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Abstract

Occupant behaviour can be deliberative, with actions
based on conscious reasoning, however, occupant
behaviour can be as well habitual (without conscious
reasoning), especially in residential settings. Most current
models are focussed on deliberative actions. In this study
the deliberative window use as simulated with four
different window use models from literature is compared
to observed habitual window use. The window use models
based on indoor temperatures are highly sensitive to the
heating set-point in the rooms. For low setpoints, very few
window opening actions are predicted. Additionally, even
tough most of the existing window use models are
stochastic, these models still underestimate the inter-
individual diversity. Consequently, these models can be
applied to predict average window use, but are not capable
of predicting the high diversity in window use observed
in the building stock, with that neglecting the variety in
energy use.

Key Innovations

e Comparison between simulated deliberative and
habitual window use

e  Most current window use models do not perform
well for environments with low heating-
setpoints (such as bedrooms)

e The wide extent of the inter-occupant diversity
is rarely captured with window use models.

Practical Implications

The evaluated window use models predict few actions in
the rooms with low heating set-points. Leading to little
variation in window use and energy use. It is necessary to
capture the ‘extreme’ window use, otherwise buildings
will be optimised for a general user, which may not
represent the actual user.

Introduction

Window opening behaviour can have an important impact
on the residential energy use, especially in energy
efficient dwellings. In recent years, many studies have
been conducted regarding window opening behaviour
(Andersen et al. 2013; Rijal 2018; Haldi and Robinson
2009; Tuohy et al. 2007; Barthelmes et al. 2017; Cali et
al. 2016; Jeong, Jeong, and Park 2016; Jones et al. 2017).
A few studies indicated that the window use may be a
habitual behaviour (Hauge 2016; Haldi and Robinson
2009; Verbruggen et al. 2020). This means that the

behaviour is performed without conscious thought as a
consequence of frequently repeating this action (Ouellette
and Wood 1998; Aarts, Verplanken, and Knippenberg
1998; Kléckner 2013). This contradicts most current
window use models which are based on the principle of
adaptive behaviour (Nicol, Humphreys, and Roaf 2012),
indicating the necessity of continuous deliberation.

It should be noted that the habitual behaviour may be
included in the existing window use models in a covert
way. For example, many occupant habitually open the
bedroom window when waking up, from this it can be
inferred that when the CO,-concentration is high — after a
complete night of COz-accumulation in the bedroom — the
probability of opening a window is high. Consequently,
the habits may be included by the influence of some
environmental variables. Haldi and Robinson (2009)
more explicitly included habits in a window use model
created for offices. They defined separate window
opening probabilities for when occupants arrive in the
office, work in the office or leave the office. This based
on the observations that most window actions happened
at these distinct moments in the daily life of the occupants.
Nevertheless, the probabilities for actions are still based
on physical environmental variables, so indicate a
conscious deliberative action.

Additionally, occupant behaviour is specifically
characterized by large inter-occupant diversity. Most
studies show high variability in window use between
different households. This variability in window opening
behaviour is often included in models with stochastics.
The models are based on the probability of the window
being in one state or the probability that the state changes.
However, this does not necessarily indicates that the
extreme diversity of occupants is included. There may be
slight variability across individuals or households, but the
extreme behaviours are often not included.

In this study, it is examined if the existing window use
models are able to capture the habitual window opening
behaviour. Therefore, the habitual window use is
compared to the window use simulated with four different
window opening models from literature, namely, the
Humphrey’s adaptive algorithm (Rijal et al. 2007) and the
models of Maeyens and Janssens (2003), Andersen et al.
(2013), and Haldi and Robinson (2009). The impact of the
use of these different models on the simulated energy use
is assessed as well.
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Methods

To be able to compare the models easily all window use
simulations are performed for the same house and for fifty
different households with corresponding occupancy
profiles. The same occupancy profiles are used for
simulation with each window use model. In this way fifty
simulations are conducted with each window use model
with identical inputs for comparability.

Simulation set-up

The window use and energy simulations are carried out in
Dymola (Modelica) with the use of the IDEAS-library
(Baetens et al. 2015). The Lsodar-solver is used and the
timestep of output is dependent on the applied window
use model. The simulations are carried out for one year,
assuming a typical Belgian climate by applying a climate-
file of Uccle.

The simulations are carried out for a terraced house with
three bedrooms. The living room is oriented to the South
while the main bedroom and the bathroom are oriented to
the North. The house complies with the standards for a
nearly-zero-energy building and has a mechanical heat-
recovery ventilation system with summer-bypass. The
heating system is modelled as an ideal system which
directly compensates the heat losses in order to maintain
the setpoint temperature.

The occupant related inputs for the different households
are as follows:

- The occupancy profiles for each room are
created with the model of Aerts et al. (2015).

- The heating setpoints are related to the
occupancy states. Present and active = 20°C,
asleep = 16°C, away = 18°C. The bedroom is not
heated (15°C), which is common in Belgian
households (Delghust 2016).

- Only internal heat gains by occupants are
included, not by appliances or lighting.

- No solar shades are present.

- The ventilation system is operating at a constant
flow rate (30 m3h supply in the bedroom, 60
m3/h supply in the living room and 35 mdh
extraction in the bathroom).

Habitual window use

The habitual window use is based on a survey conducted
in 2019 in Belgium (Verbruggen et al. 2020). This survey
queried about the habitual window opening behaviour of
Belgian residents in summer and wintertime.

Examples of habits in the bedroom are: opening the
windows shortly after waking up, leaving the windows
open during the night, leaving the windows open during
the day, opening the windows shortly before going to bed,
etc. Since these habits are mostly related to a change in
occupancy or activity these habits can easily be translated
to window use profiles based on the simulated occupancy
profiles. Therefore, we should denote that this does not
represent observed window use rather it represents
observed habits translated to window use profiles by
applying synthetic occupancy profiles.

For this study, 50 households with corresponding habits
were randomly selected out of the 499 households that
participated in the survey, with the only requirement that
they have a mechanical ventilation system. For these fifty
households the window use was simulated.

Applied window use models

The habitual window use is compared to the simulated
window use of four window use models. These four
models capture the window use in a different way. The
Humphrey’s adaptive algorithm (Rijal et al. 2007) is
specifically focussed on the deliberative adaptive window
actions. The models of Andersen et al. (2013) and
Maeyens and Janssens (2003) are as well solely focussed
on deliberative actions but include some factors that may
hint to habitual behaviour. Maeyens and Janssens by
including a correction factor for occupancy, Andersen et
al. by including the CO2-concentration which may be seen
as a proxy for the occupancy, and by including as well the
indoor relative humidity which may be linked to the
performance of specific activities. Finally, the discrete-
time Markov model of Haldi and Robinson (2009)
includes more explicitly the habitual behaviour with
separate probabilities for three distinct periods in the day
of the occupant. The four models are described in more
detail below.

Humphrey’s adaptive algorithm

The Humphrey’s adaptive algorithm (Rijal et al. 2007)
links the use of windows directly to thermal comfort.
Windows are opened or closed only when comfort is
disrupted. In a first step, it is determined if the thermal
conditions are satisfying or not, by comparing the comfort
temperature (Tcomf) to the operative temperature (Top),
taking into account a deadband of +-2°C.

The comfort temperature is calculated as follows:

if Trm>10°C:  Teomt = 0,33.Trm +18,8

else: Teomt = 0,09.Tim +22,6 (1)
With T, the daily running mean temperature.

When comfort requirements are not met an action may be
undertaken. When too cold the window may be closed or
when too hot the window may be opened. The probability
that an action is taken is based on the operative and
outdoor temperature.

logit(Popen) = 0,171.Top + 0,166.T. — 6,4 2
In the energy simulations only the indoor air temperature
is calculated, therefore, the Tqp is substituted in Equation
2 by the indoor air temperature (T;). This model calculates
the window use with a timestep of one hour. The model is
applied when occupants are present in the building, during
unoccupied periods the window state is assumed the same
as before departing.

Model of Maeyens and Janssens

The model of Maeyens and Janssens (2003) predicts the
hourly probability that a window is opened (Pogen) solely
based on the solar radiation (SR [W/mZ]), the outdoor
temperature (T¢[°C]), the windspeed (v [m/s]) and a
correction factor for presence (F) (Fracastoro and Lyberg
1983). This factor denotes the probability that occupants
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are at home. The probability is initially determined based
on the solar radiation and outdoor temperature (3) and is
further corrected for the windspeed and the presence (4).

if SR > 300 W/m2: Popen=(2,1.Te + 3)/100

else: Popen=(1,16.Te + 3)/100  (3)
|f V> 3 m/S Popenycorr = (1,55 — 0,183.V).P0pen.F
else: Popen,corr = I:’open-F (4)

In this model the occupancy is included with a correction
factor for presence, therefore the model is applied during
the full simulation time without limitations during
unoccupied periods.

Model of Andersen et al.

The model of Andersen et al. (2013) is based on a
multitude of physical environmental variables and is one
of the few window use models that include the CO»-
concentration, which can be seen as a proxy for
occupancy. The model predicts if an opening action
occurs when the window is closed and if a closing action
occurs when the window is open per 10 minutes. They
developed four different models depending on the
presence of a mechanical ventilation system and the
ownership of the dwelling. A distinction is made as well
between window use in the different seasons and in the
different rooms (bedroom and living room). They assume
that the window use in other rooms, such as the kitchen
and bathroom, is similar as in the living room. In this
paper, the model for rented dwellings with a mechanical
ventilation system is applied (Group 4). The equations for
the bedroom in summertime are given below.

IOgit(Popenybed) = '18,53 - 0,0lgTe + 0,18|0g(SR)
+0,057.SH + 0,029.RH, + 0,26.log(1llum)

+0,1.T; +1,16.109(CO5) (5)
IOgit(Pdoseybed) = '4,94 - 0,057Te + 0,l3|0g(SR)
- 0,089.5H - 0,028.RHe + 0,063.RH; (6)

With SH the number of solar hours of the day [h], RHeii
the outdoor (e) and indoor (i) relative humidity [%], [llum
the illuminace [lux] and CO, the COj-concentration
[ppm].

In this study no data regarding the occupancy of the
residents was available. The occupancy patterns were
derived from CO2-measurements. They assumed that the
room was unoccupied if the CO2 decreased and continued
to decrease below 420 ppm, or when the concentration
was below 420 ppm and the window was closed.
Additionally, when the window was open it was assumed
that the dwelling was occupied. This stems from the fact
that a common reason for closing the window was leaving
the dwelling. Therefore, this model is applied during the
occupied periods and during unoccupied periods the
windows are assumed to be closed.

Model of Haldi and Robinson

The final model is based on a discrete-time Markov
process (Haldi and Robinson 2009). Haldi and Robinson
found that most window actions occur at arrival or
departure from the office, with very few intermediate
actions. Therefore, the model distinguishes the

probabilities of opening and closing a window for three

occupancy-states: arrival, during occupancy and

departure. The probabilities of closing and opening a

window on arrival are based on the indoor and outdoor

temperature. Additionally, the probability of opening is

based on the occurrence of rain (F;) and the duration of
the preceding absence (Fabs prev).

Popenarr = -13,7 + 0,308.T; + 0,0395.T,

+ 1,826F aps prev— 0,43.F¢ (7)

Pclosevarr = 3,95 - 0,286T| - 0,0SOOTe (8)

The intermediate probabilities are based on the indoor and

outdoor temperature, the occurrence of rain and the
duration of the presence (Tpres).

Popen'in[: '11,78 + 0,236T| + 0,0394Te

= 0,0009.Tpres_ 0,336Fr (9)

Pelose,int = -4,14 + 0,026.T; - 0,0625.T, (10)

The probabilities at departure are not based on the

momentarily outdoor temperature but on the daily mean

outdoor temperature (Tedm). Additionally, the indoor

temperature, the duration of the following absence period

(Fans.next) and the fact if the office is situated at the ground

floor (Fgr) have an impact on the window action
probabilities.

Popen,dep =-8,72 + 0,1352.Te,dm

+ 0,85.Fapsnext + 0182-Fgf (11)
Petose.dep = -8,68 + 0,222.T; - 0,0936. Te cim
+ 1,534.Fab5,next_ 0,845-Fgf (12)

This model is developed for offices, but Schweiker et al.
(2012) found that is performs well for living rooms in
residential settings as well. This model is applied in this
study in two different ways. First, only the probability of
intermediate actions are applied during occupied periods
(as Schweiker et al. did in their study). Secondly, the
model is applied in its entirety. Additional to the
intermediate action probability, the probabilities of arrival
are applied when arriving in a room, and the probabilities
of departing when leaving the room. Due to simulation
issues the full model was only simulated for fifteen
households instead of fifty.

This model is applied with a time-step of 5 minutes.
Results & Discussion

The window use is evaluated based on both the prediction
of the state (opening percentage) and the actions. First, the
predicted opening percentages and their variability are
compared. The number of closing and opening actions are
evaluated as well. Lastly, the impact of the different
approaches of modelling window use on the residential
energy use is assessed.

Prediction of window state

The average yearly opening percentages in the bedroom
and living room are given in Figure 1. Both the adaptive
algorithm (0%) and the model of Haldi and Robinson (2-
3%) predict little to no window opening time, just as the
model of Andersen et al. in the bedroom (4%). For
comparison, in the study of Rijal et al. on which the
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Figure 1: Average yearly opening percentage in the bedroom and living room as simulated with the different
window opening models.

adaptive algorithm is based the average proportion of
open windows was 38% and in the study of Haldi and
Robinson 15%.

The adaptive algorithm predicts always closed windows
in this case study since the occupants are never in the ‘too
hot’-category, indicating that the occupants are
comfortable (or ‘too cold’) and therefore no window
opening actions are undertaken. While the other models
predict no actions since the probability of opening
windows is very low. The relatively low set-point
temperatures may be at the cause of the limited predicted
window openings. The setpoint temperature in the offices
of the study of Rijal et al. was 22°C instead of the 20°C
assumed in this study for the living room. Too counter
this, the simulation was repeated for this higher setpoint
temperature, nevertheless, the model still did not predict
any window openings. Both the adaptive algorithm and
the model of Haldi and Robinson were originally
developed for offices in which the internal heat gains by
occupants and appliances are higher. In offices the solar
gains are often higher as well, due to larger glazed areas.
Consequently, the derived probability for window
openings may be highly dependent on high indoor
temperatures.

It should be emphasized that heating to lower
temperatures or even not heating the bedroom at all is
quite common (Leidelmeijer and Grieken 2005; Delghust
2016). While less window actions are predicted for lower
indoor temperatures, it can be assumed that occupants
who prefer lower indoor temperatures prefer colder
environments and might even open their windows more
often.

Due to the limited predicted window openings the
variability in window use over the different simulations is
limited for the adaptive algorithm and the model of Haldi
and Robinson. The model of Maeyens and Janssens does
predict window openings with an average opening
percentage (14%) similar to that of the observed habits

across all rooms (17%). But the difference between rooms
is not captured, with similar opening percentages in all
rooms. Additionally, the variability is very low (opening
percentage between 13% and 15%). Since the model is
not dependent on the occupancy profile of the household
but is based on outdoor weather variables and a presence
probability, the window use predictions for each
household and each room are similar, with only a slight
variation due to the use of the stochastics for presence.

The only model that does capture the high diversity in
window use is the model of Andersen et al. in the living
room. The opening percentage varies between 1% and
60%, which is an even wider range than that of the
observed habits. However, less variability is predicted in
the bedroom. As set out before this can probably be
attributed to the lower heating setpoints in the bedroom.
The model of Andersen is as well the only model in this
study that was originally developed for residential
buildings, emphasizing the importance of the
development of separate models for residential and non-
residential settings.

Prediction of window actions

Analogue with the opening percentages, very little
window opening actions are predicted with the models
based on the indoor temperature (Table 1). The model of
Maeyens and Janssens on the other hand predict a
multitude of actions (at least 5 actions/day). This model
predicts the window use per hour, so if the window is
opened, it stays open for one hour, after that hour the
window state is evaluated again. This may lead to more
actions in comparison to the approach of other models that
define a separate opening probability and closing
probability. Additionally, not all of these actions are
predicted at realistic moments (e.g. the occupant is asleep
or not at home)(Figure 2). This can be attributed to the
use of the correction factor for occupancy instead of the
predicted occupancy. This correction factor is low during
the day but higher in the morning, evening and at night.
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Table 1: Number of opening actions per year as simulated with the different models.

Living room Bedroom Bathroom
average min  max average min max average min  max
Habits 709,4 0 2448 645,3 0 3441 434,7 0 3690
Humphrey's adaptive algorithm 0,0 0 0 0,0 0 0 0 0 0
Maeyens & Janssens 2102,8 2018 2230 2110,7 2034 2230 2101,5 2018 2230
Andersen et al. 132,8 38 234 10,7 0 58 3,4 0 18
Haldi & Robinson, partial 0,2 0 2 0,04 0 1 0 0 0
Haldi & Robinson 0,1 0 1 0 0 0 0 0 0
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Figure 2: Example of a window use profile of one day in the living room for both the observed habits and the simulated
window use based on Andersen et al. and Maeyens and Janssens. The corresponding occupancy profile is given as well.

Resulting in more actions during the night when the
occupants are asleep.

Energy use and indoor climate

The predicted heating energy use varies little for most
window use predictions (Figure 3), except for the model
of Andersen et al. This shows that the variability in
window use behaviours can have a significant impact on
the energy use. However, in reality the impact may be
smaller than predicted in this study, since it was assumed
that the heating stayed on when the windows were
opened.

Limitations

Based on these results it seems that habitual window use
is difficult to capture with the current window use models,
especially in rooms with lower-temperature set-points.
Nevertheless, some limitations of the study should be kept
in mind.

First and foremost, the predicted window use is compared
to an artificial observed window use. While the observed
habits are real, the occupancy profile used to create the
window use profiles is synthetic. Since many habits are
related to the occupancy state of the inhabitants, this may
have an important impact.

Furthermore, lower heating setpoints were assumed in
this study, in comparison to the observed temperatures in
the studies of the different window use models. This may
cause the very low opening percentages as simulated with
the different models. It confirms that these window use
models should be applied in the same climatic conditions
as for which the model was developed. Nevertheless,
occupants who prefer low heating setpoints will often
open the windows even more frequently than occupants
that are more sensitive to cold. Therefore, it is important
to predict the window use as well accurately for these low
heating set-points.
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Figure 3: Yearly heating energy as predicted with the different models.

Additionally, the heating is assumed to stay on when the
window is opened which may not be representative for
energy conscious occupants, and may lead to higher
energy use variations.

Conclusion

We can conclude that the habitual window use in this
simulation study can not be accurately predicted with the
existing window use models. The adaptive algorithm and
the model of Haldi and Robinson, as developed for
offices, are not good for extrapolation to residential
setting with low indoor temperatures. This contradicts the
findings of Schweiker et al., however, they only evaluated
the model for living rooms and the measured indoor
temperatures were significantly higher (average above
22°C). Low indoor temperatures affect the model of
Andersen et al. highly as well, with much lower opening
percentages for low indoor temperatures. The opening
percentage of the model of Maeyens and Janssens is in
good agreement, however, often unrealistic actions are
predicted, not relating well to the day to day life of the
occupants.

The lack of window opening predictions with most
models indicate that models based on deliberative actions
may not be able to accurately grasp the window opening
behaviour of the diverse set of occupants. This diversity
however, can be grasped by models that are based on the
habits of the occupants. Habits can be extremely diverse
and can allow for window use predictions ranging from
always closed to always open, while maintaining a good
relationship with the daily life of the occupants. Even
tough it was hypothesised that some of the habitual
behaviour is captured in previously developed window
use models, this simulation study has proven that the
hypothesis needs to be rejected for this specific study. The
approach of relating the window use probabilities to
specific moments in the day, as applied by Haldi and
Robinson, is an interesting path. However, an
amelioration of this models for residential settings with

habitual indicators could prove useful, especially when
indoor temperatures are low.
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