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Abstract: In moderate climates, the operation of windows is the most common way to control
for thermal comfort. Window-opening behavior (WOB) is a complex process influenced by
multiple factors, yet only simple bi-variate analyses between variables obtained from longitudinal
datasets have been examined. The goal of this study is to investigate the effects of indoor
and outdoor environmental parameters on WOB using a statistical modeling approach called
“structural equation modeling.” The results show that the indoor environmental parameters, such as
operative temperature and air velocity, mediated the relationship between the outdoor environmental
parameters, such as outdoor air temperature and wind gust, and the WOB. The indoor wet-bulb
globe temperature rose as the solar radiation increased, and subsequently, both parameters affected
the WOB. Also, an increase in outdoor wind gust led to higher indoor air velocity, which in turn
resulted in a lower chance of occupants opening the window. By enhancing our understanding of
the relationship between these theoretical parameters, improved design strategies on the mediating
parameters can be prioritized and communicated early in the building design phase leading to more
informed design decisions.

Keywords: occupant behavior; window opening; thermal comfort; indoor environment; structural
equation modeling

1. Introduction

Successful energy efficient design strategies require the adoption of advanced building system
control technology but also a better understanding of how occupants engage with that system. This is
because previous studies have demonstrated that greater personal control over their microenvironment
can lead to an increase in indoor satisfaction and comfort [1] even in a wider range of conditions.
Occupant behavior may include opening and closing windows or blinds, overriding or deactivating
energy-saving strategies, plugging in small devices, changing the cooling or heating setpoints,
and use of lights which in combination will affect the total amount of energy used in the building.
These individual occupants’ preference and the choices they make in the building has changed the
way industry provide building design and operational services. When possible, building owners
seek more climate-responsive designs allowing for more personal control and interaction which has
demonstrated significant energy savings as compared to fully mechanically operated buildings [2,3].
A study by Wang and Greenberg [4] using building performance simulation tool demonstrated that
mix-mode ventilation strategy taking into consideration of window operations resulted in 17-47% of
energy savings.
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These climate-responsive designs are particularly favorable in moderate climates. In moderate
climates, the operation of windows is the most common way to control for thermal comfort [5].
Window operation is a complex process influenced by multiple factors [6] and is important to
understand for many reasons. Window operation is associated with ventilation, indoor air quality,
and energy consumption [5,7]. Further knowledge of the mediating effect of indoor environmental
parameters on the relationship between outdoor environmental parameters and window operation
in these interactive window systems can aid in refining the simulation models for predicting energy
use. Increased understanding of window operation behavior and motivation will also allow architects
and engineers to improve building envelope and mechanical strategies to optimize the operation of
buildings given the growing interaction between its occupants and building systems. Specifically,
this paper extends other occupant behavior theory related to comfort driven adaptive WOB by
investigating latent variables and mediating effect of indoor environmental parameters on the
relationship between outdoor environmental parameters and WOB in a naturally ventilated building.

Previous studies demonstrate the large discrepancies found between simulated and measured
energy consumption in buildings due to occupant behavior [8,9]. Van Raaij and Verhallen [8] found
that energy uses of various pattern groups differed considerably, up to 31% in buildings through
field studies. Karlsson et al. [9] found that actual measurements of energy use differed up to 50% as
compared to predicted and simulated energy use for low-energy residential buildings.

In terms of WOB, Fabi et al. [6] organized the influencing drivers from existing studies into five
groups: physical environmental factors, contextual factors, psychological factors, physiological factors,
and social factors. While they found that most of the recent studies on window operations focused
on outdoor and/or indoor temperatures among other environmental factors, they also highlighted
many drivers and motivational factors for engaging in such behavior. For example, they found
that interactions of the users with the building control (windows or heating set-point) are not only
influenced by perceived thermal conditions but also by the response to perceived indoor air quality,
draft, rain, outdoor noise levels, and the desire to conserve energy. These motivations tend to co-vary
in naturally ventilated buildings, and even as indoor temperature produces the discomfort that triggers
window opening, the acceptability of an open window will be determined by the conditions outside.
Their analysis also found that there is no conclusive set of driving forces suggesting a relational
model between these variables. No single model could best fit or predict the WOB, and associated
energy use as these studies were conducted in different building types (e.g., offices versus residential),
occupancy (e.g., single versus double occupancies), countries with different cultures (North America
versus Europe), climate, and length of observation periods (e.g., seasonal versus full or multiple years).

Nevertheless, some parameters were found to be consistently associated with WOB [6]. For example,
different correlations and dependencies were established in many studies [10-16] between outdoor
temperature, indoor temperature, occupancy, the season of the year, time of day, previous window state,
wind speed, and solar radiation. Several studies [5,12,13,16-20] conducted in office buildings suggested
that outdoor air temperature was the dominating driver for occupants” WOB. This is consistent with
early studies on this topic, such as [11,21]. Other studies [5,12,17,19,20] found that both outdoor
and indoor air temperature contribute to WOB. For example, Rijal et al. [22] investigated window
opening behavior in residential buildings in 140 Japanese homes over a four-year period. They found
a higher likelihood of opening windows in free-running buildings and the opening correlated highly
with outdoor and indoor air temperature. Some authors [14,15,23] indicated that indoor temperature
is more predictive of WOB while others [11,13,16,18,21] found that outdoor temperature is still the
dominating driver of the two. This disagreement among researchers was echoed in a literature review
by Stazi et al. [24]. Additional environmental factors were similarly considered in previous studies.
Landsman et al. [25] developed a window opening model for a building using natural night ventilation
and the results showed that window opening behavior was most dependent on indoor air temperature
and mass temperature. Pan et al. [19] assessed the effect of outdoor relative humidity, solar radiation,
and wind speed. While these factors indicated a significant impact to the WOB, indoor and outdoor
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temperatures had a greater impact on the WOB. Andersen et al. [26] conducted similar studies in
residential buildings and determined that the indoor CO, level was the most important factor for
predicting window openings as opposed to indoor or outdoor temperature. Besides environmental
factors, contextual drivers have also been studied. Belafi et al. [27] developed a window opening model
for schools using surveys and measurements. Contextual (single teacher and rotating teachers) and
social behavioral aspects (opening/not opening based on student complaints) appeared to influence
window opening behaviors.

Logistic regression remains a popular method among researchers for modeling WOB [5,16,18,19,28,29].
However, other modeling approaches have also been used in the literature. Haldi and Robinson [12]
proposed a hybrid of techniques including logistic regression, Markov chains, and continuous-time
random processes. Pan et al. [30] focused on an improved model based on Gauss distribution,
which showed higher prediction accuracy over logistic regression model. Markovic et al. [31]
applied deep learning methods in window opening model, which showed significant improvement
in modeling imbalanced properties of window states, where the proportion of closed windows was
larger than opened.

It can be argued that the indoor environment is affected greatly by the outdoor environment,
especially for naturally ventilated buildings during non-heating seasons. This is also the basis
for the adaptive thermal comfort model used by the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) Standard 55 [32] and discussed in detail by Nicol and
Humphreys [14]. Although the indoor environment may appear to be related to occupants’ thermal
sensations in a more direct sense, it should be noted that indoor variables such as temperature,
relative humidity, air velocity can largely depend on the outdoor climate, which indicates that the
indoor variables cannot serve as independent predictors without considering the outdoor variables.
On the other hand, models only considering outdoor variables would fail to reflect each building’s
uniqueness in terms of its design, location, and functionality.

The goal of this study is to examine the relationships among indoor/outdoor environmental
parameters and WOB using structural equation modeling (SEM). SEM is a technique described
as “a second generation of multivariate analysis” that provides multiple relationships among
variables [33]. In SEM, relationships among more than one predictors and response variables are
estimated simultaneously. This is especially distinguished from bivariate correlations where only two
variables can be investigated. Due to SEM’s ability to generate structures among variables, SEM can
reveal direct as well as indirect effects [34,35]. Such indirect effects can be determined by testing if
any mediating effects exist and if the mediating effect is full or partial. Figure 1 shows the graphical
illustration of a mediation model with mediator variable M, independent variable X and dependent
variable Y. The direct effect is represented by c on the casual relationship between X and Y, whereas the
indirect effect is represented by the product of a and b. Given significant indirect effect, the mediator
M fully mediates the relationship between X and Y if no significant relationship between X and Y
is found. Given significant indirect effect, if the relationship between X and Y is also significant,
M partially mediates the relationship between X and Y.

Figure 1. Framework for a simple mediation model [36].
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It is noted that previous studies investigating WOB in experimental settings were often based on
longitudinal datasets analyzed using multivariate analyses and did not explicitly discuss the mediating
role of indoor environmental parameters on WOB. While regression analyses reveal relationships
among variables, they do not imply that the relationship is causal. In this study, structural equation
modeling is applied to examine the causal chain of the effect of indoor/outdoor environmental
parameters on WOB using the ‘sem’ package [37] in R [38] that is based on the reticular action model
(RAM) formulation [39].

2. Materials and Methods

2.1. Case Study Building

The indoor environment data were collected daily from July 2014 through March 2015 in an
office room on the third floor of the Husky Union Building (HUB) on the University of Washington
campus. The office was located around the perimeter of the building, which had a central three-story
atrium with a large staircase. The office was approximately 125 square meters in area with six west
facing operable windows and regularly occupied by four to six staff members. According to the staff,
the office was usually occupied on weekdays from 8 a.m. to 8 p.m. The staff included a full-time
supervisor and several part-time student employees with flexible schedules. Therefore, the occupancy
of the office varied from day to day. However, the number of people in the office area did not vary
significantly during the hours of 8 a.m. to 8 p.m.

Figure 2 shows the layout of the selected office. There were two conference rooms in the office.
The main office area was divided into three sections: reception, library and filing, and the seated
area where modular workstations were located. The office was on the third floor with west-facing,
operable windows. Six of the operable windows were adjacent to the seated area, and the occupants
recorded their openings. The total area of the windows in this office was approximately 9.5 m?,
which equated to a window-to-floor area ratio of 7.6%. All of the measurements and observations were
collected from the occupant seated area. Typically, three to four student employees were working in the
office during the day with a staff supervisor. Because services were provided mostly by appointment,
the office staff did not have fixed schedules, which made the equipment setup and data retrieval
process challenging.
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Figure 2. The layout of the selected office in the HUB where the indoor environmental parameters and
window-opening data were collected.
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2.2. Indoor Environmental Data Collection

The data collection started in July 2014 and stopped at the end of March 2015. The recorded data
were divided into three separate periods as shown below and seasons were defined by the calendar,
i.e., equinoxes in the fall and solstices in the summer and winter.

o 12 July 2014-21 August 2014 — Summer
e 2 October 2014-12 December 2014 — Fall
e 6 January 2015-20 March 2014 — Winter

The authors consulted the ASHRAE Standard 55 [32] and Performance Measurement Protocols
for Commercial Buildings [40] to determine the necessary equipment for evaluating the indoor
environmental parameters of commercial office space (see Table 1). The ASHRAE Standard 55 [32]
and Performance Measurement Protocols for Commercial Buildings [40] provided specific instructions
regarding the measurement of indoor air temperature. The air temperature and air velocity sensor
were placed at three different heights, i.e., 0.1 m, 0.6 m, and 1.1 m, and the measurements were used to
calculate the spatial average air temperature for seated occupants. The globe temperature, CO; and
relative humidity sensors were placed at the desk level. The sound meter was mounted between 1.1 m
and 1.7 m above ground.

Table 1. Specifications of equipment used in this study.

Parameter Model Accuracy Range

Air Temperature =~ REED SD-4214 Thermo-anemometer +0.4°C 0~50°C
Air Velocity REED SD-4214 Thermo-anemometer +2% +0.1m/s 0.2~25m/s

Globe Temperature Extech HT30 +2.22 °C (44 °F) 0~80°C

WBGT Extech HT30 £2.22°C (+4 °F) 0~50°C
Relative Humidity Fluke 975 Airmeter +2% RH 10~90% RH
CO, Fluke 975 Airmeter 2.75% + 75 ppm 0~5000 ppm

Sound REED SD-4023 Sound Level Meter ~ Varies by Frequency ~ 30~130 dB

All items listed in Table 1 required annual calibration. Because they were purchased at the
beginning of the study and calibrated by the manufacturer before delivery, the sensors were assumed
to work according to specification during the study period. The sensors were assembled and mounted
to an IV pole typically used in hospitals to create a data-gathering station. The data from the individual
device were downloaded twice a week between the hours of 1 p.m. and 2 p.m. The timing and
frequency of the data downloading were determined so that the interruptions of recording were
minimized while the storage capacity of the devices was not exceeded. Loss of data for several hours
occasionally happened due to malfunction. The downloaded data were stored locally on a designated
laptop and organized by the date of retrieval.

Thermal comfort models in ASHRAE Standard 55 [32] required the use of operative temperature.
In this study, the globe temperature was measured directly as an approximation of operative
temperature. As shown in a study by Kazkaz and Pavelek [41], the difference between operative
temperature and the globe temperature was within 1 °C in their experiments. The battery-powered
globe temperature meter had limited recording capabilities and encountered numerous malfunctions,
which resulted in more missing data compared to the other devices. In contrast, the air temperature
meters were more reliable with minimal missing data. Linear regressions conducted using the globe
temperature and indoor air temperature measurements for summer, fall and winter seasons separately
showed that the two parameters were highly correlated with R?s greater than 93% for all three
seasons. Therefore, the operative temperature used in this study was estimated based on the indoor air
temperature measurements using the linear regression results to ensure minimal data loss. The linear
regression results for the three seasons are summarized in Table 2.
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Table 2. Linear regression results using indoor globe temperature and air temperature.

Season  Dependent Variable Predictor Intercept Coefficient — R?
Summer  Globe Temperature  Air Temperature 0.857 0.932 0.975
Fall Globe Temperature  Air Temperature =~ —3.241 1.092 0.966
Winter  Globe Temperature  Air Temperature =~ —3.249 1.096 0.928

2.3. Outdoor Environmental Data Collection

The outdoor environmental data, such as air temperature, relative humidity, wind speed,
wind gust, and solar radiation, were obtained from a weather station operated by the Department
of Atmospheric Sciences at the University of Washington [42]. The weather station was located on
the rooftop of the Atmospheric Sciences Building (ATG) approximately 350 m from the Husky Union
Building (see Figure 3), which ensured that the outdoor weather observations were representative of
the local climate.

Figure 3. Locations of the Atmospheric Sciences Building (ATG) and the Husky Union Building (HUB).

The ATG weather station published 1-min observations each day [42] in UTC. The data of relevant
days were downloaded, processed and merged with the indoor environmental data collected from the
HUB. The outdoor air temperature was used to calculate the 80% acceptable operative temperature
ranges following the ASHRAE Standard 55 [32]. The upper and lower limit of the 80% acceptable
range is given in Equations (1) and (2). The variable f,,,, was defined as the “prevailing mean outdoor
air temperature” in ASHRAE Standard 55 [32], and was calculated based on the arithmetic average of
the mean daily outdoor air temperatures over no fewer than 7 and no more than 30 sequential days
prior to the day in question (a 7-day period was used in this study).

Upper 80% acceptability limit (°C) = 0.31fp,,, + 21.3 1)

Lower 80% acceptability limit (°C) = 0.317,g + 14.3 @)
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2.4. Occupant Monitoring

One important feature of the case study building was that it used natural ventilation for most of the
spaces. The natural ventilation primarily depended on the computerized auto-controlled windows and
exhaust fans to bring in outside air for ventilation [43]. Occupants were also expected to regulate the
thermal comfort and air quality by using the manually operable windows. The mechanically assisted
natural ventilation had three modes of operation: normal, heating, and night ventilation. Each mode
operates under different sequences based on the continuous monitoring of space temperature and
carbon dioxide levels, with the objective being to maintain comfortable space temperature and to keep
carbon dioxide concentration at a designated level. The ventilation system was designed to maintain
the temperature between 24 and 26 °C (76 and 78 °F) in normal mode and above 20 °C (68 °F) during
the heating season. The carbon dioxide level was maintained below 800 ppm, assuming a 300 ppm
outdoor reference [43]. The auto-controlled windows would open when the carbon dioxide level
exceeds 800 ppm, and they were only installed in offices, conference rooms, and the atrium. Most offices
either had upper auto-controlled windows and lower manual windows or were equipped solely with
manual windows. For the case study office, the upper windows were controlled automatically by the
building, while the lower ones were controlled manually by the occupants.

To thoroughly study the impact of indoor and outdoor environment on window opening and
closing behavior in the office, the operation of both auto-controlled and manual windows was recorded.
Openings and closings of the manual windows were recorded by occupants using a form designed by
the authors as shown in Figure 4. Because the auto-controlled window operation was not recorded
electronically, a laptop was used to take photos of the auto-controlled windows every 60 s to determine
their status. The status was recorded as either open or closed. The angles of the openings were
not measured.

Window Opening & Closing Time Log
Gl e e

Operable Windows

] office Door

Reason for opening Reason for closing
Room is too hot E. Room is too cold

fxom

Reason

Opening [ Closing | 1 |
I I
[ |

Action Window #
[3]a]
| .
[ [ 1

Figure 4. The layout of the manually operated windows and the form used by the occupants to record
window opening and closing actions.

2.5. Structural Equation Modeling

SEM enables researchers to investigate multiple relationships among variables, including the
mediating effect. By using SEM, the authors aimed to test how outdoor and indoor environmental
parameters affected WOB. Eleven variables—Out_RH, Out_Temp, Out_WindDir, Out_WSpeed,
Out_Gust, Out_Rad, Ave_Av, In_CO2, WBGT, Sound_dB, and WOB—were initially examined and
found to be normally distributed at « = 0.05 (Kolmogorov-Smirnov test statistics are given in
Table 3), except for Ave_Av. The data were then transformed using Z-standardization. Figure 5
illustrates the conceptual model of indoor variables” mediating ability between outdoor variables and
WOB. Specifically, outdoor environmental variables, including Out_RH, Out_Temp, Out_WindDir,
Out_WSpeed, Out_Gust, and Out_Rad, were set as independent variables. The indoor environmental
variables, including Ave_Av, In_CO2, WBGT, and Sound_dB, were used to test the mediating effect on
the relationship between outdoor environmental variables and WOB. In Figure 5, the effect of outdoor
variables (independent variables) on indoor variables (mediator) is represented by a; the effect of
indoor variables on the WOB (dependent variable) is represented by b; the effect of outdoor variables
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on the WOB is represented by c. When g, b, and c are all significant, the indoor variables would partially
mediate the relationship between outdoor variables and WOB. If only a and b are significant, the indoor
variables would fully mediate the relationship between outdoor variables and WOB. The package
‘sem’ [37] in R [38] was used to test the structural equation model.

Indoor Variables

Outdoor Variables I I WOB ]

Figure 5. Conceptual model indicating the mediating effect of indoor variables on the relationship
between outdoor variables and WOB.

3. Results

3.1. Descriptive Statistics

The results of the data collection consisted of the time series of the parameters listed in Table 3
(refer to the Abbreviations section for descriptions of each parameter). These parameters were recorded
at one-minute intervals daily and were compared with the ASHRAE 55 comfort standard [32].

Table 3. Descriptive statistics of measured indoor environmental parameters.

Parameter Mean SEMean StDev Min Median Max D 95% CI
Out_RH 69.91 2.08 14.24  30.00 70.00 93.00 0.085 (65.73, 74.10)
Out_Temp 61.26 1.16 7.95 41.00 61.00 83.00 0.104 (58.92, 63.59)
Out_WindDir 202.98 9.43 64.64 56.00 210.00 344.00 0.084 (184.00,221.96)
Out_WSpeed 5.04 0.41 2.84 0.00 5.00 11.00 0.105 (4.21, 5.88)
Out_Gust 6.23 0.47 3.24 0.00 6.00 13.00 0.121 (5.28,7.19)
Out_Rad 211.0 30.1 206.0 0.0 160.8 801.5 0.118 (150.5, 271.5)
Ave_Av 0.05 0.01 0.10 0.00 0.00 0.42 0.304 (0.02, 0.08)
In_CO2 558.5 28.1 193.0 416.0 504.5 1319.5 0.151 (501.8, 615.1)
WBGT 64.57 0.45 3.09 57.20 64.80 69.80  0.100 (63.66, 65.48)
Sound_dB 49.11 0.92 6.30 38.27 47.74 66.68  0.088 (47.26, 50.96)
WOB 042 0.06 0.39 0.00 0.33 1.00 0.182 (0.31,0.54)

3.1.1. Thermal Comfort Condition

Figures 6-8 show box plots of the daily five-minute mean indoor operative temperature during
working hours (8 a.m. to 8 p.m.) for summer, fall, and winter, respectively. The indoor operative
temperature was not measured directly, although it was the metric used in ASHRAE Standard 55 [32]
to determine acceptable thermal conditions in naturally conditioned spaces. Instead, the operative
temperature was derived from the air temperature which was measured directly (details were discussed
in Section 2.2).

Figure 6 shows that, during the summer months, the indoor operative temperature exceeded
the upper and lower 80% acceptability limits occasionally. Further examination showed that the
indoor operative temperature dropped below the lower 80% limit mostly during early working hours
(e.g., 51% of the measurements that were below the lower 80% limit were observed between 8 a.m.
and 9 a.m.). The hourly average operative temperature was in general lower when the day started
and kept rising until 5 p.m. (see Figure 9). This can be seen as the effect of night ventilation adopted
by the case study building to cool the interior during after work hours from 12 a.m. to 8 am. on
weekdays. The indoor operative temperature change during working hours was fairly large, which is
understandable for a naturally ventilated building. The recorded average temperature change was
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4.3 °C, with a maximum difference of 8.6 °C, and a minimum difference of 0.8 °C. Nevertheless,
the indoor operative temperature, in general, was maintained within the 80% acceptable range despite

the large variations of outdoor air temperature.
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Figure 8. Boxplot of 5-min average indoor operative temperature in winter 2015, compared with the

80% acceptability limits defined in ASHRAE Standard 55 [32].
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Figure 9. Hourly average operative temperatures from 8 a.m. to 8 p.m. recorded during summer months.

As the heating season started, the building was able to maintain the indoor operative temperature
within a narrower range as shown in Figures 7 and 8. The occupants” window opening and closing
actions continued through 7 November 2014, after which the windows remained closed. The use of
the windows increased the variability of the indoor operative temperature which could be seen from
Figure 7. During fall and winter, the operative temperature was always kept within the 80% acceptable
range. Figure 10 shows the continued rising of indoor operative temperature in summer, compared to

the relatively stable trend in winter.
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Figure 10. Time series plot of the 5-min average indoor operative temperature of selected two days in
summer and winter, compared with the 80% acceptability limits defined in ASHRAE Standard 55 [32].

3.1.2. Carbon Dioxide Concentration

Carbon dioxide levels can be harmful to humans at concentrations above 2500 ppm [44]. The American
Society for Testing and Materials (ASTM) guideline for indoor occupant acceptability is 1000 ppm,
which is calculated as 650 ppm above an assumed 350 ppm outdoor carbon dioxide concentration [45].
The 1000 ppm concentration can be thought of as a metric for odor acceptability [45]. The facilities
management of the case study building adopted an 800 ppm set point for the ventilation systems; that is,
automated controls for windows and exhaust fans were designed to keep the indoor carbon dioxide
concentration below 800 ppm, which assumed a 300 ppm concentration as the outdoor reference [43].
Figure 11 shows the carbon dioxide levels in the instrumented office space during different seasons.

Average CO, Concentration
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Figure 11. Boxplot of recorded 5-min average indoor carbon dioxide concentration levels during three

different seasons. The seasonal mean is shown at the top, and the median is printed next to each box.
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The values of, and variability in, the CO, concentrations were much higher in fall and winter,
which might be the result of higher occupancy compared to summer. The window opening time also
played an important role as the occupants stopped opening windows halfway through the fall season.
The 1000 ppm limit recommended by ASTM was well maintained in summer but was exceeded 12%
of the time in fall and 26% of the time in winter.

3.2. Window Opening Events

The window opening log form was digitized at the conclusion of the study. The time of each
window opening event and the number of windows opened by the occupants were integrated with the
indoor and outdoor environmental parameters. On the log form, the occupants were asked to indicate
the reason(s) for opening the windows. Four common reasons were listed:

e the room is too hot;
e toadd background noise;
e toimprove air circulation;

e toenjoy an outdoor event.

The ‘background noise’ listed above referred to the ambient noise from the outside including
but not limited to traffic noise, people talking, bioacoustic noise from animals or birds. This reason
was added after some occupants indicated that they would prefer some level of ambient noise while
working in the room. The occupants were also allowed to add other reasons for each entry.

Figure 12 shows an overview of the data collected through the log form. The three gray bars
correspond to the number of window opening events occurred in summer, fall and winter. It appears
that the windows were opened more often in summer and fall than in winter. For each event,
the occupants listed one or more reasons for opening the windows, and they are given below:

e theroom is too hot;

e toadd background noise;
e toimprove air circulation;
e the room has a bad smell.

Except for ‘the room has a bad smell,” the other reasons were from the options provided on the
log form. These four reasons are indicated by different colors in Figure 12. To represent the reasons
behind each window opening event, a horizontal strip which consists of at most four colors was
created for each event. For example, there were 12 window opening events in the summer (therefore,
12 strips inside the gray bar) and most of the events were driven by three reasons (as indicated by the
three-color horizontal strips for 9 out of the 12 strips). In Figure 12, it appears that there were usually
two or more reasons behind each window opening event. In summer and fall, the occupants opened
the windows to simultaneously cool the room, add background noise, and improve air circulation in
16 out of 26 window opening events (62%), while in winter, when the office space was heated, the need
for background noise diminished and windows were opened mostly to cool the room and/or improve
air circulation. The number of times each reason was selected by the occupant is shown in Table 4.
It can be inferred from these reasons that indoor air or operative temperature, sound level, and indoor
air velocity could be the main factors influencing occupants” WOB.

Table 4. Number of times each reason for opening windows was selected by the occupants during
each season.

Reason Summer Fall Winter
The room is too hot 11 12 6
To add background noise 10 8 0
To improve air circulation 11 11 4
The room has a bad smell 0 2 0
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Figure 12. The number of window opening events for each season and the reasons for opening
windows for each event. Inside the bar of each season, a window opening event is represented by
a horizontal strip with different colors corresponding to the reasons behind the window opening,
and these strips are ordered by the time each event occurred from bottom to top.

There were six operable windows in the office. The number of windows opened during each
event are plotted in Figure 13. It can be seen that for each opening event, usually more windows were
opened in summer (5 windows for each event on average) than fall (3 windows on average) and winter
(2 windows on average).
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Figure 13. The number of windows opened (out of 6) for each window opening event.

3.3. Structural Equation Model

Figure 14 illustrates the significant structural equation model, showing that multiple factors—solar
radiation, outdoor air temperature, indoor wet-bulb globe temperature, outdoor wind gust, and indoor
air velocity—affect WOB. In Figure 14, standardized coefficients indicate the relationships between and
within parameters. Specifically, the solar radiation positively predicts the WOB (y = 0.513, p < 0.001),
indicating higher values of solar radiation result in higher probability of WOB. The solar radiation also
positively predicts outdoor air temperature (v = 0.355, p < 0.001), which subsequently has a positive
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effect on indoor wet-bulb globe temperature (¢ = 0.855, p < 0.001), which in turn has a positive effect
on WOB (v = 0.242, p < 0.05). This implies that higher solar radiation results in higher outdoor
air temperature and indoor wet-bulb globe temperature, as well as a higher probability of WOB.
It corroborates the occupants’ selection of “too hot” as one of the main reasons for opening windows.
In addition, the outdoor wind gust has a positive effect on indoor air velocity (7 = 0.200, p < 0.05)
which negatively affects WOB (y = —0.376, p < 0.05). This indicates that higher outdoor wind gust
results in higher indoor air velocity, which leads to a lower probability of WOB. It corroborates the
occupants’ selection of “air circulation” as one of the main reasons for opening windows, i.e., when the
indoor air velocity is low, the occupants tend to open windows to increase air circulation. The SEM
model in Figure 14 illustrates only statistically significant relations between variables. The sound
level which was one of our main interest showed significant bivariate correlations with outdoor
wind speed (p < 0.05) and indoor carbon dioxide concentration (p < 0.05), however, it showed no
significant relation with WOB. Given that this study aims to model the relationships between WOB
and other variables, we did not include the variables that showed insignificant results with WOB to
the main results.

0.513***
qHH* 0.874*** 0.269***
C\' Solar 0.355*** ,| Outdoor Air 0.855*** 7| Wet-Bulb Globe 0
Radiation Temperature | Temperature '?49*
Arx C\'0.394***
O . 0.200* | Indoor Air
Wind Gust > .
Velocity

Level of Significance: p < 0.001 ***; p < 0.01 **; p < 0.05 *;

Figure 14. Structural equation model of the effect of indoor and outdoor environmental parameters
on WOB.

The structural model in Figure 14 also illustrates the mediating effect of indoor environmental
parameters (i.e., indoor wet-bulb globe temperature and indoor air velocity) on the relationship
between outdoor environmental parameters (i.e., solar radiation, outdoor air temperature, and wind
gust) and WOB. Indoor wet-bulb globe temperature mediates the relationships among solar radiation,
outdoor air temperature, and WOB. Indoor air velocity also mediates the relationship between wind
gust and WOB. Given that the two indoor parameters—indoor wet-bulb globe temperature and
indoor air velocity—mediate outdoor environmental parameters and WOB, but the two outdoor
parameters—outdoor air temperature and wind gust—cannot predict WOB, the model has full
mediation of indoor environmental parameters [36]. The structural model in Figure 14 is supported by
the standardized root mean square residual (SRMR) of 0.06, which is lower than the recommended
value of 0.08 [46,47].

4. Discussion

The results suggest that naturally ventilated buildings display wide variability in indoor
temperatures, particularly in summer months. Although occupant acceptability is subjective,
the temperature values exceeded the adaptive model comfort zone stipulated by ASHRAE Standard 55
on more than a few occasions. In general, during summer months, the night ventilation kept the indoor
operative temperature close to the lower 80% acceptability limit in the morning. The temperature
increased significantly in the afternoon.
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The occupants” WOB is complex, and there is currently no agreement about the reasons people
interact with building systems or the driving factors that trigger their decisions [24]. This study was
designed to improve the understanding of the interactions among indoor and outdoor environmental
parameters and the roles they play in influencing people’s WOB. Many quantitative methods
have been used to model WOB such as logistic regression [5,16,18,19,28,29], Markov chains [30],
Gauss distribution [30], and deep learning [31]. No studies have been found to apply SEM in the
WOB field. SEM is a popular tool among researchers in modeling complex relationships between
various explanatory variables and residential energy consumption [48-50], as well as in modeling the
direct and indirect influence of physical conditions on occupants’ comfort and job satisfaction [51-53].
The use of SEM creates opportunities to examine the causal chain of the effect of indoor/outdoor
environmental parameters on WOB. Reasons for opening windows recorded by the occupants using the
window log form reflected real drivers for WOB from a subjective perspective. The results showed that
occupants opened the windows more often during summer and fall as opposed to winter months. Each
time the windows were opened, there were usually multiple reasons behind the action, which were
mainly “too hot,” “background noise,” and “air circulation.” These reasons corroborate the significant
structural equation models except for the “background noise.” As discussed in [24], indoor and
outdoor temperatures were still the most cited factors in modeling WOB. Results presented in this
study offers a new view which links the indoor and outdoor parameters using the concept of mediation
effect rather than treating them separately. It shows that SEM is an effective tool in modeling WOB and
the revealed mediation effect of the indoor environmental parameters contributes to the knowledge
base of WOB research.

Several limitations are noted for this study. First, the globe temperature was used as an
approximation of operative temperature. Given the amount of missing data, the air temperature
was eventually used to calculate the globe temperature based on linear regression coefficients.
More accurate measurements of operative temperature could improve the results of the adaptive
comfort model. Second, although “background noise” was chosen by the occupants as one of the main
reasons they opened windows, the SEM results with sound level were not significant. This discrepancy
could be attributed to the measurements from the sound meter. It was difficult to differentiate the
background noise outside the building from noise generated inside the office solely based on the sound
pressure level. A sound meter with frequency analyzer could provide better results and may lead
to a significant structural equation model. This study only lasted for eight months with some time
gaps. A longer study duration with more recorded window opening events could further improve the
structural equation models and may reveal other direct or indirect links between the environmental
parameters and WOB.

5. Conclusions

Occupant access to controlling the indoor environment can increase both tenant satisfaction
and reduce operational cost. Operable windows are advantageous in that they provide occupants
the opportunity to control the indoor environment by increasing the natural ventilation and by
decreasing the cooling loads. Motivations for WOB have been extensively studied. Environmental
factors, contextual factors, and human factors among others have been identified as influencing factors.
Commonly, in all of these previous studies, the physical aspect is repeatedly identified [24].

In this paper, the writers examined the relationship between physical environmental factors and
WOB. The results showed that the indoor environmental parameters (such as operative temperature
and air velocity) mediated the relationship between outdoor environmental parameters (such as
outdoor air temperature and wind gust) and WOB. The indoor wet-bulb globe temperature rose as the
solar radiation increased, and subsequently, both parameters affected WOB. Also, higher outdoor wind
gust led to higher indoor air velocity, which in turn resulted in a lower chance of occupants opening
the window. Modeling the relationship between the indoor/outdoor environmental parameters and
WOB revealed the factors influencing the WOB and therefore could be used as predictors of WOB.
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From a broader implication perspective, the study findings can guide building designers by further
justifying and prioritizing the selection of certain building systems. For example, building designers
could draw on the results of this study to substantiate the cost and implementation of advanced and
innovative window shading devices, such as overhangs and fins that can lower solar heat gains in the
summer. This could impact the building’s energy system. Designers can also study the orientation
and size of windows in relation to prevailing wind direction and gust. Designers can evaluate the
potential to add cross ventilation strategies by assessing the location of windows on both sides of
the room or space in terms of wind gust and indoor air velocity. By enhancing our understanding of
the relationship between these theoretical parameters, improved design strategies on the mediating
parameters can be prioritized and communicated early in the building design phase leading to more
informed design decisions.
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Abbreviations

The following abbreviations are used in this manuscript:

SE Standard error

StDev Standard deviation

D Kolmogorov-Smirnov statistic

CI Confidence interval

Out_RH Outdoor relative humidity (%)

Out_Temp Outdoor air temperature (°F)
Out_WindDir Outdoor wind direction (°)

Out_WSpeed  Outdoor wind speed (knot)

Out_Gust Outdoor wind gust (knot)

Out_Rad Solar radiation (watt/m?)

Ave_Av Indoor mean air velocity (m/s)

In_CO2 Indoor carbon dioxide concentration (ppm)
WBGT Indoor wet-bulb globe temperature (°F)
Sound_dB Indoor sound pressure level (dBA)

WOB Fraction of window opened (number of window opened divided by the total of six windows)
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