CR1 22.0 (1.3) 22 (1.3) 0.11 (0.00) −1.1 (0.5) 37.1 (23.7) 424 (44.9) 22.1 (1.3)
CR2 22.6 (1.8) 22.6 (1.8) 0.13 (0.01) −1.0 (0.6) 32.8 (27.0) 484 (56.2) 22.7 (1.8)

Wknd
CR1 20.7 (0.1) 20.7 (0.1) 0.12 (0.00) −1.6 (0.0) 60.2 (3.9) 395 (21.4) 20.7 (0.2)
CR2 25.5 (0.8) 25.5 (0.8) 0.13 (0.00) 0.0 (0.3) 7.3 (2.7) 445 (56.1) 25.5 (0.8)

School
#5

Occ
CR1 22.3 (0.5) 48.6 (2.6) 0.13 (0.02) −1.2 (0.2) 39.3 (10.7) 926 (365) 176 (93)
CR2 22.2 (0.4) 49.7 (12.1) 0.12 (0.01) −1.2 (0.1) 40.0 (9.0) 616 (126) 245 (155)

UnOcc
CR1 22.5 (0.3) 22.5 (0.3) 0.13 (0.01) −1.1 (0.1) 33.4 (6.4) 547 (142) 22.6 (0.3)
CR2 21.9 (0.5) 21.9 (0.5) 0.11 (0.01) −1.3 (0.1) 42.1 (9.5) 460 (79.3) 21.9 (0.6)

Wknd
CR1 22.3 (0.3) 22.3 (0.3) 0.12 (0.02) −1.2 (0.1) 36.7 (6.5) 530 (119) 22.4 (0.3)
CR2 22.2 (0.5) 22.2 (0.5) 0.11 (0.00) −1.3 (0.2) 41.2 (11.3) 420 (13.1) 22.3 (0.6)

Table 7. One-Way ANOVA Summary Table for Measured IEQ Variables by School.

IEQ Metric Sum of Squares df Mean Square F Sig.

Air Temp. (◦C) 1727 4 432 144 0.00
RH (%) 985,221 4 246,305 5019 0.00

Air Velocity (m/s) 0.5 4 0.1 686 0.00
CO2 13,255,754 4 3,313,938 112 0.00

Illuminance (lux) 2,110,066,908 4 527,516,727 429 0.00

4.1. Thermal Comfort

Indoor temperatures were more variable and overall slightly warmer in the high-performance
schools than in the renovated or conventional schools with mean indoor temperature in the three
high-performance schools varying from 21.3 ◦C to 25.8 ◦C during occupied periods, mean indoor
temperature in the renovated school varying from 21.4 ◦C to 22.1 ◦C during occupied periods, and mean
indoor temperature in the conventional school varying from 22.2 ◦C to 22.4 ◦C during occupied periods.
Still, the mean indoor temperature was within the ASHRAE comfort zone in all classrooms [61].

Figure 4 presents the statistical distributions (maximum, 90th, median, 10th, minimum) of the
indoor temperature data for all measured classrooms in each school building by occupancy mode.
In this plot and subsequent statistical distributions plots the diamond represents the mean, the 90th and
10th percentiles are at the ends of the whiskers, and the plus and x symbols represent the minimum and
maximum data points. In this plot, the vertical red line represents the lower end of the setpoint range
recommended by the district (22.2 ◦C), while the vertical blue line represents the upper end of this
range (25.6 ◦C). School #1 (HP) had a wider interquartile range than the other schools. This was due to
the two classrooms having different temperature setpoints, with an average temperature difference of
4.8 ◦C between classrooms. School #2 (HP) experienced the highest peak temperature during occupied
periods at 29.5 ◦C. School #4 (R) was the only school which demonstrated expected temperature setback
in the evening and weekend. However, upon examination of the data it is evident that this setback was
only applied to Classroom #2. Classroom #1 was in an area of the school where minor construction
work was being done over the weekends, thus the system remained on in this classroom. Table 8
presents the results of the Fishers LSD test for the mean indoor temperatures by school. Significant
differences were found in all school pairs except between School #1 (HP) and School #3 (HP).

Thermal comfort, particularly indoor temperature, has previously been statistically linked to
work performance in both classroom and office environments. A study by Seppanen et al. [10]
examined the data of several studies which measured indoor temperature and work performance
indicators and found that performance increases with temperatures up to 21–22 ◦C and decreases with
temperatures above 23–24 ◦C. Peak performance occurs around 22 ◦C. Figure 5 presents the hourly
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indoor temperature during occupied periods by school with the productivity curve developed by
Seppanen et al. A total of 184 hourly average temperature data collected from nine classrooms are
presented in the figure. This shows that the high-performance schools, particularly School #1 (HP) and
School #2 (HP), experienced a greater number of hours where the indoor temperature exceeded 23 ◦C,
and therefore productivity would be expected to decrease. The expectation of better IEQ and a resultant
increase in student performance is a common reason school district pursue high-performance designs
for new and renovated school buildings. If these buildings do not meet those expectations, districts
may decide to focus their limited funds on other pursuits moving forward.Atmosphere 2020, 11, 81 12 of 25 
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Table 8. Fishers LSD Analysis for Classroom Temperature by School.

School # School # Mean Difference Std. Error Sig. Lower Bound Upper Bound

#1

#2 −0.59 0.06 0.00 −0.70 −0.48
#3 −0.02 0.05 0.73 −0.11 0.08
#4 0.30 0.05 0.00 0.22 0.39
#5 0.66 0.05 0.00 0.57 0.75

#2
#3 0.57 0.06 0.00 0.46 0.68
#4 0.89 0.06 0.00 0.78 1.00
#5 1.25 0.06 0.00 1.14 1.36

#3
#4 0.32 0.05 0.00 0.23 0.42
#5 0.68 0.05 0.00 0.58 0.77

#4 #5 0.35 0.05 0.000 0.27 0.44Atmosphere 2020, 11, 81 13 of 25 
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Figure 5. Hourly Indoor Temperature and Relative Performance Analysis.

Figure 6 presents the statistical distributions (maximum, 90th, median, 10th, minimum) of the
indoor relative humidity data for all measured classrooms in each school building by occupancy mode.
In this plot, the vertical red line represents the lower end of the optimum RH zone as reported by
Sterling et al., while the vertical blue line represents the upper end of the optimum RH zone [62].
At both School #2 (HP) and School #4 (R) relative humidity regularly exceeded comfortable levels
during occupied periods. Both of these schools experienced precipitation during the measurement
periods with 1.63 cm in of rain falling during the measurement period for School #1 (HP) and 1.73
cm of rain during the measurement period for School #4 (R). The HVAC systems at Schools #2 (HP),
#3 (HP), and #5 (C) were effective at maintaining comfortable indoor relative humidity at least 75% of
the time during occupied periods despite outdoor conditions well exceeding the comfortable range
during the measurement period. Table 9 presents the results of the Fishers LSD test for the mean
relative humidity by school. Significant differences were found in all school pairs.
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Table 9. Fishers LSD Analysis for Relative Humidity by School.

School # School # Mean Difference Std. Error Sig. Lower Bound Upper Bound

#1

#2 9.70 0.23 0.00 9.25 10.14
#3 14.70 0.19 0.00 14.32 15.08
#4 −2.73 0.18 0.00 −3.09 −2.37
#5 19.17 0.18 0.00 18.81 19.53

#2
#3 5.01 0.23 0.00 4.55 5.46
#4 −12.43 0.23 0.00 −12.87 −11.99
#5 9.47 0.23 0.00 9.03 9.92

#3
#4 −17.43 0.19 0.00 −17.82 −17.05
#5 4.47 0.19 0.00 4.09 4.85

#4 #5 21.90 0.18 0.00 21.54 22.26

4.2. IAQ

Of the three classrooms with the highest average indoor CO2, two were in high-performance
schools including Classroom #2 at School #3 (818 ppm), and Classroom #1 at School #2 (961 ppm),
as shown in Table 6. School #5 (C) had the largest difference in mean CO2 concentration during
occupied hours between classrooms (310 ppm), while School #4 (R) had the smallest difference between
classrooms (34 ppm). Classroom #1 at School #5 also had the highest mean CO2 concentration during
unoccupied hours (548 ppm) and weekends (530 ppm), which might indicate that this classroom may
have a tighter building envelope than expected.
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Figure 7 presents the statistical distributions (maximum, 90th, median, 10th, minimum) of the
indoor CO2 data for all measured classrooms in each school building by occupancy mode. In this
plot the vertical red line represents the baseline outdoor CO2 level (400 ppm), while the vertical blue
line represents the maximum recommended CO2 level in classrooms (1000 ppm) [63] (1000 ppm of
indoor CO2 concentration threshold limit was estimated using the Informative Appendix C of the
ASHRAE 62.1-2010 with the following assumptions: 400 ppm of outdoor CO2 concentration and
0.011 cfm of indoor CO2 generation rate). In all measured schools, the peak CO2 value exceeded the
recommended level of 1000 ppm. School #4 (R) had the highest peak value during occupied periods
at 1781 ppm, which was affected by increased activity in the classroom which was used for science
classes where students were more active than in general classes. School #2 (HP) had higher mean and
peak CO2 concentrations than School #1 (HP) or School #3 (HP) despite having an outdoor air delivery
monitoring system, indicating that this system may have been operating incorrectly. Compared to the
previous studies (Figure 1) all three high-performance schools in this study performed well in terms of
mean CO2 concentrations, with an aggregate mean CO2 concentration of the three schools of 739 ppm.
Table 10 presents the results of the Fishers LSD test for the mean CO2 by school. Significant differences
were found in all school pairs, except between School #2 (HP) and School #5 (C).
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Table 10. Fishers LSD Analysis for CO2 by School.

School # School # Mean Difference Std. Error Sig. Lower Bound Upper Bound

#1

#2 −78.51 5.54 0.00 −89.38 −67.65
#3 −63.30 4.76 0.00 −72.63 −53.97
#4 −14.48 4.53 0.00 −23.35 −5.61
#5 −74.26 4.53 0.00 −83.13 −65.39

#2
#3 15.21 5.73 0.01 3.97 26.45
#4 64.03 5.54 0.00 53.17 74.89
#5 4.25 5.54 0.44 −6.61 15.11

#3
#4 48.82 4.76 0.00 39.49 58.14
#5 −10.96 4.76 0.02 −20.29 −1.64

#4 #5 −59.78 4.53 0.00 −68.65 −50.91

Table 11 presents the average PM2.5 concentrations by school, including the concentration for
each classroom and outdoor concentrations. The indoor-outdoor (I/O) ratio were also calculated and
included in the table. Overall, PM2.5 concentration seemed to be more closely related to school location
(i.e., presence of outdoor sources on PM) than to whether the school was high-performance, renovated,
or conventional. The PM2.5 concentrations at Schools # 1 (HP) and #3 (HP) were below the EPA
recommended average over 1-year exposure level of 12 ug/m3. School #2 (HP) had the highest indoor
mean level at 123.7 ug/m3.

I/O ratio was not correlated to whether a school was high-performance, renovated, or conventional,
although high-performance schools are expected to have lower indoor emissions and more efficient
air filters resulting in lower I/O ratios. The I/O ratio of PM2.5 was greater than one (100%) at Schools
#1 (HP) and #4 (R), indicating indoor sources of PM2.5 at these schools. At School #4 (R) this can be
explained by the ongoing construction activity. The I/O ratios at schools #2 (HP), #3 (HP), and #5 (C)
are all around 0.5, indicating that the PM is likely from outdoor sources and is being filtered effectively.

However high outdoor PM at schools #2 and #5 resulted in indoor levels above the recommended
exposure level. Compared to the previous studies (Figure 2), the mean PM 2.5 concentration for School
#1 (5.8 ug/m3) and School #3 (11.3 ug/m3) of the high-performance schools in this study were on the
low side (i.e., lower than the mean values in 6 of the 9 studies which measured PM2.5 in urban schools).
On the other hand, the mean PM 2.5 concentration for School #2 (123.7 ug/m3) was higher than all
other studies which measured PM2.5 in urban schools by 29.7 ug/m3.

Table 11. PM2.5 Concentration (ug/m3) by Location.

School #1 School #2 School #3 School #4 School #5

Classroom #1 6.4 99.8 13.8 87.4 32.9
Classroom #2 5.2 147.7 8.9 144.0 38.9

Outdoor 4.5 226.9 22.2 85.8 89.4
Indoor Mean 5.8 123.7 11.3 115.7 35.9

I/O Ratio 1.28 0.55 0.51 1.35 0.40

4.3. Lighting

Figure 8 presents the statistical distributions (maximum, 90th, median, 10th, minimum) of the
indoor illuminance data for all measured classrooms in each school building by occupancy mode.
In this plot, the vertical red line represents the minimum acceptable illumination level in classroom
(300 lux) [64]. Illuminance levels varied widely across the study with no apparent correlation to
whether a school was high-performance, renovated, or conventional. The indoor illuminance data
showed that School #2 (HP) experienced extremely high peaks in the morning, around 10 AM due to
southeast facing glazing in Classroom #1. On the other hand, Schools #1 (HP), #3 (HP), and #5 (C) all
had mean illuminance levels below the recommended levels during occupied periods. Only School #4
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(R) had a mean illuminance level within the recommended range during occupied periods. Table 12
presents the results of the Fishers LSD test for the mean illuminance by school. Significant differences
were found in all school pairs except between School #1 (HP) and School #3 (HP), between School #1
(HP) and School #5 (C), and between School #3 (HP) and School #5 (C).
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Table 12. Fishers LSD Analysis for Classroom Illuminance by School.

School # School # Mean Difference Std. Error Sig. Lower Bound Upper Bound

#1

#2 −1338.7 35.8 0.00 −1408.9 −1268.5
#3 −52.5 30.7 0.09 −112.8 7.8
#4 −128.4 29.2 0.00 −185.7 −71.1
#5 −53.6 29.2 0.07 −110.9 3.7

#2
#3 1286.2 37.0 0.00 1213.6 1358.8
#4 1210.3 35.8 0.00 1140.1 1280.5
#5 1285.1 35.8 0.00 1215.0 1355.3

#3
#4 −75.9 30.7 0.01 −136.2 −15.7
#5 −1.1 30.7 0.97 −61.3 59.2

#4 #5 74.9 29.2 0.01 17.5 132.2

4.4. Performance & Survey Results

Figure 9 and Table 13 present the results of the teacher satisfaction survey. Overall, occupant
satisfaction was not significantly related to whether a school was high-performance, renovated,
or conventional. Occupants were most satisfied with thermal comfort at School #1 (HP), likely because
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they had the most control over the setpoints of their classrooms. Teacher at School #3 (HP) were quite
dissatisfied with thermal comfort, and the comments on the surveys showed that this was because
they didn’t feel the systems was responsive to their demand. Occupants were dissatisfied with the
air quality in all of the measured schools except for School #5 (C). School #2 (HP) had the lowest
satisfaction rating due to complaints of stuffy/stale air. This agrees with the CO2 data, which showed
high levels during occupied periods and indicates that the ventilation system at School #2 (HP) was
not operating as designed. Survey comments for School #4 (R) indicate that the low IAQ satisfaction
score for that school is a direct result of dust from the construction activity. Occupants were also very
dissatisfied with noise level at School #4, also due to the ongoing construction. Despite irregularities in
the measured data, occupants in all of the selected schools were very satisfied with the illuminance
levels overall.
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Table 13. Mean Teacher Satisfaction Rating by School.

IEQ Metric School #1 School #2 School #3 School #4 School #5

Thermal Comfort 1.29 −0.33 −1.67 0.00 −0.82
IAQ −0.57 −1.00 −0.11 −0.71 0.45

Lighting Level 1.83 3.00 2.25 1.36 2.67
Visual Comfort 0.83 2.67 0.88 0.64 2.00

Noise Level 2.17 2.33 1.50 −0.21 1.22
Sound Privacy 2.17 0.67 1.38 1.00 1.75

4.5. LEED Score Discussion

The stated goal of the LEED certification system is to maximize occupant health and productivity,
use fewer resources, reduce waste and negative environmental impacts, and decrease life cycle costs.
Some previous studies [65,66] have shown that occupants in LEED certified buildings tend to be more
satisfied with thermal comfort and IAQ than occupants in non-LEED certified buildings, and less
satisfied with lighting and acoustic quality. Another study [67] found no correlation between either
total LEED points or specific IEQ credits earned and occupant satisfaction. In this study, while LEED
score alone was not clearly correlated with measured or perceived IEQ performance, there are insight
to be found in the specific points each school earned. Figure 10 compares the LEED credits earned in
the IEQ category with the mean quantitative IEQ metrics during occupied hours. Figure 11 compares
the LEED credits earned in the IEQ category with mean teacher satisfaction rating.
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Schools #1 (HP), #2 (HP), and #3 (HP) received points in the LEED thermal comfort category.
These schools had lower calculated PDDs than schools #4 (R), and #5 (C) based on the quantitative
data with the lowest PPD in the School #2 (11.3%) that obtained the highest LEED IEQ score. School #1
(HP) had the highest mean thermal comfort satisfaction rating on the teacher survey (1.29). However,
School #3 (HP) had the lowest satisfaction rating on the teacher survey. Specific complaints at School #3
indicated the HVAC system is often unresponsive and unreliable, creating large temperature swings.

School #2 had the highest average CO2 concentration during occupied hours, and the highest
PM2.5 counts, despite receiving the most LEED IEQ category points. As previously shown in Table 3,
most of the LEED IEQ Points School #2 received were in the Low-Emitting Materials and Daylight and
Views Categories. These categories do not address the possibility of outdoor contaminants entering
the school. However, School #2 was also the only school which received 2 points for Outdoor Air
Delivery Monitoring. If the monitoring system was operating correctly School #2 should not have had
the evident IAQ issues. School #1 had the lowest average CO2 concentration during occupied hours,
the lowest PM2.5 counts, and the highest total LEED score, including all LEED credit categories.

School #2 had nearly perfect lighting survey scores and achieved all possible LEED daylighting
points. The quantitative lighting levels were unusually high in School #2 due to the large East facing
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windows in one of the measured classrooms. This also resulted in overheating in the mornings in
this classroom.

5. Summary and Conclusions

The aim of this study was to investigate IEQ conditions in high-performance schools in an urban
environment. It was expected that IEQ in high-performance schools would be better than in
renovated or conventional schools in urban environments as these schools were designed using
guidelines, such as LEED, which address IEQ. The results of this study showed that generally,
the high-performance schools provided comparable IEQ conditions to conventional schools, although
in some areas the high-performance schools did not perform as intended. Mean indoor temperatures
during occupied hours were within the comfort zone for all the high-performance schools. Further
thermal comfort analysis showed that indoor temperatures were slightly warmer and more variable
in the high-performance schools. This is likely due to more energy conscious operators of the
high-performance buildings slightly raising the setpoint temperature during the cooling season.
In terms of IAQ, two of the three classrooms in the high-performance schools had the highest average
indoor CO2 indicating insufficient ventilation. PM2.5 concentration seemed to be more closely related
to the specific location of the school (i.e., presence of outdoor sources on PM) than to whether the
school was high-performance, renovated, or conventional. However, the I/O ratio of PM2.5 indicated
indoor sources at School #1 (HP), although high-performance schools are expected to have lower
indoor emissions and more efficient air filters. Occupant satisfaction was not significantly related to
whether a school was high-performance and did not always agree with the measured data.

Some limitations of this study include that the measured classrooms were selected somewhat
randomly, at the convenience of the schools. Ideally, a greater number of classrooms, on all floors and
facing all different facades of the buildings would be measured. Not being able to sample all of the
schools at the same time and being limited to spot measurements for PM was another limitation as PM
can vary widely from day to day. In addition, while the teacher survey offered useful insight into the
perceived IEQ, it cannot be assumed that the student’s perception agrees with the teacher’s perception.
Future studies should include student qualitative IEQ surveys.

Overall, the expectation that IEQ in high-performance schools would be better than in renovated
or conventional schools in urban environments was not fully met in this study. This indicates that
current high-performance design standards may not place enough emphasis on reducing health-related
pollutants in urban schools. Many high-performance design standards including LEED suggest only
general recommendations for providing acceptable IAQ in schools. Outdoor sources of pollution are
rarely addressed despite the fact that they are as harmful as indoor sources. This is likely because
outdoor contaminants are more difficult to predict and control. For example, the LEED v4 Enhanced
IAQ Strategies credit requires ventilation systems which provide outdoor air to have a particle filter
with a minimum rating of MERV 13 but does not provide guidance regarding when a more efficient
filter may be appropriate. Green Globes does not address filtration at all.

However, to ensure acceptable IEQ in high-performance schools in urban environments,
high-performance design standards should focus on performance-based requirements, such as
requirements for pre-construction analysis of localized outdoor contaminants and pre-occupancy and
post-occupancy analysis of actual indoor pollutant levels, including PM2.5 and PM10. Focusing on
performance-based measurements will ensure that resources are being used effectively to address the
actual IAQ problems present in a particular project. For example, BREEAM provides more guidance
than typical design standards in terms of IAQ [13]. BREEAM specifically states: “HVAC systems must
incorporate suitable filtration to minimize external air pollution.” A credit for post-occupancy IAQ
measurement of formaldehyde and TVOC is included in BREEAM. BREEAM also reference CEN
standard EN 16798 which specifies ventilation rates based on outdoor pollution levels.

Therefore, more research is needed to address the observed disconnect between the aims and goals
of high-performance design standards, such as LEED, and actual performance. Standardized methods of
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classroom sampling across these potential studies could help ensure accurate and comparable data across
the board. IAQ, particularly in urban areas, is a localized issue, which should be properly considered
in the design standards. Standards could be improved by using a performance-based approach.

The results presented in this study indicate that school districts may not be seeing the results
they expect when they invest in high-performance school buildings. This is troubling for the future
of high-performance school design as leaders in urban school districts often have to make difficult
decisions about where to spend limited funds in order to best serve student needs. Moving forward
designers and researchers need to continue to ask themselves how high-performance design standards
can provide meaningful, quality recommendations for schools in a variety of contexts, in our rapidly
urbanizing world.
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