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Considering the global energy crisis and the need to reduce energy consumption while providing
thermal comfort to occupants, building performance prediction using building simulation
programs requires higher accuracy of output data. Therefore, it seems necessary to study the
impact of occupant behavior, which is the main source of uncertainty in residential buildings.
The traditional courtyard houses, which are recognized as a successful passive house model,
respond to different climatic conditions. Therefore, this research focuses on this building type
to analyze occupant window opening control scenarios and determine which control works
better. For this purpose, several probabilistic controls and their effects on the adaptive thermal
comfort of occupants in zones around a central courtyard were compared in the three cities of
Yazd, Bandar Abbas, and Tabriz. Energy Plus was used as a simulation program for the
application of Grasshopper's energy management system (EMS) along with the Ladybug and
Honeybee environmental plugins. The results show that the window control algorithms can
increase the adaptive thermal comfort of occupants by 25.7%, 32.2%, and 20.3% in each of the
climates of Yazd, Bandar Abbas, and Tabriz cities, respectively. Indoor and outdoor temperature
were the most significant variables for opening windows in the warm and cold seasons,

respectively.

doi: 10.5829/ijee.2023.14.03.07

INTRODUCTION

By observing a large discrepancy between the
performance of simulated and real or similar buildings,
the search for the reasons for this discrepancy has
become a particular concern. The actual energy
performance of buildings depends on deterministic
aspects such as building physics and air conditioning
systems and a probabilistic approach such as weather and
occupant behavior. Starting with the studies of Socolow
[1], who found a more than twofold difference in energy
use between identical houses, many researchers have
focused on comparing energy use in similar houses [2, 3].
To fill this gap, stochastic models of occupant behavior
can be incorporated into Building Energy Performance
Simulation (BEPS) software.

*Corresponding Author Email: h.bagheri@hsu.ac.ir
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Occupant behavior in residential buildings is one of
the most important factors due to the freedom and control
over indoor environment [4]. Occupants can influence
the thermal condition and indoor environment of the
building directly through their presence (emitting heat,
moisture, and COy) or indirectly through the control of
building systems. Occupant behavior is influenced by
many stimuli, including outdoor stimuli (e.g., air
temperature, wind speed, etc.), indoor or individual
stimuli (e.g., personal background, attitudes, preferences,
etc.), and building characteristics (e.g., ownership,
existing heating systems, etc.) [5].

One of the most significant issues for the ideal design
of a building is to ensure the thermal comfort of the
occupants. Thermal comfort is a mental state in which a
person expresses satisfaction with the thermal
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environment surrounding him [6]. Occupant comfort can
affect occupant behavior and consequently building
performance [7]. Research has been conducted on
thermal comfort in naturally ventilated buildings in
European and American offices, resulting in an adaptive
thermal comfort model [8] that depends on the prevailing
mean outdoor temperature. This model allows occupants
to adapt to their environment in three ways:
psychologically (previous expectations and thermal
history), physiologically (genetic or physical response),
and behaviorally (opening windows, adjusting clothing,
adjusting sunshades) to passively improve their comfort
level [9].

According to the International Energy Agency report,
between 1990 and 2017, more than 55% of the total
energy consumption in Iran was in the housing sector [10,
11]. Therefore, passive buildings and using renewable
energy seem to be a necessity. As a passive system,
courtyards have been developed for 5000 years in shape,
geometry, and dimensions to adapt to extreme climatic
conditions [12]. The results show that the sustainable and
passive methods used in traditional houses have the
potential to be used in modern and contemporary
buildings of the 21st century [13].

The relative impact of occupant behavior increases in
passive houses where users are encouraged to interact
with building controls [14], because, unlike buildings
with mechanical ventilation systems, in these buildings,
instantaneous changes in the temperature and thermal
comfort of the building are not readily possible, and
changes are difficult to implement. Therefore, the
success of the design of a passive house depends on
whether the behavior of the occupants is taken into
account. The closer the modeling of the occupants'
behavior is to reality, the smaller the functional gap of the
buildings. Few studies have attempted to evaluate the
occupants’ behavior in courtyard houses for passive
heating/cooling [15], daylighting [16], window
operations [17] and shading systems [18, 19] to increase
the thermal comfort. On the other hand, only the effect of
the physical characteristics of the courtyard design, such
as courtyard dimensions [20], windows length, overhang
angle, and overhang length [21] on the indoor air quality,
has been investigated. Although existing studies examine
the physical factors of courtyard houses design to
increase internal or external thermal comfort, and
investigate deterministic controls of window opening in
traditional central courtyard houses, there is no research

! Logistic regression is an appropriate statistical technique for
analyzing and modeling binary dependent variables. This method
successfully describes the probability of open windows as defined in

Equation (1).
1 e(@+px)
PO = (Or pe) = 1+e<a+zm)
P\ _
Ln (kp(x)) =a+fx

where p(x) is the probability function of a given event (P(x) € [0,1]), o
is the intercept, P is the coefficient, and x is the explanatory variable
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on the use of probabilistic controls based on adaptive
thermal comfort.

Two main approaches are used in predicting occupant
behavior in the design phase. The first one is the
traditional deterministic approach, which describes
occupant actions based on specific time points and
thresholds and involves a rule-based algorithm. For
example, the window control scenario is described as
"when the indoor temperature is above 23°C, open the
window" [22]. The temperature threshold for opening the
window is generally determined by practical experience.
This control type can be effective in sustaining occupant
thermal comfort. However, it may not be reliable in some
conditions (e.g., urban heat island effects) [23]. This
approach shows that occupants are passive recipients of
the indoor environment. By contrast, the second
approach is the probabilistic approach, which has great
potential for understanding the complexity of occupant
behavior. Nicol and Humphreys [24] assumed that
occupant behavior is a non-deterministic stochastic
process. For example, they found that there is no exact
temperature at which all occupants open their windows,
but that the possibility of windows being opened
increases with temperature. The probabilities are
determined based on observations. Thus, there is not only
output, but a distribution of outputs for an input variable.
The problem is to ensure that the probability distributions
of the inputs are based on the reliable data. Stochastic
behavioral models are usually built by combining
measurements that record states (e.g., whether a window
is close or opened) with environmental data (indoor and
outdoor temperature, solar radiation, etc.) [25]. One of
the simplest statistical analysis algorithms in the above
models is the use of logit functions (logistic regression)?.

For probabilistic controls, the first stage uses logistic
regression with the interaction between the available
variables to derive the probability of opening the
window. Since most simulation programs are
deterministic, the probability of an happening must be
interpreted into a deterministic signal. This is done by
comparing the probability to a random number in the
second step to determine if the event occurs. Since the
given probability is the probability of performing a given
action in a assumed time, the comparison should be made
with a random number that varies at the same time. If the
probability that the windows will be opened is greater
than the random number, the windows will be opened.
Otherwise, the windows remain closed. Thus,

[28]. When the coefficients of the explanatory variables are positive, an
increase in the corresponding variable increases the probability of an
action (e.g., opening windows); when it is negative, an increase in the
coefficients of the explanatory variables decreases the probability of the
same action. The logit distribution has various interesting features.
Among others, it can be seen that p(x) reaches 0.5 for a given variable
(x50 = (-a)/B). This property allows us to interpret x50 as a variable, a
characteristic for which half of the occupants will have applayed a given
control, if available.
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implementing the models in the simulation software
transforms it from a fully deterministic instrument to a
simulation instrument capable of simulating probabilistic
behaviors.

Several factors influence how occupants interact with
windows. The main environmental factors that affect
window performance are indoor and outdoor air
temperatures. In an effort to design efficient and healthy
buildings, prior studies have examined the relationship
between indoor and outdoor environmental conditions
and occupant behavior when manually controlling
windows at homes. The literature has examined the
behavior of residential windows as a function of various
control variables, including outdoor air temperature [14,
26, 27], indoor temperature [28-31], humidity [32, 33],
and CO; concentration [34-36]. However, to ensure a
comfortable indoor environment, designers should
choose an suitable control strategy based on climate
change and occupant heating needs. In studies based on
window status, the outdoor temperature is usually
defined as the preferred stimulus.

In residential buildings, in addition to building
design, occupants' behavioral habits, the way they
perceive heat, and their comfort needs have a significant
impact on energy use. Without a comprehensive
understanding of the diverse characteristics of thermal
sense in diverse seasons in buildings, energy is wasted.
There is a potential energy waste to keep an indoor
thermal environment at thermal comfort thresholds [37].
Therefore, this study investigated occupant behavior, and
the effects of occupant-centric controls on indoor
conditions in centeral courtyard houses to enhance
adaptive thermal comfort in different climates. To this
end, this study considers three probabilistic control

Outdoor temperature [°C]

options and one deterministic control available in
previous literature to predict occupant behavior. It
analyzes the existing control scenarios to determine the
impact of each control scenario in the three cities of Yazd
(hot and dry), Bandar Abbas (hot and humid), and Tabriz
(cold and dry), which have the typology of central
courtyard houses [38]. The purpose of this research is to
support the design and operation of occupant-centric
buildings and to answer the following question:

What are the effects of potential probabilistic window
control strategies in different climates and different
building orientations on adaptive thermal comfort?

MATERIAL AND METHODS

This study was conducted to increase adaptive thermal
comfort in passive courtyard houses in three cities with
different climates in Iran, namely Yazd, Bandar Abbas,
and Tabriz. The monthly average air temperature in these
three cities is shown in Figure 1. Yazd has a hot and dry
climate with cold winters and hot summers with average
daily min temperature is 1.0°C, and the average daily
max temperature is 35.3°C. The city of Bandar Abbas has
a hot and humid climate with an average daily min
temperature of 12.0 °C, and an average daily max
temperature of 36.9 °C. The city of Tabriz has a cold and
dry climate with an average daily min temperature of -
10.6°C, and an average daily max temperature of 30.7 °C
[39].

In this study, adaptive thermal comfort according to
ASHRAE 55-2020 [6, 40], based on naturally ventilated
buildings in terms of indoor operatiove temperature and
prevailing mean outdoor temperature.

-10
-20
§ 8 & & & 5 3 2 & 8 & 8
Yazd Bandar Abass Tabriz
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Yazd 49 74 12.9 20.0 25.8 30.9 31.9 30.8 25.2 19.9 121 7.5
BandarAbbas  17.9 19.1 232 26.6 30.6 33.0 34.2 333 32.0 28.8 234 18.5
Tabriz -2.8 -0.9 5.2 10.7 16.6 21.4 25.6 25.4 215 145 6.3 -04

Figure 1. Average monthly outdoor air temperature in three cities, namely Yazd, Bandar Abbas, and Tabriz [39]
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In this study, the modeling inputs were delivered to a
parametric interface called Grasshopper through
Ladybug tools environmental plugins [41] to investigate
the adaptive thermal comfort through window control.
These tools are supported by the reliable EnergyPlus and
OpenStudio engines for thermal calculations. To this end,
four window control scenarios were selected as variables
for this study (Figure 2). This study employed a building
geometry based on previous studies [42, 43] (Figure 3).
It should be noted that only the selected modeling inputs
are taken from the references and other building
configurations related to the purpose of this study are
explained accordingly. The central courtyard with
dimensions of 15*15m and a height of 4 meters was
modeled in four zones with a depth of 5 meters around
the courtyard. The opening ratio of the window to the
wall facing the courtyard for each zone was 30% and the
opening ratio of the window was 20% and was modeled
parametrically. The walls of the courtyard were exposed
to external environmental conditions, for example solar
radiation, during the day without any adjacent obstacles.
Other walls, roofs, and floors were assumed to be
adiabatic surfaces [44].

Courtyard
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Figure 2. Research methodology workflow
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Figure 3. Case study

Increasing indoor heat due to the presence of people,
appliances, and lighting was considered a function of the
housing program. A family of four members in each zone
separately and with the occupants' presence program
were taken into account (from 0:00 to 8:00 and from
17:00 to 24:00 most occupants were present) [6]. This
was defined with a met activity level of 1.2 met. The
lighting program was defined from 6 to 8 and from 15 to
23 in the presence of residents. In addition, according to
the behavioral algorithm Lightswitch-2002 [45], when
the min illuminance of the work surface was less than 100
lux, the room light was automatically switched on with a
peak load of 2.5 w/m2. When the illuminance reached
500 lux, the light turned off. Equipment loads of 2.5 w/m?
were considered from 18:00 to 22:00 from Saturday to
Wednesday and from 15:00 to 22:00 on weekends. The
infiltration rate is 0.5 ac/h according to ASHRAE 90.1
[46]. Table 1 shows detailed list of variables and fixed
assumptions for simulations.
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Table 1. Detailed list of variables and fixed assumptions for
simulations

Parameters Assigned Value(s)
Space type Midrise Apartment
Length/Width 15*15m

Walls facing the ASHRAE 90.1-2010 ExtWall (U-Value:

courtyard 0.45 W/m?Kk) [46]

Other Walls Adiabatic

Roof/Ground Adiabatic

floor

Window Double Pane (Generated by window LBNL):

Planible clear 8 mm,
Air (10)-Argon (90),
Dark grey 6mm.

(U-Value: 2.67 W/m2k, SHGC: 0.53, VT:
0.07) [46]
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Simulation of the windows

Three main components were used to control windows
with EnergyPlus and EMS in Ladybug Tools:

1. Reading outdoor and indoor environmental variables
from predetermined reference points in the simulation
model (Sensor).

2. Execution of time-dependent operations by conditional
commands written in EMS as basic control logic (Control
logit).

3. Convert the control logic into physical responses to
adjust the window (Actuator).

In this study, the input variables were the temperature
control variables, which included outdoor temperature,
indoor temperature, and adaptive comfort temperature
for controlling the windows (Table 2). The output of this
research includes the total number of thermal
comfort/discomfort  hours when the operative
temperature does not exceed/ exceeds the comfort range,
which is calculated according to Equation (2):

Upper and lower limits of comfort range = Tcomfort +
25

Tcomfort = 0.31x running mean outdoor temperature +
17.8

@

It should be noted that window control scenarios are
applied only during non-office hours (from 0:00 to 8:00
and from 17:00 to 24:00 when most occupants are
present. Therefore, windows were controlled only in
5475 hours per year. A comparative analysis was needed
to describe the importance of occupant-centric controls
for indoor thermal comfort in courtyard houses. This
study, due to the limitations of field studies, was
conducted from the study of Rijal et al [47] that was
conducted in the Gifu region of Japan with humid
subtropical climate in the south, eventually making the
transition to humid continental climate in the north.

Window control scenarios

First scenario (S1)

In this deterministic control scenario, the windows were
closed over the year.

The second scenario (S2)

Since air temperature is the main stimulus for behavioral
responses, this probabilistic control considers outdoor air
temperature as the main stimulus for window operation
[47]. When the outdoor temperature reached 24.5 °C, 50

Table 2. Window control scenarios

The location Control algorithm
Reference  Location Cc;ptrol tty pe/ Scenarios Variable of the sensor
Ime step inet Coefficients  Intercept
[48] Japan Deterministic S1 Always closed - -
s2 Outdoor terTE‘E)égature (Tout) Site +0210 5.147
- S3 Indoor temperature (Tin) [°C] Inside each -0.248 -6.733
[47] Japan Probabilistic /10 zone ' '
P minutes .
The difference between the
indoor temperature and the Inside each
S4 adaptive comfort temperature zone +0.536 -0.897

(Tin-Tcomf) [°C]

of the occupants tended to open the windows (Equation
1, p(x) = 0.5%). The higher the outdoor temperature, the
higher the probability of opening the window. Although
the control stimulus was the same for all zones, the
window control pattern was different in each zone due to
the behavioral differences of the occupants.

The third scenario (S3)

The third probabilistic control considers indoor air
temperature as the main stimulus for window control
[47]. In a situation where the indoor temperature reached
27.15 °C, 50 of the occupants tended to open the
windows (Equation (1), p(x) = 0.5%). The higher the

lin (ﬂ) = 0.210 Tout — 5.147
1-p(x)
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indoor air temperature, the more probable the window
will be opened. Since the indoor temperature as a control
stimulus was different in each zone, the window control
pattern was unique in each zone.

The fourth scenario (S4)

The fourth window control scenario was a probabilistic
control using the difference between the operative
temperature and the comfort temperature based on the
Griffiths method [47], shown in Equation (3):

Comfort temperature Griffiths method (Tcomf) =
0.531 * prevailing mean outdoor temperature +
12.5

®

21n(22-) = 0248 Tin - 6.733
1-p(x)
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when the difference between the comfort temperature
and the indoor temperature reached 1.67°C, 50 of the
occupants tended to open the windows (Equation (1),
p(x) = 0.5%) to reduce the indoor temperature.

The larger the difference, the more likely the window
will be opened. It is true that the average outdoor
temperature, on the basis of which adaptive comfort
temperature is calculated, is constant for all zones in each
climate. On the other hand, the temperature within each
zone was different, so the window control was different
in each zone.

Temperature [°C]

Yazd BandarAbbas

RESULTS

To compare the potential of the four window control
strategies, scenario 1 (S1) was analyzed first. As it can be
seen in Figure 4, the average temperature is above the
average comfort range in most zones in all cities.

Table 3 shows the number of hours of people's
thermal comfort/discomfort in the total hours that
windows can be controlled (5475 hours) as a percentage.

According to Figure 5, the number of hours of thermal
comfort in the first scenario (S1) is the highest in the East

M Outdoor temp [°C]

H Indoor temp [°C]-North
Indoor temp [°C]-East

M Indoor temp [°C]-South

M Indoor temp [°C]-West

I'abriz

Figure 4. changes in outdoor and indoor temperature in each zone of the target cities in the first window control scenario

Table 3. The average number of hours of thermal comfort/discomfort in the different window control scenarios in percentage (the
lowest number of hot and cold hours and the highest number of neutral hours in each zone in each city are highlighted)

Climate Yazd Bandar Abbas Tabriz

Zones ;’:}i;‘l‘;'] st s2 s3 St st s2 s3 St st s2 s3 st
C 0.2 3.3 31.4 38.3 0.0 1.8 8.6 8.2 27.0 36.5 56.5 60.3

North W 92.7 49.9 29.6 29.2 100.0 61.1 54.6 55.0 57.2 18.1 12.6 11.3
N 71 46.8 39.0 325 0.0 37.1 36.8 36.7 15.8 45.4 30.9 28.4
C 13.2 23.9 39.0 41.9 0.0 8.4 13.8 12.2 37.1 50.0 60.8 61.9

East W 71.6 36.1 29.3 29.9 98.0 54.2 52.2 53.0 49.4 16.7 13.0 11.7
N 15.3 40.0 31.7 28.2 2.0 37.3 34.0 34.8 13.6 334 26.2 26.4
C 294 42.9 475 455 0.3 153 18.0 155 47.7 61.8 65.7 64.7

South W 56.4 244 23.2 249 83.8 46.2 46.0 48.2 38.0 9.4 8.9 8.2
N 14.2 32.7 29.3 29.6 15.9 38.4 36.0 36.3 14.3 28.8 254 27.0
C 15.4 275 38.8 40.9 0.0 7.3 12.1 11.2 37.0 50.3 59.0 60.4

West W 69.9 37.9 30.1 311 97.6 56.4 535 54.4 49.4 18.9 13.4 12.1
N 14.8 34.7 311 28.0 24 36.3 344 344 13.6 30.8 27.6 27.5

Percentage increase in

thermal comfort 25.7 322 20.3

compared to the first In the second scenario

scenario

In the second scenario In the second scenario

L in (22-) = 0536 (Tin — Tcomf) — 0.897

1-p(x)
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zone in Yazd, South zone in Bandar Abbas, and North
zone in Tabriz. In the regions of Yazd and Bandar Abbas,
the hours of thermal comfort in the North zone are lower,
compared to other zones, and if the second to fourth
scenarios are used, this zone can have the max hours of
thermal comfort compared to other zones in all climates
except for the climate of Bandar Abbas, which in the
second scenario, still has the highest level of thermal
comfort in the South zone.

In the first scenario, the most thermal comfort was
observed in the South zone of Bandar Abbas climate and
the least thermal comfort was observed in the North zone
of the same climate, which shows the great difference in
the different zones of this climate. In the second scenario,
the number of hours of thermal comfort was the highest
in all zones, compared to the third and fourth scenarios.
In the North zone, in the climate of Yazd, Tabriz and
Bandar Abbas, the most hours of thermal comfort were
observed respectively. Applying the third scenario, the
thermal comfort in the North zone of Tabriz region was
lower than other regions. When the fourth scenario was
applied, the thermal comfort in the North zone of the
Bandar Abbas region increased compared to the other
regions, which shows that the stimulus mentioned in the
fourth scenario is effective in the North zone of Bandar
Abbas region. The East, South, and West zones followed
a special rule in all climatic zones. Thus, each of the
mentioned zones in Bandar Abbas, Yazd, and Tabriz
regions had the highest level of thermal comfort, except
the East zone in the second scenario, in which the climate
of Yazd was comfortable compared to the climates of
Tabriz.

If we want to divide the level of discomfort of
occupants in the whole year into two parts: discomfort
caused by heat (in the first half of the year/hot seasons)
and discomfort caused by cold (in the second half of the
year/cold seasons). The following should be noted that in

2800
2400
2000
1600
1200
80
400
|
North East South West
S1 S2

o

Hours of thermal comfort during the
presence of occupents over the year

mYazd mBandar Abbas

all climates, thermal comfort decreased in cold seasons
in the third and fourth scenarios compared to the second
scenario. Therefore, they (S3 and S4) are not considered
an appropriate control in cold seasons. But in Bandar
Abbas region, the fourth scenario was more suitable for
the North zone in cold seasons (Figure 6).

DISCUSSION

This study presents the results of a detailed comparison
between four window controls. The results show that the
window control patterns used in the simulation affect the
indoor thermal comfort of each zone in each climate in
some way. To select the most appropriate window
opening scenario, the scenarios were ranked according to
their ability to increase hours of adaptive thermal comfort
in cold and hot seasons (Table 4).

In the climate of Yazd, the North, East, and West
zones experience the highest number of hours of thermal
comfort in cold seasons in the second scenario, and the
South zone has the highest number of ones in the first
scenario. In warm seasons, the South zone is more
comfortable in the second scenario, but the other zones
are more comfortable in the third scenario. Therefore, in
hot seasons, it is better to open the window of all zones
except the South zone based on the indoor temperature
and the window of the South zone based on the outdoor
temperature. In cold seasons, it is better to open the
window of the North, East, and West zones based on the
outdoor temperature, but not to open the window of the
South zone at all.

In the climate of Bandar Abbas in cold seasons, the
North zone in the fourth scenario and the other zones in
the second scenario experience the highest number of
hours of thermal comfort. In warm seasons, due to the
very high temperature in this climate, the third scenario

North East South West

North East South West North East South West
S3 S4
Tabriz

Figure 5. The number of hours of thermal comfort during the presence of occupants over the year
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Figure 6. The number of hours of thermal comfort during the presence of occupants a) in warm seasons b) in cold seasons

Table 4. The best scenario for window control in each zone and in climate, separating hot and cold seasons

Zones North East South West
Time period Warn Cold Whole  Warn Cold Whole  Warn Cold Whole  Warn Cold Whole
p seasons seasons  year  Seasons Seasons  year  seasons seasons  year  seasons seasons  year
Thebest  yazq s3 s2 s2 s3 s2 s2 s2 s1 s2 s3 s2 s2
control
scenario
froma Bandar o4 S4 s2 s3 s2 s2 s3 s2 s2 s3 s2 s2
Abbas
thermal
comfort .
Tabriz S2 S2 S2 S2 S1 S2 S2 S1 S2 S2 S1 S2

perspective

is the most suitable for all zones. Therefore, it is better to
open the window of all zones in warm seasons based on
the indoor temperature, and in cold seasons, the North
zone based on the difference between the indoor
temperature and the comfort temperature, and the other
zones based on the outdoor temperature.

In the climate of Tabriz, in cold seasons, the North
zone in the second scenario and other zones in the first

259

scenario have the highest number of hours of thermal
comfort. In warm seasons, all zones in the second
scenario experience the highest number of hours of
thermal comfort. Therefore, in warm seasons, it is better
to open all windows based on the outdoor temperature. In
cold seasons, it is better to open the window of North
zone based on the outdoor temperature, and the window
in other zones should not be opened at all.
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In the North zone in cold seasons in the climate of
Bandar Abbas, where the outdoor temperature is high, it
is better to open the window based on the difference
between the indoor temperature and the comfort
temperature, and the window in other regions based on
the outdoor temperature. In warm seasons, in Yazd and
Bandar Abbas, which have extremely hot climates, it is
better to open the window according to the indoor
temperature, and in another climate, according to the
outdoor temperature.

The South zone in warm seasons in Bandar Abbas,
due to the very high temperature, it is better to open the
window based on the indoor temperature and in other
climates based on the outdoor temperature. In cold
seasons in Bandar Abbas, the window of this zone is
opened based on the outdoor temperature, and the
window of other climates is not to be opened at all.

The window of the East and West zones is better to
open in cold seasons in the climate of Yazd and Bandar
Abbas based on the outdoor temperature and it should
never be opened in the climate of Tabriz. It is better to
open these windows in warm seasons in the Tabriz
climate based on the outdoor temperature and in other
climates based on the indoor temperature.

When a control scenario is considered throughout the
year, the second control scenario provides max thermal
comfort for all zones in all cities. But under hot
conditions (North zone in Bandar Abbas), indoor stimuli
are more responsive than outdoor stimuli by greatly
reducing hot discomfort hours in warm seasons, and
under very cold conditions (all zones in Tabriz), outdoor
stimuli are more responsive than indoor stimuli to
increase thermal comfort.

The results of this study should be seen in relation to
its limitations. One of the important limitations of this
research was the simulation-based analysis because field
data provide more accurate results for developing
predictive models. In addition, as we worked with
random numbers in this study, it is preferable to repeat
the simulations to validate the results, and the more
simulations, the more reliable the results. However, in
this research, the results were derived from one-time
simulations. Given the wide range of coefficients
reported, it seems challenging to determine which
desings are the most representative. Likewise, these
studies were conducted in another country, where
different weather conditions, cultural backgrounds, and
psychological differences may affect the obtained
models. The final goal of the models is to provide a
means to integrate window opening probability with
building simulation, and it is the scholar's responsibility
to select the appropriate model for the purpose. This
study of existing models provides a basis for comparison
with building measurements and provides insight into the
opening behavior of windows in residential buildings.

260

CONCLUSION

Using the EnergyPlus control language and the tools
EMS and Ladybug, this study examined the effect of
windows and natural ventilation on the thermal comfort
of a central courtyard house. This algorithm-based
method allows designers to evaluate different control
scenarios, and its concepts were used to answer the main
research questions.

To increase the number of hours of thermal comfort
in the North zone as the warmest zone in hot climate,
Bandar Abbas, control strategies based on indoor
stimulus, and in cold climate, Tabriz and Yazd, control
strategies based on outdoor stimulus are more responsive.
In the South zone with the lowest temperatures, at first it
is better not to open the windows, and in the next phase,
in hot and humid climates, a control strategy based on
outdoor temperature is more responsive. In the East and
West zones, when the temperature increases too much, it
is better to use the indoor stimulus and, for other times,
use the outdoor actuator to open the windows.

In general, it can be said that in all climates,
strategies based on outdoor stimulus provide more hours
of thermal comfort throughout the year. The max
increase in the number of hours of thermal comfort in the
overall zones is 25.7, 32.2, and 20.3 for the second
control scenario in Yazd, Bandar Abbas and Tabriz
regions, respectively.
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