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Report Summary

This report describes the outcomes of a study evaluating two identical mixed mode classrooms
constructed on the University of Hawaii at Manoa campus. The evaluation investigates energy efficiency,
indoor air quality, and thermal comfort of the buildings, with specific attention paid to the human factors
that impact each of those. The data was collected over a 3-year period from 2017 through 2019, and
during data analysis in 2020, the global COVID-19 pandemic provided a new relevance to natural
ventilation and indoor air quality. The analysis and conclusions reflect interpretations from a 2020
perspective given the importance of fresh outside air in mitigating the spread of airborne vectors such as
the coronavirus.

2

Introduction

Climate change, population growth, building efficiency and indoor air quality are conflicting drivers in the
effort to meet aggressive carbon emission goals being imposed by several U.S. states and European
countries (Darby, 2019). Global air-conditioning energy usage more than doubled from 2000 to 2016, and
at this rate is estimated to triple by 2050, mostly driven by population and economic growth in the hottest
parts of the world (IEA, 2018). The potential impacts of climate change on building performance include:
energy use; emissions; and system failures by operating in conditions outside of their design specifications
(de Wilde and Coley, 2012). Moreover, research shows that future generations will likely own more
appliances including air-conditioners due to economic growth in developing countries (Wolfram et al.,
2012). Thus, buildings built today need to be designed to work successfully in both the current and future
warmer climates (de Wilde and Coley, 2012). A building design response to these challenges is a mixedmode building: a hybrid energy design that can be either naturally ventilated or mechanically
heated/cooled as conditions demand, to minimize the operating hours of air-conditioning, and maximizes
energy efficiency.
Air-conditioned classrooms, including mixed-mode, and retrofits in particular, often do not meet
ventilation requirements through heating, ventilation and air-conditioning (HVAC) operation alone (Chan
et al., 2020) when using the types of HVAC units often found in classrooms. Mini-split air-conditioning
units do not provide outside fresh air while window air-conditioning units can commonly provide
inadequate ventilation (SMACNA, 2019). High levels of CO2 resulting from insufficient ventilation rates can
lead to lethargy and lower productivity when the concentration exceeds the acceptable threshold (Allen
et al., 2016). Inadequate air exchange may also result in a subsequent buildup of indoor pollutants
including carbon monoxide, volatile organic compounds, biological and other contaminants (USEPA, 2019;
Deuble and de Dear, 2012a). The ability to improve ventilation is becoming more acute and desirable in
the current viral pandemic situation (Abuhegazy et al., 2020; Morawska and Cao, 2020; Correia et al.,
2020).
Mixed-mode buildings rely on operable windows, skylights, clerestories and other apertures to create
natural ventilation opportunities. Apertures may be manually operated by occupants or automatically
controlled by sensors, controls and actuators. An unintended consequence of manually controlled mixedmode classrooms can be poor fresh air exchange due to not opening windows, either because of the user’s
1

habit or understanding of the building’s operation. During mild weather, interior conditions may not
demand that windows be opened in order to maintain thermal comfort and thus the user may not be
cued to open the windows or turn on the HVAC to provide ventilation. As such, when the windows are
closed and the HVAC system remains off, CO2 levels rise. While problematic, these under-ventilated
conditions are not necessarily obvious to the user as demonstrated by high CO2 concentrations measured
in this study and by others. Chan et al. (2020) evaluated 104 classrooms in California to confirm that
inadequate ventilation is common in school classrooms and to determine the root causes. Fisk’s
comprehensive literature search found that “Based on a review of literature published in refereed archival
journals, ventilation rates in classrooms often fall far short of the minimum ventilation rates specified in
standards” (Fisk, 2017).
The buildings investigated during this study are part of a previous research focusing on the energy
comparison of energy efficient buildings with other standard ones in Hawaii (Maskrey et al. 2016; Maskrey
et al., 2018). The following results and discussions are based on a multiyear study on the energy and
indoor air quality (specifically the carbon dioxide concentration) of two twin concurrent (Deuble and de
Dear, 2012b) mixed-mode school buildings in Honolulu, Hawai‘i, located in International Energy
Conservation Code climate zone 1A, where A means moist (International Energy Conservation Code,
2015). University of Hawai’i at Manoa (UHM) researchers monitored the two classrooms for three years
to evaluate the energy savings of a unique and dedicated on-demand HVAC thermostat while monitoring
CO2 levels and other indoor variables.
The buildings at the University of Hawai‘i Manoa Campus are used with similar end use (education, with
university and high school students). Several studies have investigated the energy performance (Pereira
et al., 2014), thermal comfort (Zomorodian et al., 2016), as well as indoor air quality, ventilation and
occupant health symptoms (Daisey et al., 2003) of school buildings, but the majority of the studies were
located in temperate climates rather than tropical ones. The typical occupant density in a school
classroom is commonly high and dynamic compared to an office building (US Environmental Protection
Agency, 1995) and therefore the metabolic gains are also high (Coley and Beisteiner, 2002). Thus, this
study investigates how similar groups of people use the same mixed-mode buildings differently and how
CO2 levels can be impacted by user choices.

3

Literature Review

A joint twelve-strategy report was released on December 3, 2019 (European Council, 2019) by the
European Council for an Energy Efficient Economy (eceee), the American Council for Energy-Efficient
Economy (ACEEE), and the India-based Alliance for an Energy Efficient Economy (AEEE) providing advice
to the International Energy Agency’s (IEA) Commission on energy efficiency. The report summarizes a
number of general principles that should serve as the foundation for energy efficient policies such as:
energy sufficiency and the focus on limiting energy consumption; proper building design from the
beginning including passive technologies for heating and cooling that can deliver comfort with low energy
use and are resilient to shocks and climate change; understanding occupant behavior and what drives
energy consumption; and access to energy.
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Energy efficiency is a key objective globally because hotter summers and warmer winters (Rubel et al.
2010, Köppen-Geiger website) will change the energy consumption and production patterns (Auffhammer
et al., 2014). This will impact building behavior and performance due to inefficiencies and malfunctions
caused by systems confronted with a shift in operating conditions (de Wilde and Coley, 2012). According
to the latest IEA World Energy Outlook 2019 report (IEA, 2019), the 2018 global final energy use by sector
was: 31% buildings; 29% industry; 29% transport; 11% non-energy use. Thus, buildings are currently
responsible for almost 1/3 of the global energy consumption. For these reasons several researchers are
investigating the climatic impacts on energy consumption. Van Rujiven et al. (2019) investigated the
amplification of future energy demand growth combining econometrically estimated responses on energy
use to income, hot and cold days with future projections of spatial population and national income under
five socioeconomic scenarios and temperature increases around 2050 for two emission scenarios
simulated by 21 Earth System Models (ESMs). The simulations reveal a rise in the energy demand by more
than 25% in the tropics and southern regions of the USA, Europe, and China. Another study by Crawley
states that the impact of climate change will result in a reduction in building energy use of about 10% for
buildings in cold climates, an increase of energy utilization up to 20% for buildings in the tropics, while
shifting from heating to cooling energy in the temperature climates (Crawley, 2008). Therefore, climate
change will affect the energy consumption by changing how consumers respond to short run weather
shocks (called intensive margin), as well as how people will adapt in the long run (extensive margin).
Auffhammer and Mansur (2014) provided a comprehensive literature review on the relationship between
climate and the energy sector organized by the countries of adoption (USA, Europe, and developing
countries). Even though the majority of the literature is focused on the residential sector it is already
possible to highlight related trends. While future generations will likely own more air conditioners, due to
both price and income effects (Wolfram et al., 2012), there is nascent literature examining the weather
and climate response of air conditioner adoption (Auffhammer, 2012; Auffhammer and Mansur, 2014)
because there is an expectation that people will heat less and cool more and that this change in behavior
will have both intensive and extensive margins components.
Climate change will also have significant impact on indoor air quality. In 2018 the Danish company Velux
released the “Indoor Generation Report” (Velux, 2018) based on a survey across 14 countries. One
interesting result is the new term they coined “indoor generation or generation 24/7” that refers to the
current generation spending 90% of its time indoors compared to previous ones. Moreover, this
generation is unaware that the air inside homes and public buildings can be more polluted that outside.
Nazaroff (2013) explored the consequences of climate change for indoor air quality. His paper categorizes
into three classes factors governing pollutant concentration in occupied indoor environments—indoor
pollutants; air-exchange rates and the presence and effectiveness of deliberate air cleaning processes, as
well as the types and conditions of materials that comprise the building surfaces and furnishings, and;
occupant factors, including the length of time indoors, occupant density, and activities undertaken that
may influence both pollutant emissions and exposure. The indoor air pollutant levels can result from both
indoor emission sources and from the penetration and persistence of outdoor pollutants. Therefore,
climate change could influence indoor air pollutant levels in different ways dependent upon: the level of
human exposure to pollutants of outdoor origin; whether the building operations are modified such that
there is a change in indoor pollutant concentrations; and, change in occupant’s behavior and habits as a
3

result of climate change. Nazaroff also pointed that a change in building design, building operation or
habitual indoor human behavior induced by climate change might be categorized as either “adaptation”
or “mitigation”. There is a difference between the two categories. An adaptation represents a response
to climate change aimed at providing protection against its impact such as an increased use of air
conditioning. Mitigation is instead a change made to reduce or offset the anthropogenic impact on
climate. Some changes motivated by the goal of saving energy can have consequences for the indoor
environmental quality (Nazaroff, 2013).
Population trends will also increase in cooling regions increasing the imperative to manage comfort as
energy efficiently as possible. Tiepolo writes that currently a third of the world’s urban population lives in
the tropics and this share is expected to considerably rise by 2030. This will change the breakdown of
human settlements by category and demographic size. Large cities (over a million inhabitants) are
expected to pass from 38% to 44% of the urban population, and in 2030 six of the ten most populated
cities in the world will be in the tropics (Tiepolo et al., 2017). Thus, in the tropics there is an urgent
challenge for designers to provide healthy and comfortable indoor environments such as mixed-mode
buildings, and minimizing their energy footprint.
How can the tropics be defined? Climatologists and geographers have traditionally defined them using
the Köppen-Geiger classification systems (Beck et al., 2005; Kottek et al., 2006). The tropics are quite
unique (Seidel et al., 2008): tropical temperatures are warm and, except for the major monsoon regions,
both seasonal and day-to-day changes are small compared with extratropical climates. Another important
feature of the tropics is the prevalence of rain in the moist inner tropical regions near the equator, as
distinct from the dry conditions in the subtropical regions. This precipitation pattern is largely determined
by large-scale wind patterns, known as the Hadley circulation. Hadley Cells are the low-latitude
overturning circulations that have air rising at the equator and air sinking at roughly 30° latitude. These
cells are responsible for the trade winds in the Tropics and control low-latitude weather patterns (Seas
Harvard website). The paper of Seidel et al. (2008) shows a collection of several recent studies suggesting
that the tropics have been expanding over the past few decades and that this widening may continue into
the future by as much as 2 degrees latitude in association with anthropogenic climate change. This
meteorological trend will also increase the use of energy considering that tropical climates are considered
one of the most challenging conditions in achieving indoor thermal comfort by non-mechanical means
because both sensible and latent heat are immense (Kubota et al., 2018). Thus, adaptation or mitigation
strategies can be particularly challenging and will have a significant effect on building performance,
comfort level and indoor air quality.
Developments in technologies will become a part of modern, adaptive energy design. Since the
emergence of air-conditioning (AC) the thermal environment in modern buildings has been tightly
controlled with a goal of creating thermal neutrality, emphasizing conditions that are constant through
time, and uniform through space. Increased energy use to maintain these conditions is anticipated. Air
conditioning penetration has also increased due to rapid advances in AC technologies and decreasing
costs. Although the growth periods in different countries varied, the incremental trends were significant
especially in tropical, warm, low and middle-income countries with large populations (Luo et al., 2018).
However, unexpected consequences were observed with excessive dependence on AC use. A recent paper
4

from Chan et al (investigated ventilation rates in 104 California classrooms from 11 schools recently
retrofitted with new heating, ventilation, and air-conditioning (HVAC) units (Chan et al., 2020). Their field
inspections identified HVAC equipment, fan control, and/or filter maintenance problems in 51% of the
studied classrooms. Overall, classrooms with recent HVAC retrofits had higher ventilation rates (VRs) than
reported generally in the literature but, the ventilation rates (VR) of many classrooms were still below the
requirements of the ASHRAE 62.1 standard or California’s Title 24, and the measured CO2 concentrations
indicated that many classrooms were still under-ventilated. Thus, even the installation of new units does
not guarantee proper indoor air quality. Another issue in the quest to provide comfort at a reasonable
energy cost, is the so called “addiction” to static thermal environments or “thermal comfort expectation”
in buildings (Candido et al., 2010b). Research by Luo et al. investigated this phenomenon. They found that
people’s understandings of thermal comfort change with their indoor thermal experiences. Moreover, the
dynamics of buildings occupants’ thermal comfort adaptation project asymmetric trajectories: it is much
easier to raise one’s expectation by providing better thermal environment than it is to persuade those
who expect indoor thermal excellence to reduce their expectations and adapt to lower-grade indoor
thermal environment (this can be described by the “demand factor”) (Luo et al., 2018). In this paper, Luo
et al. recalled the theory of the “endowment effect” derived from the behavioral economy research field,
which describes the tendency for people who own a particular good to value it more than people who do
not (Morewedge and Giblin, 2015). They compared the indoor thermal environment to a type of good,
therefore building occupants’ thermal comfort expectations of the indoor thermal environment can be
subject to this loss-aversion assumption, too.
Considering these externally-driven conditions, a rational design response would be mixed-mode (MM)
buildings, namely buildings where AC cooling and natural ventilation strategies coexist in the same
buildings (Luo et al., 2015). A few studies investigated thermal comfort of MM buildings in warm and
humid environments (Luo et al., 2015; Zhai et al., 2015). They found that occupants’ acceptance of thermal
conditions was dependent on the building operation mode (Deuble and de Dear, 2012b): occupants’
actual thermal sensation and acceptance of thermal conditions varied when the building changed from
AC to natural ventilation (NV) mode, or vice versa (Luo et al., 2015). Occupants in NV periods could accept
a wider range of indoor operative temperatures than in AC periods. Similar findings were observed by
other researchers (Deuble and de Dear, 2012b; Damiens et al., 2013). For higher temperature values, the
acceptable temperature range can be expanded by cooling the occupants convectively with fans (Nicol,
2004). In the case of air-conditioned buildings, fans save energy by allowing the thermostat to be set at a
higher temperature (Hoyt et al., 2015) to achieve the same perception of comfort. For mixed-mode
buildings, fans can extend natural ventilation mode by reducing the use of air-conditioning.
Ceiling fans are effective at increasing convective (and evaporative if perspiration occurs) heat loss in
warm-humid climates (Busch, 1992; Candido et al., 2010a; de Dear et al., 1993; Kwok, 1998). Laboratory
studies conducted in Australia (Burton et al., 1975), UK (Mcintyre, 1978), and US (Rohles et al., 1983;
Scheatzle et al., 1989) investigated the effect of airflow from ceiling fans on subjective thermal comfort in
a warm environment. It was found that air speeds higher than 0.8 m/s and up to 1.05 m/s could maintain
comfort between 28°C and 29.5°C at 50% RH. For areas with higher humidity, the work of Zhai et al. (2015)
focused on investigating the ability of ceiling fans to produce comfort for building’s occupants under warm
5

and humid conditions. Their findings show that even without personal control on air movement, subjects
find air speeds higher than 0.8 m/s thermally acceptable at temperature up to 30°C and relative humidity
up to 80%. They also compared their results with other researchers (Zhai et al., 2013; Melikov and
Kacmarczyk, 2012; Wilmer et al., 2014), thus air movement around occupants can compensate for the
negative influence that elevated temperature and humidity have on perceived air quality.

4

Methods

4.1 Description of the FROG buildings
The two identical 134 m2 (1,440 ft2) classroom buildings were constructed on the UHM campus in 2015–
2016 to test building design and fabrication strategies, and to research new technologies and energy
control systems. The structures are component-based and were assembled on site (Figure 1).

Figure 1. FROG1 and FROG2 at the University of Hawai’i at Manoa. Photos by University of Hawai’i.

The envelope design integrates basic energy efficient concepts (Table 1), including due north and south
orientation to minimize solar gain; overhangs further shield the high performance, low-e glazing from
solar gain; and the walls and roofs are well insulated. They utilize LED lighting with daylight harvesting
controls that optimize lighting levels according to the amount of daylighting available within the space.
The heating, ventilation and air conditioning (HVAC) system is designed for mixed-mode performance.
These single-room classroom buildings were equipped with split-system, direct expansion air-conditioning
units with supply air delivered at slightly higher than normal temperatures in order to avoid condensation
on the supply registers because of higher room humidity levels. These buildings were not designed with
automated window actuators or HVAC interlocks. On-Demand controls require users to make a conscious
decision to turn the AC ON (i.e., a user preference), which allows the unit to run for one hour only, then
turn OFF. When the conditions require that it be restarted, the ON button is pressed once again to
reenergize for another 60 minutes. An On-Demand control reduces the HVAC run time when there are no
occupants in the buildings (Maskrey et al., 2018). In addition, the On-Demand control requires user
engagement and decision-making (called technological or environmental adjustment as stated by Azizi et
al., 2015), increasing awareness of building operations. Ceiling fans, with seven speeds, increase the air
movement inside the buildings. Previous studies in the tropics showed that air movement increases the
range of temperatures in which people feel comfortable (Mallick, 1996; Nicol, 2004; Zhai et al., 2015). The
interior conditions of the FROGs were highly dependent upon the knowledge and preference of the user
6

to choose between using natural ventilation, activating the on-demand air-conditioning unit and the
concurrent use of ceiling fans.
In classroom situations where there may be long intervals between classes, the On-Demand control
results in significant savings because the AC will not run if there is no one in the class to reactivate the
auto-off AC. A previous study showed an 84% reduced energy consumption beyond a conventional
thermostat scheduled for 7 a.m. to 7 p.m. operation (Maskrey et al., 2018). As research platforms
intended to help educate users about the building’s response to energy efficient design, the UHM Frog
classrooms incorporate a real-time dashboard that displays current and past operating conditions,
including indoor comfort indicators (CO2), renewable energy generation as well as the end uses of energy.
Table 1. As-built characteristics of the UHM FROGs (134 m2).
Component

Description

Exterior wall

R-24 walls

Roof

R-30 roof decks

Glazing

Low-e, PPG Solarban 70XL glazing (SHGC=0.27; U=0.24; VLT=64%)

Lighting

Direct/Indirect LED lighting with daylight control

Ventilation

Mechanical exhaust 24.4 l/s (51.8 cfm)

Windows

High and low operable windows for natural ventilation located on the N and S side

Ceiling fans

Seven speed ceiling fans

Central AC

High efficiency split system fan coil and condensing unit (EER: 11.8)

Cooling set-point

25°C (77°F)

Renewable
system

Solar PV systems: 8 kW per structure

Plug loads

Laptops, projector, computer servers, fire alarm, telecommunication, dashboard

Additional info

All electric, no natural gas on site
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4.2 Classroom composition and scheduling
In addition to serving as research platforms, the FROGs are used as individual classrooms for middle school
students (ULS students) in the morning and university students (UH students) in the afternoon and
evening. They traditionally operate in change-over mode, when natural ventilation and HVAC operation
are mutually exclusive. Because they are manually-controlled they may be alternatively run in a
concurrent mode, when HVAC and natural ventilation occur simultaneously. The mode is chosen by user
preference.
The classrooms were monitored over three calendar years (two school years: 2017-2018; 2018-2019) to
collect disaggregated energy, indoor and outdoor parameters (Table 2). The schedules of the classrooms
are dynamic with user group and class size that vary broadly by semester and then hour and day. The
buildings are fully occupied during the mornings (8:00 a.m.–12:00 p.m.) by several groups of middle school
students (45-min classes, 28 ULS students and 1 instructor) while during the 2-1/2 to 3-h afternoon and
evening sessions the buildings are not at full capacity (on average each building is occupied by 15 UH
students and 1 instructor). The platforms are used daily by ULS students (Mon.-Fri.), the UH schedule
generally excludes Fridays and as a result neither building is used during the afternoon and evening
sessions (Figure 2). This type of intermittent scheduling is not limited to educational buildings but can also
reflect other types of end-uses with irregular occupancy such as offices, business incubators, or meeting
rooms.

Figure 2. Scheduling comparison and occupancy capacity of UHM FROGs buildings during the Fall and
Spring semesters.
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Table 2. ULS and UH school years (details of ULS quarters and selected UH semesters).
Aug-Oct

Oct-Dec

Jan-Mar

Mar-Apr

Aug-Oct

Oct-Dec

Jan-Mar

Mar-Apr

2017

2017

2018

2018

2018

2018

2019

2019

ULS Q1
20172018

ULS Q2
20172018

ULS Q3
20172018

ULS Q4
20172018

ULS Q1
20182019

ULS Q2
20182019

ULS Q3
20182019

ULS Q4
20182019

(Aug. 7Oct. 6)

(Oct. 16Dec. 21)

(Jan. 8Mar. 16)

(Mar. 26May 31)

(Aug. 6Oct. 5)

(Oct. 15Dec. 21)

(Jan. 8Mar. 15)

(Mar. 25May 31)

UH Fall 2017

UH Spring 2018

UH Fall 2018

UH Spring 2019

(Aug. 21-Dec 7)

(Jan. 8-May 2)

(Aug. 20-Dec. 6)

(Jan. 7-May 2)

Over the course of the study the teaching environment and routines were consistent with no dramatic
changes in operation that would distort the results. Data analyzed for this report are from August 2017,
after commissioning was complete and regular classroom scheduling was implemented. Only the Fall and
Spring semesters were considered for the analysis because both buildings were used at higher capacity
during these periods of time. For details about the building occupancy please refer to Appendix A.
Initial training of ULS and UH instructors was provided by HNEI staff in 2017, and then again in 2019, aimed
to foster a more conscious energy efficient behavior by allowing the building occupants to understand the
building’s features, including visualization of energy usage and PV generation through the dashboard
installed in each building. During the training HNEI and ERDL personnel explained the operating protocols
of the buildings, provided a wall poster to provide visual reminders to the occupants. The CO2 sensors
were also discussed to encourage natural ventilation using operable windows versus mechanical air
conditioning. The latter is important because anecdotal evidence suggests that inadequate fresh air is
being provided when staff elects to not open windows, either because of drafts or that they are unaware
of the relationship to indoor air quality (Coley et al., 2002). Considering the current pandemic situation
and the very recent results (Abuhegazy et al., 2020) of numerical simulation of aerosol transport in
classroom environment it becomes of critical importance for COVID-19 mitigation to open windows even
when the air conditioning is on and the classroom design has followed the ASHRAE 62.1 ventilation
standard for acceptable indoor air quality. Opening windows while the air conditioning system is running,
while traditionally not recommended from an HVAC or energy efficiency perspective, significantly
increases particle exit fraction by ∼38% and reduces transmission between students by ∼80% (Abuhegazy
et al., 2020).

4.3 Monitoring methods
Energy in both buildings was monitored with eGuage CT meters from September 2016 forward. The data
from the remainder of the environmental sensors began to be collected in January 2017. In January 2018,
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PV systems were installed on the rooftop of both buildings, and a weather station installed on FROG1,
collecting ambient temperature, relative humidity, solar radiation, wind speed and direction every 5 min.
The weather data from August 2017 to December 2017 were collected from a second weather station
located on the UH Manoa campus on the roof of Holmes Hall (one-hour resolution).
Monitoring and data collection systems were installed during construction to measure indoor parameters
such as temperature, relative humidity, light, and CO2. Energy flows were disaggregated for the following
end-uses: air-conditioning compressor and fan coil unit; internal and external lighting; ceiling fans; whole
building use; and solar PV systems. Power was monitored continuously with a PowerScout 24 power
meter and averaged at a five-minute resolution with WebCTRL®software. Plug loads were not monitored
but were estimated by subtracting the monitored end uses from the while building load. Indoor
temperature, relative humidity, illuminance and CO2 were monitored at a five-minute resolution. Both
energy and environmental data was collected and routed through an Automated Logic LGR 50 controller
module. WebCTRL® software automatically saved the data to a UH server. A third-party plugin for
software was used to extract the data and transfer it to the database.
The energy performance and the environmental conditions are currently being monitored by HNEI with
support from the UH School of Architecture’s Environmental Research and Design Laboratory (ERDL). Data
is acquired over the internet and inserted into a database using Ionoa, a custom software developed by
ERDL (https://github.com/erdl).

4.4 Outdoor climate in Manoa Valley
The two Frogs buildings are located in the Manoa (UHM) campus of the University of Hawai‘i in the Lower
Manoa Valley, north-east inland from Waikiki. The valley receives almost daily rain, even during the dry
season but the campus is located at the entrance to a valley, thus the weather is characterized by a tropical
wet and dry savanna climate with a pronounced dry season (Köppen-Geiger climate classification “As”
(Beck et al. 2005, Kottek et al. 2006)) or climate zone 1A, where A means moist, in the International Energy
Conservation Code (International Energy Conservation Code, 2015). The climate is divided in mainly two
seasons: dry season (Apr.-Oct.) and wet season (Nov.-Mar.) (Figure 3).
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Figure 3. Outdoor average monthly conditions: (upper-left) temperature (°C); (upper-right) relative
humidity (%); (lower-left) wind direction (Degree); (lower-right) wind speed (m/s).

The average monthly temperature is above 20°C for the entire measurement period, reaching values
above 25°C during the dry season. Two calendar years of outdoor temperature data showed the average
monthly temperature ranged from 21.5°C to 27.8°C. Typically, the hottest days are from July to October,
and the coolest days are from January to March. The average monthly relative humidity (RH) ranged from
65.3% to 75.5% Prevailing winds blow from the East (E) and South-East (SE) directions during the wet
season, whereas they are from East-North-East (ENE) and East (E) during the dry season. The average
monthly wind speed is higher during the dry season.
The buildings are used by different groups of people depending on the time of the day and the day of the
week. The average monthly outdoor conditions have been calculated for the following periods of time:
mornings (8 a.m.-12 p.m.), afternoons (12 p.m.-4 p.m.) and evenings (4 p.m.-8 p.m.).
●

Temperature (Toutdoor): the outdoor temperature reaches the highest values (30°C) during the
afternoon sessions in the dry season. The average outdoor temperatures in the evenings
happened to be quite similar to the monthly daily averages. The average monthly morning values
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●

●
●

are between the evening and afternoon values during the dry season, whereas during the wet
season are closer to the average monthly evening values.
Relative humidity (RHoutdoor): the monthly outdoor RH values of the evening sessions are closer
to the daily values during the dry season, between 65% and 75%. The average RH during the
morning and afternoon sessions is between 60% and 70%.
Wind direction: the monthly daily wind directions are representative of the morning, afternoon,
and evening time periods.
Wind speed: the wind speed is influenced by the time of the day. Higher values are reached during
the afternoon sessions, followed by the evening and morning values. The average monthly wind
speed, calculated over a 24h period is lower than each of those three session categories.

Hourly outdoor temperatures complied with the ASHRAE 55-2017 adaptive comfort standard for 80%
satisfaction for 87% of hours of the year (only 2.5% of hours were too hot) which makes the buildings
suitable for mixed-mode (ASHRAE, 2017).

5

Results and Discussions

5.1 Energy
5.1.1 Evaluations over 24 hours
Energy consumption is distributed among four primary end-uses: HVAC, ceiling fans, lighting and “other
loads” that include telecommunications, fire-alarm, multimedia, and miscellaneous plug loads. During the
monitored energy period (Aug. 2017-May 2019) there were isolated issues with the monitoring system,
thus a few days have been removed from the analysis (see Tables 3 and 4 in Section 4.2.2 for more details).
The HVAC in FROG1 was not functional from Sept. 17 to Oct. 15, 2018 (29 days) and from Nov. 15, 2018
to May 15, 2019 (182 days). In order to compare the energy used by the buildings during the different
months (Figures 4 and 5) the normalized energy values (kWh/day), evaluated over a 24-hour period, are
used.
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Figure 4. Normalized energy values (kWh/day) by disaggregated loads for UHM FROG1. *Jan.-Mar., 2018
do not show the whole building or plug load values.

Figure 5. Normalized energy values (kWh/day) by disaggregated loads for UHM FROG2. *Jan.-Mar., 2018
do not show the whole building or plug load values.
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Figures 4 and 5 show the normalized energy values (kWh/day) organized by disaggregated loads and
grouped by months. The values represent the electricity consumed over a day (24 hours) even when, on
average, the buildings are used (not necessarily continuously) from 8 a.m. to 8 p.m.. The initial months of
2018 (Jan.-Mar.) do not show values of the “other loads” for both buildings. On January 2018 the PV
systems were installed on both building roofs but issues with the monitoring of the whole building data
went up until mid-March 2018: the values of the HVAC, ceiling fan and indoor lights are correct but the
other loads values were not included in the analyses.
Although the two buildings are located on the same site, experienced the same outdoor conditions, have
the same equipment installed, and are occupied, on average, by the same number of occupants and
occupant type during the morning (ULS students), afternoon and evening sessions (UH students), the
appliances are used differently.
Observations:
●

●
●

Both buildings showed a higher normalized average electricity consumption during the high-sun
months (Aug-Nov), while June and July reflect the lowest loads since ULS students have a summer
break and UH students have the summer semester (session I and II).
FROG1 shows a higher HVAC electricity consumption than FROG2 from Aug. 2017 to May 2018.
When comparing the FROGs during the Aug. 2017 to May 2018 period and Aug. 2018 to May 2019
a different behavior in the use of the ceiling fans and HVAC appliances is observed. The school
year 2017-2018 was characterized by a higher use of HVAC over ceiling fans; the year 2018-2019
is characterized by the opposite behavior: due to the inoperable HVAC system FROG1 was used
by default as a naturally ventilated building, relying on ceiling fans and open windows, whereas
FROG2 intentionally used natural ventilation. Discussions with the two FROG2 ULS instructors
revealed that they deliberately chose to use ceiling fans rather than run the HVAC system the
previous semester.

5.1.2 Evaluations by quarters and semesters
UHM FROG buildings have a dynamic schedule where different groups of students use the buildings daily
(typically 4-5 groups in the mornings, 1 group in the afternoon, 1 group in the evening).
The following tables provide details about the number of school days considered in the analyses organized
by quarters, Qx (Table 3) for ULS school years, and semesters (Table 4) for UH ones.
Different groups of ULS students used the buildings five days a week. On average FROGs were
continuously occupied from 8 a.m. to 12 p.m.. The number of schooldays reported in Table 3 do not
include the days where issues with the data collection have been recorded.
UH students used the buildings in the afternoon and evening sessions. The number of days FROGs were
occupied by classes varied by semester and building (Figure 2). Both buildings were never used on Fridays
for the entire period of analysis (Aug. 2017-May 2019). FROG2 had no afternoon classes during both Spring
semesters and was partially used during Fall semesters. Table 4 shows that FROG1 was used more than
its counterpart building.
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The normalized morning, afternoon and evening energy values were organized by aggregated loads.
Energy consumption values representing the schooldays only are presented in Figures 6-8. Data were
organized by ULS quarters (Figure 6) and UH semesters (Figures 7, 8). The normalized values are calculated
as the electricity used during the scheduled classes during a 4-hour period of time divided by the number
of scheduled “sessions” (mornings, afternoons or evenings). Thus, it is possible to compare the values of
the different sessions evaluated as kWh/day.
Table 3. Details of the number of schooldays, weekends and holidays in the selected ULS quarters.

N. of
school
days

2017-2018

Total
n. of
days
during
Qx

Q1

61

43

Q2

67

Q31
Q4

ULS
quarters
(Qx)

ULS
quarters
(Qx)

N. of
school
days

2018-2019

Total n.
of days
during
Qx

N. of
holidays +
weekend
days

16 + 2

Q12

54

39

14 + 1

46

18 + 3

Q2

68

46

18 + 4

53

37

14 + 2

Q3

67

46

18 + 3

67

46

18 + 3

Q43

52

37

13 + 3

N. of holidays
+ weekend
days

The following dates were not considered due to issues encountered with the data collection: 1 Jan. 8-22,
2018; 2 Aug. 11-17, 2018; 3 Mar. 16-Apr. 8, 2019 and 4May 18, 2019.
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Table 4. Details of the number of the afternoon and evening sessions when the buildings were used by
UH users.

UH
semester

Fall 2017

Total n. of
schooldays

N. of
scheduled
evening
sessions for
FROG1

N. of
scheduled
afternoon
sessions for
FROG2

N. of
scheduled
evening
sessions for
FROG2

37

31

15

46

(49.3%)

(41.3%)

(20.0%)

(61.3%)

19

41

75

Spring
20181

69

Fall 2018

74

Spring
20192

N. of scheduled
afternoon
sessions for
FROG1

38
0

(27.5%)

(42.0%)

45

26

14

12

(60.8%)

(35.1%)

(18.9%)

(16.2%)

48

42

65

(55.1%)

53
0

(73.8%)

(64.6%)

(81.5%)

The following dates were not considered: 1 Jan. 8-22, 2018; 2 Mar. 16-Apr. 8, 2019.

Figure 6. Normalized morning (8 a.m.-12 p.m.) energy values (kWh/day) by aggregated loads and quarters
– ULS schooldays only: FROG1 (left), FROG2 (right).
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Figure 7. Normalized afternoon (12 p.m.-4 p.m.) energy values (kWh/day) by aggregated loads and
semester – UH schooldays only: FROG1 (left), FROG2 (right).

Figure 8. Normalized evening (4 p.m.-8 p.m.) energy values (kWh/day) by aggregated loads and semester
– UH schooldays only: FROG1 (left), FROG2 (right).
Both buildings used more electricity during the morning sessions with the higher consumption during the
2017-2018 school year (Figures 6-8). The situation in the following school year (2018-2019) changed
because FROG1 was forced to operate as a in natural ventilation mode due to the issues with the HVAC
system being out of commission. There is no indication of other load data in Q3 and Spring 2018 for both
buildings due to data collection issues. The malfunction of the HVAC systems can be seen in the lower
average daily consumption of HVAC and the increase of the ceiling fan usage. Users in FROG2 consciously
decided to not turn the air-conditioning system on and used more ceiling fans. The buildings were
occupied during the morning session, and the instructors in charge of each building were the same every
day for the entire school year. Greater variability occurs in the afternoon and evening sessions with the
buildings being frequently unoccupied during either the afternoon sessions or the evening (Figure 2). In
grouping the normalized energy data by semester, Figures 7 and 8 show both the afternoon and evening
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charts are showing lower energy consumption than the morning classes except for the Fall 2017
afternoons.
As previously stated, users of both buildings attended training about how to operate the buildings in 2019.
However, as also reported in previous studies (Maskrey et al., 2018; Azizi et al., 2015) energy efficient
buildings, such as FROGs, encouraged green practices, too. Heerwagen and Diamond (1992) examined the
three type of behavior adaptation (personal adjustments, technological or environmental adjustments,
and psychological adjustments) in energy efficient buildings. The researchers found that personal
adjustments were made more than technological ones (i.e., windows, blinds, HVAC control, ceiling fans)
in spaces which occupants have limited access to the control systems such as the open plan space. The
paper of Azizi et al. (2015) refers to the coping mechanisms occupants use in response to discomfort. In
fact, other studies that show that when occupants are provided with access to the environmental control
systems, they will be more likely to make adjustments that will impact energy usage in buildings
(Heerwagen and Diamond, 1992; Cole and Brown, 2009). This is what happened in FROGs during the 20172018 school year. However, O’Brien and Gunay (2014) raised concern that contextual factors such as
occupants’ awareness and perception of working in an energy efficient building can influence their choice
of adaptive behavior. For instance, occupants have been found to sometimes adopt poor energy saving
behaviors in energy efficient design buildings due to the ‘rebound effect’ where, due to energy efficiency
“savings”, other energy end-uses often increase. (Sorrell et al., 2009, Bourrelle, 2014).

5.2 Indoor conditions
5.2.1 Monthly averages – Schooldays only
Steinemann et al. (2017) investigated the concern that energy efficient buildings, called green buildings
in the paper, may promote energy efficiency and other aspects of sustainability, but not necessarily the
health and well-being of occupants through better indoor air quality. Their study highlighted that IAQ in
energy efficient buildings was mainly accessed using post-occupancy surveys, and they were collecting
perceived air quality. Only in a few studies, the actual measurements of IAQ were carried out by
documenting the levels of CO2 or other pollutants, and measuring the ventilation rates. The current study
analyzed the indoor climate of both UHM FROGs considering three parameters: CO2 (Figures 9-13),
temperature (Figure 14-15), and relative humidity (Figure 16-17).
Carbon dioxide
Figure 9 shows the average monthly CO2 values. The chart shows higher CO2 values during the morning
sessions for the school year 2017-2018 for both buildings, followed by the afternoon and the evening
ones; FROG1 shows also higher CO2 values than FROG2. The second school year shows the impact of the
training and occupants’ awareness in FROG2.
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Figure 9. Evaluation of the average daily CO2 values (ppm) by month - evaluated for schooldays only.
Maximum CO2 levels are shown in Figure 10: Even though the monthly averages were below 1,300 ppm,
the CO2 sensor in FROG1 reached the maximum reading value a few times during the school year 20172018. Considering that the maximum measurable CO2 value of the sensor is 2,000 ppm1, this implies that
the real CO2 values experienced in the building during the lessons exceeded that upper measurement
threshold. This has negative implications for the health and learning outcomes of the students (Daisey et
al., 2003; Toftum et al., 2015; Stazi et al., 2017).
During the second investigated school year (Jul. 2018-May 2019), occupants ventilated the buildings and
this strategy improved the indoor air quality.

1

The CO2 sensor was a non-dispersive infrared type manufactured by AutomatedLogic, model ZS-HC-ALC, with an
accuracy for the range 400 ppm to 1,250 ppm of +/-30ppm or 3% of reading (whichever is greater) and for the range
1,250 ppm to 2,000 ppm an accuracy of +/- 5%of reading plus 30 ppm.
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Figure 10. Evaluation of the maximum daily CO2 values (ppm) by month - evaluated for schooldays only.
Figures 11-13 show the percentage of time when the average CO2 values (evaluated over a 4-hour period)
exceeded 1,100 ppm during the morning, afternoon and evening sessions. The charts show only the
weekdays: holidays, spring/fall breaks and weekends were excluded.
The charts highlight the different ventilation strategy used in the UHM Frog buildings during the two
school years. The worst situation happens during the morning sessions in FROG 1 when the students use
the buildings almost continuously (if we excluded the short 15 min morning break) from 8:00 a.m. to 12:00
p.m..

Figure 11. Percentage of time when the average CO2 values (evaluated over a 4-hour period) exceeded
1,100 ppm during the morning session (schooldays only).
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Figure 12. Percentage of time when the average CO2 values (evaluated over a 4-hour period) exceeded
1,100 ppm during the afternoon session (schooldays only).

Figure 13. Percentage of time when the average CO2 values (evaluated over a 4-hour period) exceeded
1,100 ppm during the evening session (schooldays only).
Temperature
Figures 14 and 15 show the average temperature values and the monthly maximum values on the right.
A seasonal variation of the averaged values (Figure 14) can be observed: the higher monthly temperature
values are reached during the high-sun months (Jul.-Sept.), whereas the lower values are reached in Jan.Feb. The maximum temperature inside the buildings (Figure 15) did not exceed 32°C during the school
year 2017-2018, and did not exceed 33°C during the school year 2018-2019.
The charts show a different behavior: during the school year 2017-2018 FROG2 had higher temperatures
than FROG1, during the following school year this trend changed and this time FROG1 showed higher
temperature values. The previous section dealing with the HVAC usage showed that during the first school
year investigated (2017-2018) FROG1 was also relying mainly on HVAC, resulting in a lower indoor
temperature.
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The chart in Figure 14 highlights the daily temperature variation inside the building. While the morning
sessions show comparable results, the greater differences between the two buildings and in their use of
the ventilation systems are evident in the evening and afternoon sessions.

Figure 14. Evaluation of the average daily temperature values (°C) by month - evaluated for schooldays
only.
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Figure 15. Evaluation of the maximum daily temperature values (°C) by month - evaluated for schooldays
only.
Relative humidity
Figure 16 and 17 show the average and the monthly maximum relative humidity values. Relative humidity
is a very important parameter to look at especially in tropical climates.
The monthly averaged values (Figure 16) do not evidence a seasonal variation: values of the school year
2017-2018 show an increasing trend from Aug., 2017 to May, 2018, whereas values during the school year
2018-2019 show an opposite decreasing trend, thus no further conclusive observations can be derived.
During both school years FROG2 shows higher RH values than FROG1. While the monthly averaged values
do not exceed RH=70%, the maximum values reach RH values above 75% primarily in FROG2 during the
morning session (Figure 17). FROG1 also occasionally experienced RH values above 75% in the morning
and afternoon sessions. The evening sessions show maximum values below 75% except in October 2018.

23

Figure 16. Evaluation of the average daily relative humidity values (%) by month - evaluated for schooldays
only.

Figure 17. Evaluation of the maximum daily relative humidity values (%) by month - evaluated for
schooldays only.
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5.2.2 Daily session averages – Schooldays only
The following plots show the average daily variability of CO2 (Figures 18-20), RH (Figures 21-23),
temperature (Figures 24-26) grouped by morning, afternoon and evening sessions. Additional information
about the hourly variations during the schooldays is found in Appendix B.1.
The CO2 charts highlight again the different behavior of the buildings during the two different school years,
as well as the high variation of the CO2 values. The CO2 values start to rise when the occupants enter the
buildings. The poor and insufficient ventilation and the lack of new fresh air from the outside is responsible
for the high CO2 levels. A clearly different user behavior can be seen comparing the average CO2 values of
the two buildings in the two different school years. During the school year 2017-2018 the average CO2
values in FROG1 were above the recommended maximum level of 1,100 ppm.
By considering the other two indoor variables, the relative humidity and temperature, the charts do not
show a high variation among the different days as shown by the CO2 values.
Carbon dioxide

Figure 18. Box plot of the average morning indoor CO2 values (schooldays only): FROG1 on the left; FROG2
on the right.
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Figure 19. Box plot of the average afternoon indoor CO2 values (schooldays only): FROG1 on the left;
FROG2 on the right.

Figure 20. Box plot of the average evening indoor CO2 values (school days only): FROG1 on the left; FROG2
on the right.
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Relative humidity

Figure 21. Box plot of the average morning indoor RH values (schooldays only): FROG1 on the left; FROG2
on the right.

Figure 22. Box plot of the average afternoon indoor RH values (schooldays only): FROG1 on the left; FROG2
on the right.

Figure 23. Box plot of the average evening indoor RH values (schooldays only): FROG1 on the left; FROG2
on the right.
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Temperature

Figure 24. Box plot of the average morning indoor air temperature values (schooldays only): FROG1 on
the left; FROG2 on the right.

Figure 25. Box plot of the average afternoon indoor air temperature values (schooldays only): FROG1 on
the left; FROG2 on the right.

Figure 26. Box plot of the average evening indoor air temperature values (schooldays only): FROG1 on the
left; FROG2 on the right.
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5.2.3 Daily averages – Weekends and Saturdays only
The following sections present the values of carbon dioxide, relative humidity and temperature during the
weekends (Saturdays and Sundays) and Saturdays only. FROG buildings have been used on Saturdays
during the investigated time, but the users were either first time FROGs users (they did not receive any
training) or they rarely used the buildings. Thus, they were not as familiar with the buildings’ features. A
previous study on first generation FROG buildings showed users may also leave the fans running during
the weekend (Maskrey et al., 2016)2. The official Saturday scheduling was irregular, and was used on a
more ad hoc basis by untrained users from other areas of the University. This why the results of the
weekends and the “Saturdays only” are in a separate section from the weekday scheduling to understand
the impact of the user behavior.
The following plots show the average daily variability of several parameters grouped by morning,
afternoon and evening sessions:
- CO2 during the weekends (Figures 27-29) and “Saturday only” (Figures 30-32);
- RH during the weekends (Figures 33-35) and “Saturday only” (Figures 36-38);
- Temperature (Figures 39-41) and “Saturday only” (Figures 42-44);
It is easier to recognize when people used the buildings because the CO2 levels were higher than the 400
ppm. It is also possible to pinpoint the days when there was not enough fresh air inside the building
because the CO2 values increased during the day reaching high values (October 2017 FROG1; September
2018 in FROG2 in Figures 27-29).
Carbon dioxide

Figure 27. Box plot of the average morning indoor CO2 values (weekends only): FROG1 on the left; FROG2
on the right.

2

In 2015 the HVAC operated 24/7 because the system was unintentionally left on after school was out-of-session.
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Figure 28. Box plot of the average morning indoor CO2 values (Saturdays only): FROG1 on the left; FROG2
on the right.

Figure 29. Box plot of the average afternoon indoor CO2 values (weekends only): FROG1 on the left; FROG2
on the right.

Figure 30. Box plot of the average afternoon indoor CO2 values (Saturdays only): FROG1 on the left; FROG2
on the right.
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Figure 31. Box plot of the average evening indoor CO2 values (weekends only): FROG1 on the left; FROG2
on the right.

Figure 32. Box plot of the average evening indoor CO2 values (Saturdays only): FROG1 on the left; FROG2
on the right.
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Relative humidity

Figure 33. Box plot of the average morning indoor relative humidity values (weekends only): FROG1 on
the left; FROG2 on the right.

Figure 34. Box plot of the average morning indoor relative humidity values (Saturdays only): FROG1 on
the left; FROG2 on the right.

Figure 35. Box plot of the average afternoon indoor relative humidity values (weekends only): FROG1 on
the left; FROG2 on the right.
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Figure 36. Box plot of the average afternoon indoor relative humidity values (Saturdays only): FROG1 on
the left; FROG2 on the right.

Figure 37. Box plot of the average evening indoor relative humidity values (weekends only): FROG1 on the
left; FROG2 on the right.

Figure 38. Box plot of the average evening indoor relative humidity values (Saturdays only): FROG1 on the
left; FROG2 on the right.
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Temperature

Figure 39. Box plot of the average morning indoor temperature values (weekends only): FROG1 on the
left; FROG2 on the right.

Figure 40. Box plot of the average morning indoor temperature values (Saturdays only): FROG1 on the
left; FROG2 on the right.

Figure 41. Box plot of the average afternoon indoor temperature values (weekends only): FROG1 on the
left; FROG2 on the right.
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Figure 42. Box plot of the average afternoon indoor temperature values (Saturdays only): FROG1 on the
left; FROG2 on the right.

Figure 43. Box plot of the average evening indoor temperature values (weekends only): FROG1 on the
left; FROG2 on the right.

Figure 44. Box plot of the average evening indoor temperature values (Saturdays only): FROG1 on the left;
FROG2 on the right.
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5.2.4 Hourly averages - Morning sessions only - Schooldays only
The following heat maps show the average hourly CO2 values during the ULS 2017-2018 school year
(Figures 45-52). Only the 2017-2018 ULS school year is shown because it was characterized by the higher
CO2 values in both UHM FROG buildings.
The heat maps have two visual indications: the size of the squares and the colors, both ranging from the
minimum value of 350 ppm to 2,100 ppm. The range of these lower and upper values are not
representative of the minimum and maximum registered CO2 values but have been defined in order to
have four equal CO2 steps: 350-787.5 ppm; 787.5-1,225 ppm; 1,225-1,662.5 ppm; 1,662.5-2,100 ppm. The
color does not change inside the CO2 step, but the size does, and provides additional information.
FROG1 (Figures 45-48) uses more HVAC than ceiling fans during the 2017-2018 school calendar year and
shows also very high hourly CO2 values. Often early morning values (between 6:00 a.m. and 6:59 a.m.) are
higher than the baseline. The CO2 levels are lower in FROG2 than FROG1 because the users tend to use
more ceiling fans for comfort than HVAC, and they open windows. Thermal preference and thermal
sensations have been also investigated by other researchers in a study of naturally ventilated classrooms
and buildings in the wet tropical zones of the coastal and central areas of Cameroon (Nematchoua et al.,
2014). It has been found that thermal sensation depends upon the physical, psychological and
physiological factors, which are unpredictable. Moreover, preferences and thermal sensations vary
according to the individual, even if they come from the same area and are subject to the same type of
climate (Nematchoua et al., 2014) due to personal preference, occupant-centric environmental control
and habituation. Some researchers investigated the occupant-centric environmental control topic that
included school buildings (Gao et al., 2014; Heebøll et al., 2018; Wargochi and Da Silva, 2012; Fabi et al.,
2012; Schiavon et al. 2017). The paper of Roetzel et al. (2010) reviews various parameters influencing the
effectiveness of occupant controlled natural ventilation.

Figure 45. FROG1: heat map of the average indoor CO2 values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.
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Figure 46. FROG1: heat map of the average indoor CO2 values during Q2-ULS 2017-2018 (Oct. 16-Dec. 21,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure 47. FROG1: heat map of the average indoor CO2 values during Q3-ULS 2017-2018 (Jan. 23-Mar. 16,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure 48. FROG1: heat map of the average indoor CO2 values during Q4-ULS 2017-2018 (Mar. 26-May 31,
2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure 49. FROG2: heat map of the average indoor CO2 values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.

Figure 50. FROG2: heat map of the average indoor CO2 values during Q2-ULS 2017-2018 (1016-1221); 6
a.m.-12 p.m.; Schooldays only.

Figure 51. FROG2: heat map of the average indoor CO2 values during Q3-ULS 2017-2018 (0123-0316); 6
a.m.-12 p.m.; Schooldays only.

Figure 52. FROG2: heat map of the average indoor CO2 values during Q4-ULS 2017-2018 (0326-0531); 6
a.m.-12 p.m.; Schooldays only.
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5.3 Heat maps of selected weeks
After reviewing the average CO2 values shown in the previous charts, it is possible to create more detailed
heat maps for selected weeks. The following period of times were chosen:
-

October 25–November 1, 2017 (Figures D.1-D.18, Appendix D.1);
February 4–10, 2018 (Figures D.19-D.37, Appendix D.2);
March 11–17, 2018 (Figures 53-65).

The following charts show:
- the outdoor parameters (average temperature, average RH, maximum RH);
- the indoor parameters (average CO2, minimum CO2, maximum CO2, average RH, maximum RH, average
air temperature);
- the energy values of the HVAC and ceiling fans.
Looking at the charts, the outdoor conditions are not the driver for difference in use of the HVAC systems.
Buildings experiencing the same outdoor conditions are using HVAC differently (Figures 62-63; D.15-D.16;
D.34-D.35). Usually when HVAC is running, windows are closed and resulting in an increase in the CO2
values. When the windows are not open CO2 continues to rise during the afternoon and evening classes
and slowly decreases overnight, often to higher levels than baseline CO2 values in early morning as
previously discussed, indicating the room was not diluted with fresh air before prior to entering the
building in the morning (see the minimum CO2 values at 6a.m. in Figure 58, Figure D.5, Figure D.24).
Anecdotal evidence found in a previous study (Coley et al. 2002) also suggests that the reason enough
fresh air is not being provided is the due not opening windows - firstly because of the potential drafts, and
secondly, because they are unaware of IAQ issues.
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5.3.1 Heat maps – March 11-17, 2018
Outdoor conditions – air temperature, relative humidity

Figure 53. Heat map of the average outdoor air temperature values (Mar. 11-17, 2018).

Figure 54. Heat map of the average outdoor relative humidity values (Mar. 11-17, 2018).

Figure 55. Heat map of the maximum outdoor relative humidity values (Mar. 11-17, 2018).
Indoor conditions – CO2, relative humidity, temperature

Figure 56. FROG1: heat map of the average indoor CO2 values (Mar. 11-17, 2018).
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Figure 57. FROG2: heat map of the average indoor CO2 values (Mar. 11-17, 2018).

Figure 58. FROG1: heat map of the minimum indoor CO2 values (Mar. 11-17, 2018).

Figure 59. FROG2: heat map of the minimum indoor CO2 values (Mar. 11-17, 2018).

Figure 60. FROG1: heat map of the maximum indoor CO2 values (Mar. 11-17, 2018).

Figure 61. FROG2: heat map of the maximum indoor CO2 values (Mar. 11-17, 2018).
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Figure 62. FROG1: heat map of the average indoor relative humidity values (Mar. 11-17, 2018).

Figure 63. FROG2: heat map of the average indoor relative humidity values (Mar. 11-17, 2018).

Figure 64. FROG1: heat map of the maximum indoor relative humidity values (Mar. 11-17, 2018).

Figure 65. FROG2: heat map of the maximum indoor relative humidity values (Mar. 11-17, 2018).

Figure 66. FROG1: heat map of the average indoor temperature values (Mar. 11-17, 2018).
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Figure 67. FROG2: heat map of the average indoor temperature values (Mar. 11-17, 2018).
Indoor conditions – HVAC, ceiling fans

Figure 68. FROG1: heat map of the HVAC energy values (Mar. 11-17, 2018).

Figure 69. FROG2: heat map of the HVAC energy values (Mar. 11-17, 2018).

Figure 70. FROG1: heat map of the ceiling fans (CF) energy values (Mar. 11-17, 2018).

Figure 71. FROG2: heat map of the ceiling fans (CF) energy values (Mar. 11-17, 2018).
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5.3.2 Recalibration and “Hangover” effect
A phenomenon familiar to IAQ specialists relates to the recalibration of the CO 2 sensor and the so called
“hangover” effect. This effect is a result of a combination of both CO2 levels not dropping to baseline
overnight, and the recalibration process of the CO2 sensors, such that the baseline may not calibrate to
actual conditions. All CO2 WebCTRL® data used for the previous analyses was collected with a nondispersive infrared type manufactured by Automated Logic, model ZS-HC-ALC (ZS Standard), with an
accuracy for the range 400 ppm to 1,250 ppm of +/-30ppm or 3% of reading (whichever is greater) and
with an accuracy for the range 1,250 ppm to 2,000 ppm an accuracy of +/- 5% of reading plus 30 ppm. The
sensor auto-calibrates every 24h by taking the lowest value in a 24-hour period that deviates no more
than 40 ppm for at least 15 minutes, and then re-assigns that value to a 400 ppm baseline reading (Carrier,
2019). During the recalibration process, it takes the value that it is reading and it assumes that the room
has been enough ventilated to reach the outdoor CO2 baseline value. Unfortunately, this is not always the
case as is clearly visible looking at the minimum CO2 values at 6 a.m. in Figure 58, Figure D.5, Figure D.24.
Thus, for CO2 data validation and comparison, an Onset HOBO MX 1102 sensor was deployed for a limited
period of time in each building. The HOBO sensor recalibrates on an 8-day schedule: the lowest reading
and few readings after are averaged and assumed to be 400 ppm. The Hobo sensor readings were too low
at the beginning, as low as 330 ppm (Figure 72, see the initial values in April) because the system was not
calibrated before its installation. After being manually calibrated outside the building the values matched
better (Figure 72, see the values in May after the Hobo manual calibration 378).
The Hobo sensor was initially installed inside FROG1 (Apr. 19-29, 2019), then it was moved inside FROG2
(Apr. 30-May 21, 2019), and then back to FROG1 (May 23-Jun. 5, 2019)..

Figure 72. Comparison of Automated Logic WebCTRL® CO2 data and Hobo sensor CO2 data installed in
FROG1 (Apr. 19-29, 2019; May 23-Jun. 5, 2019).
Automated Logic sensor calibrates on a 24h schedule and assumes the lowest value is 400 ppm. When
the room is not well ventilated at night and it carries a higher than baseline CO2 level into next morning,
the readings the next day will be underestimated because the levels will actually be higher than the
artificial basis of 400 ppm. This would explain why on April 27-29 the Hobo readings were higher than
WebCTRL®. The room appeared closed up and not getting fresh air. This daily recalibration has an
important implication on the previous results: the CO2 values reached inside the buildings were likely to
have been higher than the sensor reading limit of 2,000 ppm. The use of a sensor that calibrates daily can
help to mitigate these “false readings” and improve the accuracy of the CO2 data provided the building or
44

room is sufficiently ventilated overnight to where indoor conditions match the outdoor conditions. This
“limitation” is particularly important if the sensor is used in Building Management Systems (BMS) for
building control or is used to develop a remote commissioning process for buildings without BMS

Figure 73. Comparison of Automated Logic WebCTRL® CO2 data and Hobo sensor CO2 data installed in
FROG2 (Apr. 30-May 21, 2019).

5.4 HVAC usage and weather normalization
The HVAC data have been analyzed in detail with the aim of understanding which were the main drivers
for switching on the system. This analysis focused on the HVAC system for two reasons: 1) it is the more
energy intensive one, thus it is important to estimate the potential savings due to the ondemand
thermostat; 2) HNEI researchers saw differences in the HVAC usage (time of the day, frequency of usage
by pushing the ON button) between the two buildings.
The HVAC data was visualized monthly in order to select the days when the HVAC system was almost used
continuously from the morning session up to the end of the evening one. This happened more frequently
during the first school year of investigation (2017-2018) because the building was new, and used by many
instructors that may have not been trained for the building’s mixed-mode operation. Considering the very
dynamic scheduling of the buildings (Figure 2) creating a composite day was challenging. The selected
days where then used as the “representative day” of HVAC usage for the considered month3.
Following the list of the selected days:
-

August 2017 – FROG1 – August 24
September 2017 – FROG1 – September 25-26, 2017
October – FROG1 – October 3, 23, 2017
November – FROG1 – November 14, 16, 2017
December – FROG1 – December 4, 7, 2017
January – FROG1 – January 18, 2018
February – FROG1 – February 13, 2018
March – FROG1 – March 6, 2018
April – FROG1 – April 12, 2018

3

If there was not enough data available, two days of data have been combined in order to have a “representative
day” for the month.
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The monthly HVAC power data was first visualized over the entire period in order to select a
representative day where the HVAC was used almost continuously, which means that users were
consistently pushing the on- demand button at the end of the 1h HVAC operating period. There are
cases when two days were chosen and then combined in order to create the representative day of the
month.
The HVAC time and power were plotted for a representative day. Figure 74 visually illustrates the
calculation methodology for the representative day. The day of August 24, 2017 was characterized by the
use of the HVAC system from 9 a.m. to 5 p.m. In particular the chart shows that the HVAC system was
turned on 7 times during the day, but the run time was not always 60 min: there are four peaks before 2
p.m. (two of which were below the 60 min running time, peaks 2 and 3 ) and three peaks between 2 p.m.
and 6 p.m. The average on-demand peak was determined by evaluating the peak area below the curve
divided by the HVAC running time, this has been represented with a horizontal red line.

Figure 74. Example of the procedure to evaluate the average power usage of a “representative day” of
the month.
By plotting the average peak values of the curve during the different running times (average of the peak
at the average value of the running time), we can obtain a curve fit for the “averaged power data” that
relates the power usage and the time of the day.
The island of Oahu is characterized by a tropical climate with daily and seasonal variations in terms of
relative humidity and temperature values (Figure 3). In order to factor those into the analysis a weather
normalization procedure was applied to the data. The averaged power data were plotted versus several
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parameters: outdoor dry-bulb temperature (Tout_drybulb), the wet-bulb temperature (Tout_wetbulb) (Figure
75), outdoor relative humidity (Figure 75), indoor dry-bulb temperature (Tind_drybulb), the wet-bulb
temperature (Tind_wetbulb) (Figure 76).
The charts evidence that the usage of HVAC (power), is influenced by the outdoor temperature (Figure
75-a), it was not observed a direct correlation with the outdoor relative humidity (Figure 75-b), but when
outdoor temperature and relative humidity are correlated, the correlation coefficient improves (Figure
75-c).

b)

a)

c)
Figure 75. Outdoor values: Tdrybulb, RH, Twetbulb.
Figure 76 illustrates the analysis done for the indoor parameters. By taking into account the relative
humidity value, the correlation coefficient of the Tind_wetbulb decreases (see the comparison in Figure 77).
Thus, we can state that the HVAC usage is mainly driven by the outdoor conditions experienced by the
users. Considering that the buildings are used for short period of time by group of students which are
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entering the building directly from the outside (without experiencing any shade before entering the
room), it is reasonable to assume that the outdoor conditions experienced by the users are the main
drivers for using the HVAC system once occupying the indoor space.

Figure 76. Indoor values: Tdrybulb, Twetbulb.

Figure 77. Comparison of the Twetbulb values (°C): outdoor in orange, indoor in cyan.
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5.5 On-demand mechanical cooling and ventilation
Other researchers have found that the more engaged the users are in the operation of their space, the
more adaptive and tolerant they are of higher and lower temperatures (Pigman et al., 2018; Brager et al.,
2004). Both FROG classrooms are designed to actively engage users, while at the same time utilize some
degree of automated controls to minimize energy consumption, particularly as a building with
intermittent use. Specifically, the HVAC systems were outfitted with an on-demand thermostat control, a
manually-activated control that allows users to activate the HVAC to run for 60 min. This requires user
engagement and awareness to optimize comfort in a mixed-mode building, while reducing energy use by
limiting the run-time during unoccupied periods. The on-demand control is estimated to save up to 84%
energy per year compared to a system running on a fixed 7:00 a.m. and 7:00 p.m. schedule (Maskrey et
al., 2018).
The two adjacent buildings experience the same outdoor conditions (see section 5.1), have the same
equipment, and on average have the same number of occupants with similar activities (see section 4.2);
however, the users operated the HVAC, lighting, ceiling fans and windows differently (see section 5.2).
During the first school year of investigation, the users of FROG1 frequently engaged the HVAC upon arrival
in the morning without opening windows, while users of FROG2 primarily opened windows and
clerestories to provide natural ventilation. When the FROG1 users relied on HVAC only (school year 20172018), the average hourly CO2 concentration frequently exceeded the 1,100 ppm acceptable maximum
(ANSI/ASHRAE, 2013) and occasionally reached the sensor’s upper limit of about 2,000 ppm (Figure 78).

Figure 78. Two weeks of hourly average CO2 data in March 2018. FROG1 HVAC was activated daily
resulting in higher CO2 concentrations (therefore windows were closed). FROG2 windows were usually
opened with HVAC being used only used for one day (Mar. 16, 2018), resulting in lower overall CO2 levels.
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In spite of the HVAC systems passing the testing, adjusting, balancing (TAB) and commissioning tests as a
requirement for the Certificates of Occupancy, it appeared that the HVAC system, when operating, did
not provide adequate fresh outside air. During a period when both HVAC systems were simultaneously
down for repair and maintenance in October 2018, the both users had to rely upon open windows and
ceiling fans for thermal comfort and ventilation, resulting in far lower CO2 concentrations (Figure 79).

Figure 79. Two weeks of hourly average CO2 data in October 2018 when both HVAC units were under
repair and not operational, which resulted in open windows and use of ceiling fans for comfort. The spike
on Oct. 13, 2018 is likely due to windows not being opened.

5.6 Perceived thermal comfort
Much of this report has focused on CO2 concentration as a proxy for indoor air quality and the ability of
the buildings to diffuse and dilute airborne contaminants. The analysis was also performed in the context
of maintaining acceptable levels of thermal comfort. The perception of thermal comfort is a driver for a
user’s decision to mechanically cool. As is evidenced by the marked differences in HVAC usage by FROG1
and FROG2 under identical conditions (Figure 6), there appears to be a fine line between one’s perceived
comfort and another’s discomfort. While one FROG user may request AC every day, another may not.
Mixed-mode building’s manual and mechanical systems can accommodate each mode. Thermal comfort
is a determinant as to whether to run AC or open windows is not necessarily a binary choice. In areas
such as Hawai’i windows may be opened to allow air circulation concurrently with the AC being on to
maintain comfort as well as natural ventilation. (Maskrey et al., 2018).
As a tropical climate, Hawaii has many days the outdoor temperature technically falls within a “satisfied”
comfort zone, where 80% of population should be acceptably comfortable. As defined by the American
Society of Heating and Cooling Engineers (ASHRAE) Standard 55-2017, the Adaptive Thermal Model was
developed to classify comfort in naturally ventilated buildings. A second method, ASHRAE’s Predicted
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Mean Vote (PMV) rates thermal comfort for buildings with mechanical air conditioning, including mixed
mode, with the objective of having 80% of the occupants feeling satisfied with the interior sensation.
In a separate study of the same FROG buildings, HNEI and ERDL compared the two ASHRAE thermal
comfort evaluation methods as applied to mixed mode. The adaptive comfort model results were
calculated by modeling, and the PMV method was run using results from user polling during periods where
the AC was operating. The key conclusion is that the results from the two models are not aligned, and that
neither is a particularly good predictor of comfort in mixed-mode conditions (Peppard, 2020, internal
report).
It may be intuitive to think that the AC will be turned on when the outside conditions warrant it. However,
another decision factor is user tolerance and differences in perceived comfort. Data suggests that while
the outdoor conditions warrant AC, one FROG’s AC was on and the other’s off. Conversely, when outdoor
conditions call for natural ventilation, a user may be using the AC. This indicates that factors other than
the outdoor temperature, whether its perceived comfort or simply habit, may dictate when AC is used.

5.7 Impact of occupant awareness, training and engagement
UHM researchers provided initial operational training to instructors with the intention of fostering an
understanding of building operation and instill more energy-conscious behavior. To provide visual
feedback, the buildings’ performance was displayed on a wall-mounted dashboard in each classroom that
graphically rendered the energy consumption, energy generation, CO2, and environmental conditions in
both buildings. Initial training notwithstanding, data showed that during the first calendar year of study
(2017) many of the instructors ran the HVAC unit frequently and seldom opened windows.
After two years of data collection it became apparent that a more robust training was required in order
to optimize building operation and maintain a healthy indoor environment. Training at the beginning of
the third calendar year (January 2019) focused on ensuring that the instructors understood the
importance of providing ventilation by opening windows when HVAC was not in use, as well as window
and clerestory operation. Concurrent use of HVAC and natural ventilation was also suggested in order to
mitigate what appeared to be inadequate outside air being provided by the HVAC system. The 2019 results
showed that training and awareness on the CO2 issue significantly impacted how occupants operated the
buildings. Figure 80 shows how the number of CO2 readings exceeding 1,000 ppm (up to the sensor limit
of 2,000 ppm) was reduced in 2019.
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Figure 80. Histogram of the number of 5-min CO2 readings that exceed 1,000 ppm on weekdays between
7:00 a.m. and 8:00 pm for three calendar years of monitoring.
During the first two calendar years, the CO2 levels occasionally spiked after the HVAC automatically
turned off, suggesting that building was still occupied but the users had not opened the windows. The
dashboard display was not effective in alerting the users of the increasing CO2 levels. In the third calendar
year, an LED CO2 indicator light was installed in a conspicuous location in line of sight of the instructor as
a visual cue. This multi-LED indicator displayed the current status of CO2: green (<1,000 ppm); yellow
(>1,000 ppm); and red (< 1,750 ppm), providing instructors with additional visual information to
determine if a manual intervention was necessary, such as opening windows. Through these humanresponse interventions and manual control of the HVAC, windows and ceiling fans they were able to
maintain a healthy and comfortable learning environment.

5.8 Covid-19 informed updates and relevance
This section is primarily based on material presented at the 2020 edition of the RHEVA Brussels Summit,
an online conference held in November 2020 (RHEVA online conference). The event consisted of multiple
2-hours sessions.
The conference dealt with various technical topics, among them a presentation of Dr. Lidia Morawska.
The presentation began with an overview of the implications of the Australia bushfires at the end of 2019.
The outdoor air was so polluted that the recommendation provided by government was to stay indoors,
minimizing air exchange and maximizing the recirculation of air. The message provided to the population
was to close up buildings to minimize outside air. Immediately following, the coronavirus pandemic
situation began, involving most countries worldwide.
Although there is substantial material already available about the air respiratory infection transmission of
SARS-CoV-1, Norwalk-like virus, influenza A/H5N1, and other diseases (Li et al., 2007) the
recommendations provided by different government authorities worldwide were initially confusing
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because it was not clear how4, how far, and for how long the virus was transmitting (Lewis, 2020).
Morawska and Cao published an article in April that clearly addresses this issue in the abstract: “Hand
washing and maintaining social distance are the main measures recommended by the World Health
Organization to avoid contacting COVID-19. Unfortunately, these measures do not prevent infection by
inhalation of small droplets exhaled by an infected person that can travel a distance of meters or tens of
meters in the air and carry their viral content. Science explains the mechanisms of such transport and there
is evidence that this is a significant route of infection in indoor environments. Despite this, no countries or
authorities consider airborne spread of COVID-19 in their regulations to prevent infections transmission
indoors. It is therefore extremely important, that the national authorities acknowledge the reality that the
virus spreads through air, and recommend that adequate control measures be implemented to prevent
further spread of the SARS-CoV-2 virus, in particularly removal of the virus-laden droplets from indoor by
air ventilation” (Morawska and Cao, 2020).
Subsequently, other studies confirmed the initial theories of airborne transmission, reinforcing the
significance of aerosol transmission discovered onboard the Diamond Princess Cruise Ship (Azimi et al,
2020)5. This was an important turning point in understanding the disease transmission because, as stated
in the November 2020, RHEVA COVID-19 guidance document, “the general recognition of long-ranges
aerosol-based transmission has made ventilation measures the most important engineering controls in the
infection control. While physical distancing is important to avoid a close contact, the risk of an airborne
transmission and cross-infection over distances more than 1.5 m from an infected person can be reduced
with adequate ventilation and effective air distribution solutions” (RHEVA, 2020).
While adequate ventilation began to become publicly valued, research has shown that it is not uncommon
to not have adequate ventilation in schools in spite of having HVAC systems. Correia et al., 2020)
investigated the role of HVAC systems in airborne pathogen transmission in buildings due to a poor use
of ventilation systems. One of the easiest ways to mitigate the risk of airborne infections is to provide
sufficient and effective ventilation by opening windows even if this means a decrease of thermal comfort
and building energy efficiency. Another quantitative study investigated the aerosol transport and surface
deposition in a realistic classroom environment with respect to Covid-19 using computational fluid
dynamics (CFD) simulations (Abuhegazy et al., 2020). Several variables were considered: particle size,
aerosol source, glass barriers and windows. Specifically, the focus here is on the effect of opening windows
while the air conditioning system is running in order to understand its impact on particle removal as
compared to with windows closed. The results suggest that opening windows while the air conditioning
system is running reduces aerosol transmission between students and increases the fraction of particles
that exit the system.
We can provide guidelines to engineers about how to design new HVAC systems and controls but we do
need to empower people first, they have to understand the system in order to be able to control it safely.

4

In a briefing posted online on March 27, the World Health Organization said there is not sufficient evidence to
suggest that SARS-CoV-2 is airborne, except in a handful of medical contexts.
5
This article is a preprint and has not been peer-reviewed yet. It reports new medical research that has yet to be
evaluated and so should not be used to guide clinical practice.
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6

Summary and Conclusions

As a response to environmental and indoor public health challenges, mixed-mode buildings provide an
opportunity for users in tropical, cooling-only climates to control their indoor environment at a lower
energy cost. On one hand, mixed-mode allows users to choose to open windows to increase ventilation
rates. Conversely, mixed-mode can provide a false sense of well-being when the user feels that the choice
between natural ventilation and air-conditioning is a binary decision and that either one will provide
adequate ventilation. In many cases, because air-conditioning may not provide adequate fresh air, CO2
concentrations are likely to increase without the user recognizing it.
This report describes the outcomes of a study evaluating two identical mixed mode classrooms (FROGs)
constructed on the University of Hawaii at Manoa campus. The buildings are component-based and were
directly assembled on site. They are the second-generation buildings and in addition to serving as research
platforms, they are used as individual classrooms for middle school students in the morning and university
students in the afternoon and evening. The schedules of the classrooms are dynamic with user group and
class size that vary broadly by semester and then hour and day. The buildings are generally fully occupied
during mornings by different groups of users, whereas during the afternoon and evening sessions they
are not at full capacity. This type of intermittent scheduling is not limited to educational buildings but can
also reflect other types of end-uses with irregular occupancy such as offices, business incubators, or
meeting rooms. The mode of operation of the buildings can also differ substantially. Traditionally, the
buildings operate in change-over mode, but because they are manually-controlled they can also operate
in concurrent mode, which is recommended given the goal to maximize fresh air. The mode of operation
depends on users’ preferences.
The research investigates energy efficiency, indoor air quality, and thermal comfort of the buildings, with
specific attention paid to the human factors that impact each of those. Monitoring and data collection
systems were installed during construction to measure indoor parameters such as temperature, relative
humidity, light, and CO2. The data was collected over a 3-year period from 2017 through 2019 but during
analysis in 2020, it became clear that the COVID-19 pandemic provided a new relevance for the findings.
The results of the analyses, interpreted from a 2020 perspective, emphasizes the significance of fresh
outside air in mitigating the spread of airborne vectors such as the coronavirus.
Energy consumption in the buildings was investigated from August 2017 through May 2019 and was
divided into four primary end-uses: HVAC, ceiling fans, lighting and “other loads” that include
telecommunications, fire-alarm, multimedia, and miscellaneous plug loads. In order to compare the
energy used by the buildings during the different months, the normalized energy values (kWh/day),
evaluated over a 24-hour period, were used, making a distinction between school-day and non-school day
operation. Although the two buildings are located on the same site, experienced the same outdoor
conditions, have the same equipment installed, and are occupied, on average, by the same number of
occupants and occupant type during the morning (middle school students) daily, afternoon and evening
sessions (university students) with great variability, the building features such as HVAC and ceiling fans
are used quite differently. The morning instructors in charge of each building were the same every day for
the entire school year. Both buildings used more electricity during the morning sessions with the higher
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consumption during the 2017-2018 school year. Users in FROG2 consciously did not turn the airconditioning system on and used the ceiling fans more consistently. Greater variability occurs in the
afternoon and evening sessions with the buildings being frequently unoccupied.
Indoor climate, carbon dioxide, temperature and, relative humidity, were evaluated as determinants of
HVAC use. Initially the monthly averages were evaluated, then the analyses were narrowed down to the
daily level. The findings were inconsistent and these variables were not determinants for energy
consumption. User preference, training, and awareness of building operation correlated more strongly to
energy consumption.
In terms of CO2 the behavior in the buildings differed between the two different school years, as well as
did the variation of the CO2 values. The CO2 values started to rise when the occupants entered the
buildings. Poor and insufficient ventilation and the lack of new fresh air from the outside was responsible
for the high CO2 levels when the windows were kept closed. A clearly different user behavior could be
seen comparing the average CO2 values of the two buildings in the two different school years. During the
school year 2017-2018 the average CO2 values in FROG1 were above the recommended maximum level
of 1,100 ppm.
Carbon dioxide values were also investigated at an hourly resolution selecting the morning sessions and
the schooldays only. FROG1 evidenced a higher use of HVAC than ceiling fans during the 2017-2018 school
calendar year and showed also very high hourly CO2 values. The CO2 levels were lower in FROG2 than
FROG1 because the users tended to use more fans than HVAC, and they opened windows. The difference
in personal preference, training and habituation is the challenge for manually controlled mixed –mode
buildings.
Three specific weeks were investigated in more detail in terms of outdoor parameters, indoor parameters,
and energy values (HVAC and ceiling fans). The results showed that the outdoor conditions were not the
driver for difference in use of the HVAC systems. Buildings experiencing the same outdoor conditions used
HVAC differently. Frequently when the HVAC was ON and windows were closed, an increase in CO 2
resulted. When the windows were not open CO2 continued to rise during the afternoon and evening
classes but slowly decrease overnight, often to higher morning levels than baseline CO2 value. Often early
morning values (between 6:00 a.m. and 6:59 a.m.) were higher than the baseline one (400 ppm),
indicating the room was not diluted to a baseline prior to entering the building in the morning.
This non-diffusion/dilution of overnight CO2 has a perverse effect on the readings of the CO2 morning
instruments. A phenomenon familiar to IAQ specialists relates to the recalibration of the CO 2 sensor and
the “hangover” effect. This effect is a result of a combination of both CO2 levels not dropping to baseline
overnight, and the recalibration process of the CO2 sensors, such that the baseline may not calibrate to
actual conditions. All CO2 data used for in this study was collected with a non-dispersive infrared type
sensor that auto-calibrates every 24h by taking the lowest value in a 24-hour period that deviates no more
than 40 ppm for at least 15 minutes, and then re-assigns that value to a 400 ppm baseline reading. The
recalibration process assumes that the room has been ventilated well enough to reach the outdoor CO2
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baseline value of 400 ppm. Because the actual early morning CO2 levels may be higher than the artificial
basis of 400 ppm, the readings the next day will be underestimated.
This report has focused on CO2 concentration as a proxy for indoor air quality and the ability of the
buildings to diffuse and dilute airborne contaminants. The analysis was also performed in the context of
maintaining acceptable levels of thermal comfort. The perception of thermal comfort is a driver for a
user’s decision to mechanically cool. As is evidenced by the marked differences in HVAC usage by FROG1
and FROG2 under identical conditions, there appears to be a fine line between one’s perceived comfort
and another’s discomfort. While one FROG user may request air conditioning every day, another may not.
Mixed-mode building’s manual and mechanical systems can accommodate each mode. Thermal comfort
is a determinant as to whether to run AC or open windows is not necessarily a binary choice. In areas
such as Hawai’i windows may be opened to allow air circulation concurrently with the AC being on to
maintain comfort as well as natural ventilation.
Repeated training, and conspicuous visual cues such as LED CO2 indicators assist the users in
understanding the appropriate operating protocols for the building and the effect on decision-making. An
energy saving, on-demand thermostat that automatically turns off the HVAC after 1 h might leave
untrained occupants without adequate ventilation if they did not re-activate the HVAC or open the
windows. This on-demand timer/controller requires more training of users than a conventional
thermostat. As a result of the potential weaknesses in classroom HVAC systems to provide adequate fresh
air, as well as fallible human decision-making, automated systems activated by temperature, humidity
and CO2 sensors are a healthier solution to ensure mixed-mode classrooms remain healthy, vibrant
learning environments in a tropical environment.
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APPENDIX

A. Appendix – Building occupancy
A.1 ULS calendar
A.1.2. ULS scheduling – mornings – 2017-2018
Calendar school year: August 7, 2017 – May 31, 2018 (in reality it was up to Friday May 25, 2018)
Period

M, Tu, Th, F schedule

Wed schedule

FROG 1

FROG 2

7:45 - 7:50

7:45 - 7:50

Homeroom

Homeroom

#1

7:50 - 8:35

7:50 - 8:30

#2

8:40 - 9:25

8:35 - 9:10

Break

9:25 - 9:40

9:10- 9:25

#3

9:40 - 10:25

#4

#5

English – Instructor A - Grade
8B
Math - Instructor B - Grade 8
B

English - Instructor C - Grade
8A

9:25 - 10:00

Math - Instructor B - Grade 6
B

English - Instructor A - Grade
6A

10:30 - 11:15

10:05 - 10:40

Math - Instructor B - Grade 6
A

English - Instructor A - Grade
6B

11:20 - 12:05

10:45 - 11:20

EthnoSTEM - Instructor D Grade 10

Coding - Instructor E - Grade
10

Notes:
1) There are two main instructors: Instructor B teaching Math in FROG1; Instructor A teaching
English in FROG2;
2) Instructors (Instructor A and Instructor B) are teaching different groups of students of the same
grade level in the same building at different periods:
a. Instructor B (FROG1) – Grade 6 – periods #3 (G6B), #4 (G6A)
b. Instructor A (FROG2) – Grade 6 – periods #3 (G6A), #4 (G6B)
3) Comparison of Grade 6 students in two periods: #3 (G6B vs G6A), #4 (G6A vs G6B)
4) Focus on FROG2: comparison of the use of the appliances and CO2 level for G8 students with two
different instructors in two periods:
a. Period #1 – Instructor A (English) – G8B
b. Period #2 – Instructor C (English) – G8A
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Building occupancy
FROG1

Periods

M, Tu, Th, F

W

8:40 – 9:25

8:35 – 9:10

9:25 – 9:40
9:40 – 12:05

FROG2

Periods

M, Tu, Th, F

W

#2

7:50 – 9:25

7:50 – 9:10

#1, #2

9:10 – 9:25

Break

9:25 – 9:40

9:10 – 9:25

Break

9:25 – 11:20

#3, #4, #5

9:40 – 12:05

9:25 – 11:20

#3, #4, #5

#2, #3, #4 same instructor

#1, #3, #4 same instructor

Official school quarters
Q1 (43 days)

Aug. 7, 2017 (Mon) - Oct. 6, 2017 (Fri)

Total n. of days = 61
Schooldays = 43 days
Weekends + holidays = 16 + 2
Holidays

Aug. 18, 2017 (Fri) - Statehood Day
Sep. 4, 2017 (Mon) - Labor Day
Oct. 9-13, 2017 - Fall Break

Q2 (46 days)

Oct. 16, 2017 (Mon) - Dec. 21, 2017 (Thu)

Total n. of days = 67
Schooldays = 46 days
Weekends + holidays = 18 + 3
Holidays

Nov. 10, 2017 (Fri) - Veterans' Day
Nov. 23, 2017 (Thu) - Thanksgiving Day
Nov. 24, 2017 (Fri) - Non-instructional Day
Dec. 22, 2017 (Fri) - Jan. 7 (Thu), 2018 - Winter Break

Q3 (47 days)

Jan. 8, 2018 (Mon) - Mar. 16, 2018 (Fri) – NO
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Jan. 23, 2018 (Tue) - Mar. 16, 2018 (Fri)
Total n. of days = 68
Schooldays = 47 days
Weekends + holidays = 18 + 3

No good data between Jan 8-22,
2018, thus the new numbers are:
Total n. of days = 53
Schooldays = 37 days
Weekends + holidays = 14 + 2
Holidays

Jan. 15, 2018 (Mon) - Martin Luther King, Jr. Day
Feb. 12, 2018 - Institute Day (one day with no students during the week)
Feb. 19, 2018 (Mon) - Presidents' Day
Mar. 19 (Mon) – Mar. 23 (Fri), 2018 - Spring Break

Q4 (46 days)

Mar. 26, 2018 (Mon) - May. 31, 2018 (Thu)

Total n. of days = 67
Schooldays = 46 days
Weekends + holidays = 18 + 3
Holidays

Mar. 26, 2018 (Mon) - Kūhiō Day
Mar. 30, 2018 (Fri) - Good Friday
May 28, 2018 (Mon) - Memorial Day

Graduation Day: mid-May, 2018
The data analysis was carried out only for the year 2018, thus for Q3 and Q4.

66

A.2 UH calendar – 2017 - Fall 2017 scheduling – afternoons and evenings
UH Calendar school year: August 21, 2017 – December 7, 2017
No classes scheduled on Friday.
Effective
days

FROG1

Mon

Tue

Wed

Thu
1:45p-4:15p

1:45p-4:15p

1:45p-4:15p

ESEE 323

New course started

Instructor F, Sec #412

on Oct.18

Afternoon
37

ITE 323

2p-4p

Instructor F,
Sec #411
4:30p-7:00p

4:30p-7:00p
Evening
31

Fri

EDEA 602

ITE 404H
4p-7p

Instructor H,
Sec #1

Instructor G, Sec #001

No classes scheduled on Wednesday and Friday.
Effective days

FROG2

Mon

Tue

Wed

Thu

Fri

1:45p-4:15p
Afternoon

ESEE 330

2p-4p

Instructor I/ Instructor J,

15

Sec #404
4:30p-7:00p

4:30p-7:00p

4:30p-7:00p

EDCS 433

ITE 404H,

EDCS 640P,

Instructor K

Instructor L

Instructor K

Evening
46
4p-7p

2017

Fall 2017

Total

Aug. 21 (Mon) - Dec. 7 (Thu)
Holidays Sep. 4 (Mon) - Labor Day
Nov. 10 (Fri) - Veterans' Day
Nov. 23 (Thu) - Thanksgiving Day
Nov. 24 (Fri) - Non-instructional Day

109
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Schooldays Weekends

75

30

Holidays

Weekends+holidays

4

34

A.3 UH calendar – 2018 - Spring 2018 scheduling – afternoons and evenings
UH Calendar school year: January 8, 2018 – May 2, 2018
No classes scheduled on Monday and Friday.
Effectiv
e days

FROG1

Mon

Tue

Instructor F

Instructor I (Jan 17; Feb 7; Mar 7; Mar 14;
May 2)
5:00p8:00p

4:30-7:00p
5:00p-8:00p

Evening

EDEA 780

5p-8p

Instructor
M

41

Fr
i

ESEE Cohort 405 Seminar

ESEE 331

2p-4p

Thu

3:00p-4:30p

1:45p-4:15p

Afternoo
n

19

Wed

ITE
401/403/44
0

ITE
401/403/440

Instructor
N

No classes scheduled on Wednesday and Friday.
Effective
days

FROG2

Mon

Tue

Wed

Thu

Fri

Afternoon
4:00p-7:30p

5:00p-8:00p

Evening
38

5:00p-8:00p
STEMS2

4p-8p

ITE 401/403/440
ITE 401/403/440

Instructor O (Mar-May)

Instructor P

Notes:
No good data between Jan 8-22, 2018
2018
Spring 2018

Total
Jan. 8 (Mon) - May 2 (Wed)

115

But… no good data btw Jan 8-22, 2018

Spring 2018

Jan. 8 (Mon) - May 2 (Wed) - MODIFIED
Holidays Jan. 15 (Mon ) - Martin Luther King, Jr. Day
Feb. 19 (Mon) - Presidents' Day
Mar. 26 (Mon) - Kūhiō Day
Mar. 30 (Fri) - Good Friday

100
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Schooldays Weekends
81
10
71

30
4
26

Holidays

Weekends+holidays

4
1
3

34
29

B. Appendix – Hourly average indoor conditions
The following charts highlight the hourly indoor variations of CO2, relative humidity and temperature
during the morning, afternoon and evening sessions. The hourly values are the averaged ones calculated
from the minute 0 to the minute 59, e.g. 8 means form 8:00 a.m. to 8:59 a.m.; 9 means from 9:00 a.m. to
9:59 a.m., and so on.
The Appendix is divided in subsection:
B.1 Schooldays only
B.2 Weekends only
B.3 Saturdays only
This division let the reader being able to see the different buildings’ utilizations. Users play a key role in
the building energy consumption and indoor air quality. The Saturdays’ users are either first timer building
users or infrequent FROG buildings users.

B.1 Schooldays only
B.1.1 Carbon dioxide

Figure B.1 FROG1 hourly average morning indoor CO2 values (schooldays only).
69

Figure B.2 FROG2 hourly average morning indoor CO2 values (schooldays only).

Figure B.3 FROG1 hourly average afternoon indoor CO2 values (schooldays only).
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Figure B.4 FROG2 hourly average afternoon indoor CO2 values (schooldays only).

Figure B.5 FROG1 hourly average evening indoor CO2 values (schooldays only).
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Figure B.6 FROG2 hourly average evening indoor CO2 values (schooldays only).

B.1.2 Relative humidity

Figure B.7 FROG1 hourly average morning indoor RH values (schooldays only).
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Figure B.8 FROG2 hourly average morning indoor RH values (schooldays only).

Figure B.9 FROG1 hourly average afternoon indoor RH values (schooldays only).
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Figure B.10 FROG2 hourly average afternoon indoor RH values (schooldays only).

Figure B.11 FROG1 hourly average evening indoor RH values (schooldays only).
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Figure B.12 FROG2 hourly average evening indoor RH values (schooldays only).

B.1.3 Temperature

Figure B.13 FROG1 hourly average morning indoor temperature values (schooldays only).
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Figure B.14 FROG2 hourly average morning indoor temperature values (schooldays only).

Figure B.15 FROG1 hourly average afternoon indoor temperature values (schooldays only).
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Figure B.16 FROG2 hourly average afternoon indoor temperature values (schooldays only).

Figure B.17 FROG1 hourly average evening indoor temperature values (schooldays only).
77

Figure B.18 FROG2 hourly average evening indoor temperature values (schooldays only).

B.2 Weekends only
B.2.1 Carbon dioxide

Figure B.19 FROG1 hourly average morning indoor carbon dioxide values (weekends only).
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Figure B.20 FROG2 hourly average morning indoor carbon dioxide values (weekends only).

Figure B.21 FROG1 hourly average afternoon indoor carbon dioxide values (weekends only).
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Figure B.22 FROG2 hourly average afternoon indoor carbon dioxide values (weekends only).

Figure B.23 FROG1 hourly average evening indoor carbon dioxide values (weekends only).
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Figure B.24 FROG2 hourly average evening indoor carbon dioxide values (weekends only).

B.2.2 Relative humidity

Figure B.25 FROG1 hourly average morning indoor relative humidity values (weekends only).
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Figure B.26 FROG2 hourly average morning indoor relative humidity values (weekends only).

Figure B.27 FROG1 hourly average afternoon indoor relative humidity values (weekends only).
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Figure B.28 FROG2 hourly average afternoon indoor relative humidity values (weekends only).

Figure B.29 FROG1 hourly average evening indoor relative humidity values (weekends only).
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Figure B.30 FROG2 hourly average evening indoor relative humidity values (weekends only).

B.2.2 Temperature

Figure B.31 FROG1 hourly average morning indoor temperature values (weekends only).
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Figure B.32 FROG2 hourly average morning indoor temperature values (weekends only).

Figure B.33 FROG1 hourly average afternoon indoor temperature values (weekends only).
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Figure B.34 FROG2 hourly average afternoon indoor temperature values (weekends only).

Figure B.35 FROG1 hourly average evening indoor temperature values (weekends only).
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Figure B.36 FROG2 hourly average evening indoor temperature values (weekends only).

B.3 Saturdays only
B.3.1 Carbon dioxide

Figure B.37 FROG1 hourly average morning carbon dioxide values (Saturdays only).
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Figure B.38 FROG2 hourly average morning carbon dioxide values (Saturdays only).

Figure B.39 FROG1 hourly average afternoon carbon dioxide values (Saturdays only).
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Figure B.40 FROG2 hourly average afternoon carbon dioxide values (Saturdays only).

Figure B.41 FROG1 hourly average evening carbon dioxide values (Saturdays only).
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Figure B.42 FROG2 hourly average evening carbon dioxide values (Saturdays only).

B.3.2 Relative humidity
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Figure B.43 FROG1 hourly average morning relative humidity values (Saturdays only).

Figure B.44 FROG2 hourly average morning relative humidity values (Saturdays only).
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Figure B.45 FROG1 hourly average afternoon relative humidity values (Saturdays only).

Figure B.46 FROG2 hourly average afternoon relative humidity values (Saturdays only).
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Figure B.47 FROG1 hourly average evening relative humidity values (Saturdays only).

Figure B.48 FROG2 hourly average evening relative humidity values (Saturdays only).
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B.3.2 Temperature

Figure B.49 FROG1 hourly average morning temperature values (Saturdays only).

Figure B.50 FROG2 hourly average morning temperature values (Saturdays only).
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Figure B.51 FROG1 hourly average afternoon temperature values (Saturdays only).

Figure B.52 FROG2 hourly average afternoon temperature values (Saturdays only).
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Figure B.53 FROG1 hourly average evening temperature values (Saturdays only).

Figure B.54 FROG2 hourly average evening temperature values (Saturdays only).
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C. Appendix – Hourly heat maps – Daily values (schooldays only)
C.1 ULS scheduling
C.1.1 FROG1 & FROG2 Q1(2017/2018)

Figure C.1 FROG1: heat map of the average indoor CO2 values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.2 FROG1: heat map of the minimum indoor CO2 values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.3 FROG1: heat map of the maximum indoor CO2 values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.4 FROG1: heat map of the average indoor RH values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.5 FROG1: heat map of the maximum indoor RH values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.6 FROG1: heat map of the average indoor T values during Q1-ULS 2017-2018 (Aug. 7-Oct. 6,
2017); 6 a.m.-12 p.m.; Schooldays only

Figure C.7 FROG2: heat map of the average indoor CO2 values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.
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Figure C.8 FROG2: heat map of the minimum indoor CO2 values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.

Figure C.9 FROG2: heat map of the maximum indoor CO2 values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.

Figure C.10 FROG2: heat map of the average indoor RH values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.

Figure C.11 FROG2: heat map of the maximum indoor RH values during Q1-ULS 2017-2018 (0807-1006);
6 a.m.-12 p.m.; Schooldays only.
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Figure C.12 FROG2: heat map of the average indoor T values during Q1-ULS 2017-2018 (0807-1006); 6
a.m.-12 p.m.; Schooldays only.

C.1.2 FROG1 & FROG2 Q2(2017/2018)

Figure C.13 FROG1: heat map of the average indoor CO2 values during Q2-ULS 2017-2018 (Oct. 16-Dec.
21, 2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.14 FROG1: heat map of the minimum indoor CO2 values during Q2-ULS 2017-2018 (Oct. 16-Dec.
21, 2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.15 FROG1: heat map of the maximum indoor CO2 values during Q2-ULS 2017-2018 (Oct. 16-Dec.
21, 2017); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.16 FROG1: heat map of the average indoor RH values during Q2-ULS 2017-2018 (Oct. 16-Dec.
21, 2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.17 FROG1: heat map of the maximum indoor RH values during Q2-ULS 2017-2018 (Oct. 16-Dec.
21, 2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.18 FROG1: heat map of the average indoor T values during Q2-ULS 2017-2018 (Oct. 16-Dec. 21,
2017); 6 a.m.-12 p.m.; Schooldays only.

Figure C.19 FROG2: heat map of the average indoor CO2 values during Q2-ULS 2017-2018 (1016-1221); 6
a.m.-12 p.m.; Schooldays only.
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Figure C.20 FROG2: heat map of the minimum indoor CO2 values during Q2-ULS 2017-2018 (1016-1221);
6 a.m.-12 p.m.; Schooldays only.

Figure C.21 FROG2: heat map of the maximum indoor CO2 values during Q2-ULS 2017-2018 (1016-1221);
6 a.m.-12 p.m.; Schooldays only.

Figure C.22 FROG2: heat map of the average indoor RH values during Q2-ULS 2017-2018 (1016-1221); 6
a.m.-12 p.m.; Schooldays only.

Figure C.23 FROG2: heat map of the maximum indoor RH values during Q2-ULS 2017-2018 (1016-1221);
6 a.m.-12 p.m.; Schooldays only.
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Figure C.24 FROG2: heat map of the average indoor T values during Q2-ULS 2017-2018 (1016-1221); 6
a.m.-12 p.m.; Schooldays only.

C.1.3 FROG1 & FROG2 Q3(2017/2018)

Figure C.25 FROG1: heat map of the average indoor CO2 values during Q3-ULS 2017-2018 (Jan. 23-Mar.
16, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.26 FROG1: heat map of the minimum indoor CO2 values during Q3-ULS 2017-2018 (Jan. 23-Mar.
16, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.27 FROG1: heat map of the maximum indoor CO2 values during Q3-ULS 2017-2018 (Jan. 23-Mar.
16, 2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.28 FROG1: heat map of the average indoor RH values during Q3-ULS 2017-2018 (Jan. 23-Mar. 16,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.29 FROG1: heat map of the maximum indoor RH values during Q3-ULS 2017-2018 (Jan. 23-Mar.
16, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.30 FROG1: heat map of the average indoor T values during Q3-ULS 2017-2018 (Jan. 23-Mar. 16,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.31 FROG2: heat map of the average indoor CO2 values during Q3-ULS 2017-2018 (0123-0316); 6
a.m.-12 p.m.; Schooldays only.
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Figure C.32 FROG2: heat map of the minimum indoor CO2 values during Q3-ULS 2017-2018 (0123-0316);
6 a.m.-12 p.m.; Schooldays only.

Figure C.33 FROG2: heat map of the maximum indoor CO2 values during Q3-ULS 2017-2018 (0123-0316);
6 a.m.-12 p.m.; Schooldays only.

Figure C.34 FROG2: heat map of the average indoor RH values during Q3-ULS 2017-2018 (0123-0316); 6
a.m.-12 p.m.; Schooldays only.

Figure C.35 FROG2: heat map of the maximum indoor RH values during Q3-ULS 2017-2018 (0123-0316);
6 a.m.-12 p.m.; Schooldays only.
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Figure C.36 FROG2: heat map of the average indoor T values during Q3-ULS 2017-2018 (0123-0316); 6
a.m.-12 p.m.; Schooldays only.

C.1.4 FROG1 & FROG2 Q4(2017/2018)

Figure C.37 FROG1: heat map of the average indoor CO2 values during Q4-ULS 2017-2018 (Mar. 26-May
31, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.38 FROG1: heat map of the minimum indoor CO2 values during Q4-ULS 2017-2018 (Mar. 26-May
31, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.39 FROG1: heat map of the maximum indoor CO2 values during Q4-ULS 2017-2018 (Mar. 26-May
31, 2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.40 FROG1: heat map of the average indoor RH values during Q4-ULS 2017-2018 (Mar. 26-May
31, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.41 FROG1: heat map of the maximum indoor RH values during Q4-ULS 2017-2018 (Mar. 26-May
31, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.42 FROG1: heat map of the average indoor T values during Q4-ULS 2017-2018 (Mar. 26-May 31,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.43 FROG2: heat map of the average indoor CO2 values during Q4-ULS 2017-2018 (0326-0531); 6
a.m.-12 p.m.; Schooldays only.
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Figure C.44 FROG2: heat map of the minimum indoor CO2 values during Q4-ULS 2017-2018 (0326-0531);
6 a.m.-12 p.m.; Schooldays only.

Figure C.45 FROG2: heat map of the maximum indoor CO2 values during Q4-ULS 2017-2018 (0326-0531);
6 a.m.-12 p.m.; Schooldays only.

Figure C.46 FROG2: heat map of the average indoor RH values during Q4-ULS 2017-2018 (0326-0531); 6
a.m.-12 p.m.; Schooldays only.

Figure C.47 FROG2: heat map of the maximum indoor RH values during Q4-ULS 2017-2018 (0326-0531);
6 a.m.-12 p.m.; Schooldays only.
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Figure C.48 FROG2: heat map of the average indoor T values during Q4-ULS 2017-2018 (0326-0531); 6
a.m.-12 p.m.; Schooldays only.

C.1.5 FROG1 & FROG2 Q1(2018/2019)

Figure C.49 FROG1: heat map of the average indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.50 FROG1: heat map of the minimum indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct.
5, 2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.51 FROG1: heat map of the maximum indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct.
5, 2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.52 FROG1: heat map of the average indoor RH values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.53 FROG1: heat map of the maximum indoor RH values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.54 FROG1: heat map of the average indoor T values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.55 FROG2: heat map of the average indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.56 FROG2: heat map of the minimum indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct.
5, 2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.57 FROG2: heat map of the maximum indoor CO2 values during Q1-ULS 2018-2019 (Aug. 6-Oct.
5, 2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.58 FROG2: heat map of the average indoor RH values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

Figure C.59 FROG2: heat map of the maximum indoor RH values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.60 FROG2: heat map of the average indoor RH values during Q1-ULS 2018-2019 (Aug. 6-Oct. 5,
2018; no data available: Aug. 11-17); 6 a.m.-12 p.m.; Schooldays only.

C.1.6 FROG1 & FROG2 Q2(2018/2019)

Figure C.61 FROG1: heat map of the average indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.62 FROG1: heat map of the minimum indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.63 FROG1: heat map of the maximum indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.64 FROG1: heat map of the average indoor RH values during Q2-ULS 2018-2019 (Oct. 15-Dec. 21,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.65 FROG1: heat map of the maximum indoor RH values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.66 FROG1: heat map of the average indoor T values during Q2-ULS 2018-2019 (Oct. 15-Dec. 21,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.67 FROG2: heat map of the average indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.68 FROG2: heat map of the minimum indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.69 FROG2: heat map of the maximum indoor CO2 values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.70 FROG2: heat map of the average indoor RH values during Q2-ULS 2018-2019 (Oct. 15-Dec. 21,
2018); 6 a.m.-12 p.m.; Schooldays only.

Figure C.71 FROG2: heat map of the maximum indoor RH values during Q2-ULS 2018-2019 (Oct. 15-Dec.
21, 2018); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.72 FROG2: heat map of the average indoor T values during Q2-ULS 2018-2019 (Oct. 15-Dec. 21,
2018); 6 a.m.-12 p.m.; Schooldays only.

C.1.7 FROG1 & FROG2 Q3(2018/2019)

Figure C.73 FROG1: heat map of the average indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.74 FROG1: heat map of the minimum indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.75 FROG1: heat map of the maximum indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.76 FROG1: heat map of the average indoor RH values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.77 FROG1: heat map of the maximum indoor RH values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.78 FROG1: heat map of the average indoor T values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.79 FROG2: heat map of the average indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.80 FROG2: heat map of the minimum indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.81 FROG2: heat map of the maximum indoor CO2 values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.82 FROG2: heat map of the average indoor RH values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.

Figure C.83 FROG2: heat map of the maximum indoor RH values during Q3-ULS 2018-2019 (Jan. 8-Mar.
15, 2019); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.84 FROG2: heat map of the average indoor T values during Q3-ULS 2018-2019 (Jan. 8-Mar. 15,
2019); 6 a.m.-12 p.m.; Schooldays only.

C.1.8 FROG1 & FROG2 Q4(2018/2019)

Figure C.85 FROG1: heat map of the average indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.86 FROG1: heat map of the minimum indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.87 FROG1: heat map of the maximum indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.88 FROG1: heat map of the average indoor RH values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.89 FROG1: heat map of the maximum indoor RH values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.90 FROG1: heat map of the average indoor T values during Q4-ULS 2018-2019 (Mar. 25-May 31,
2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.91 FROG2: heat map of the average indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.92 FROG2: heat map of the minimum indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.93 FROG2: heat map of the maximum indoor CO2 values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.94 FROG2: heat map of the average indoor RH values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.

Figure C.95 FROG2: heat map of the maximum indoor RH values during Q4-ULS 2018-2019 (Mar. 25-May
31, 2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.
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Figure C.96 FROG2: heat map of the average indoor T values during Q4-ULS 2018-2019 (Mar. 25-May 31,
2019; no good data: Mar. 16-Apr. 8); 6 a.m.-12 p.m.; Schooldays only.
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D. Appendix – Heat maps
D.1 October 2017
The selected days were October 25 – November 1, 2017.

D.1.1 Outdoor conditions – RH, T
The values of October 25 and November 1, 2017 were not recorded. Differently from the 2018 and 2019
values, the 2017 ones were collected from the Hall Holmes weather station. We only have the average
outdoor relative humidity and air temperature values.

Figure D.97 Heat map of the average outdoor air temperature values (Oct. 26-31, 2017) - Hall Holmes
weather station.

Figure D.98 Heat map of the average outdoor relative humidity values (Oct. 26-31, 2017) - Hall Holmes
weather station.

D.1.2 Indoor conditions – CO2, RH, T

Figure D.99 FROG1: heat map of the average indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).
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Figure D.100 FROG2: heat map of the average indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).

Figure D.101 FROG1: heat map of the minimum indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).

Figure D.102 FROG2: heat map of the minimum indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).

Figure D.103 FROG1: heat map of the maximum indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).
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Figure D.104 FROG2: heat map of the maximum indoor carbon dioxide values (Oct. 25-Nov. 1, 2017).

Figure D.105 FROG1: heat map of the average indoor relative humidity values (Oct. 25-Nov. 1, 2017).

Figure D.106 FROG2: heat map of the average indoor relative humidity values (Oct. 25-Nov. 1, 2017).

Figure D.107 FROG1: heat map of the maximum indoor relative humidity values (Oct. 25-Nov. 1, 2017).
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Figure D.108 FROG2: heat map of the maximum indoor relative humidity values (Oct. 25-Nov. 1, 2017).

Figure D.109 FROG1: heat map of the average indoor temperature values (Oct. 25-Nov. 1, 2017).

Figure D.110 FROG2: heat map of the average indoor temperature values (Oct. 25-Nov. 1, 2017).

D.1.3 Energy – HVAC and CF

Figure D.111 FROG1: heat map of the HVAC energy values (Oct. 25-Nov. 1, 2017).
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Figure D.112 FROG2: heat map of the HVAC energy values (Oct. 25-Nov. 1, 2017).

Figure D.113 FROG1: heat map of the CF energy values (Oct. 25-Nov. 1, 2017).

Figure D.114 FROG2: heat map of the CF energy values (Oct. 25-Nov. 1, 2017).

D.2 February 2018
The selected days were February 4-10, 2018.

D.2.1 Outdoor conditions – RH, T

Figure D.115 Heat map of the average outdoor air temperature values (Feb. 4-6, 2018).
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Figure D.116 Heat map of the average outdoor relative humidity values (Feb. 4-6, 2018).

Figure D.117 Heat map of the maximum outdoor relative humidity values (Feb. 4-6, 2018).

D.2.2 Indoor conditions – CO2, RH, T

Figure D.118 FROG1: heat map of the average indoor carbon dioxide values (Feb. 4-6, 2018).

Figure D.119 FROG2: heat map of the average indoor carbon dioxide values (Feb. 4-6, 2018).
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Figure D.120 FROG1: heat map of the minimum indoor carbon dioxide values (Feb. 4-6, 2018).

Figure D.121 FROG2: heat map of the minimum indoor carbon dioxide values (Feb. 4-6, 2018).

Figure D.122 FROG1: heat map of the maximum indoor carbon dioxide values (Feb. 4-6, 2018).

Figure D.123 FROG2: heat map of the maximum indoor carbon dioxide values (Feb. 4-6, 2018).
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Figure D.124 FROG1: heat map of the average indoor relative humidity values (Feb. 4-6, 2018).

Figure D.125 FROG2: heat map of the average indoor relative humidity values (Feb. 4-6, 2018).

Figure D.126 FROG1: heat map of the maximum indoor relative humidity values (Feb. 4-6, 2018).

Figure D.127 FROG2: heat map of the maximum indoor relative humidity values (Feb. 4-6, 2018).
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Figure D.128 FROG1: heat map of the average indoor temperature values (Feb. 4-6, 2018).

Figure D.129 FROG2: heat map of the average indoor temperature values (Feb. 4-6, 2018).

D.2.3 Energy – HVAC and CF

Figure D.130 FROG1: heat map of the HVAC energy values (Feb. 4-6, 2018).

Figure D.131 FROG2: heat map of the HVAC energy values (Feb. 4-6, 2018).
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Figure D.132 FROG1: heat map of the CF energy values (Feb. 4-6, 2018).

Figure D.133 FROG2: heat map of the CF energy values (Feb. 4-6, 2018).
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