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ABSTRACT

Unforeseen variations in user behaviour can cause large differences between real and predicted heating demands in dwell-
ings. While these discrepancies have been extensively documented in the literature, taking user behaviour into account in energy
calculations remains challenging and could benefit from additional knowledge of the inhabitants’ interactions with their houses
and systems.

In response to this need for additional knowledge, case-study analyses were carried out on two different neighbourhoods,
both consisting of nearly identical houses: one old neighbourhood with uninsulated houses and one recent neighbourhood built
according to contemporary energy regulations. Information on user behaviour, on the building characteristics, and on the result-
ing performance was gathered both by in-situ measurements and by surveys of the inhabitants.

Correlations and contradictions between presence, heating, and ventilation profiles were identified as decisive elements for
a better estimation of real heating demands. However, the analysis also illustrated that it is hardly possible to fully isolate user
behaviour from building characteristics and assess these as distinct entities. This is caused by the direct correlation between the
household typologies and the building typologies as well as by the influence of building characteristics on the user behaviour.

INTRODUCTION

The most commonly used tool for the evaluation of the
energy performance of dwellings in Belgium, the governmen-
tal EPBD calculation tool (VEA [2013]; based on EN ISO
13790 [ISO 2007]), assumes an average user behaviour as
well as average comfort criteria. However, field studies have
demonstrated the large dependency of both energy use and in-
door comfort on varying user profiles. Furthermore, shifts in
user behaviour have also been noted depending on the build-
ings’ characteristics, as indicated by Andersen (2009) and by
Hens et al. (2009). This added complexity and variation in
real life, when compared to EPBD calculations, is of huge
concern for many actors within the building sector, from pol-
icy makers and architects to their building clients. This is cer-
tainly the case for the Belgian residential building sector. It
consists mainly of small housing projects in which there is of-

ten no time or budget available for more advanced, tailor-
made studies than mere EPBD calculations based on a quasi-
steady-state heat balance with a single average user profile.

The aim of this study is to gain further insight info and
knowledge of the relation between user behaviour (e.g., use of
windows, ventilation, and heating devices), perceived com-
fort, and the resulting heating energy use in Belgian single-
family houses. The data for this study were collected through
surveys and measurements on housing neighbourhoods of
different energy performances. The houses range from old,
barely insulated houses and current standard houses to low-
energy and passive houses. This paper presents findings from
the first two neighbourhoods of single-family houses, com-
paring old, barely insulated houses with recently constructed
houses built according to the current Belgian energy regula-
tion standards.
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MATERIALS AND METHODS

Case Description

The variation in building characteristics within the Bel-
gian building stock is as vast as the variation in household ty-
pologies, resulting in an amount of possible situations that is
too large to be encompassed by a very thorough field study.
The challenge, therefore, lies in pursuing this field investiga-
tion through a pragmatic though comprehensive approach on
a limited number of houses. On the one hand, for the cases to
be complementary and usable for cross-comparisons, they
were selected to be illustrative of the heterogeneity in thermal
performance within the Belgian housing sector while still
being houses of comparable size and typology. On the other
hand, to differentiate the variations due to the users’ be-
haviour from those due to the characteristics of buildings,
uniform neighbourhoods were selected. Each selected neigh-
bourhood had been built by one single construction company
and one architect, in one time period, according to the stan-
dards of that time and with similar materials and services
across all houses. As such, each neighbourhood is a separate
cluster of nearly identical houses with different households.

This paper presents results from the analysis on two
neighbourhoods of single-family houses, which include 62
households or 186 people. Both samples (neighbourhoods)
share some basic characteristics that are typical for most Bel-
gian houses. They both consist of two-storey single-family
houses with brick cavity walls and tiled roofs. The living area
(including a living room, a kitchen, and a toilet) is located on
the ground floor. The sleeping area on the first floor consists
of three bedrooms and one bathroom. Despite these similari-
ties, the theoretical energy performances of both neighbour-
hoods are distinctively different.

The first sample (cs1: 36 houses) is an old social hous-
ing neighbourhood, dating from the 1960s. The houses are
barely insulated, have no mechanical ventilation system, and
are mainly heated by a single gas furnace in the living room.
Small additional electric heaters are used in the bathrooms
and sometimes in the bedroom. Over their 50 year lifespan,
only a few houses have been refurbished and only to a limited
extent.

The second sample (cs3: 26 houses) is a five-year-old
neighbourhood of privately owned houses. The houses are
representative of the present Belgian building standards,
complying to the new energy performance regulations. All
the houses have standard insulation levels, central exhaust
ventilation systems, and central hydronic heating via modern
gas boilers. While 16 out of the 26 houses are based on one
single design, the remaining 10 houses have slightly different
layouts, causing some limited building variation within this
sample.

Methodology

Information on the buildings and households was gath-
ered by in-situ measurements, by a thorough survey of the in-

habitants, and by collecting utility bills and meter readings for
gas and electricity consumption. The focus of this study was
on the heating energy demand and, therefore, measurements
and surveys took place during the winter season. The mea-
surements focused both on the building characteristics
(through infrared thermography, heat-flux measurements,
and airtightness measurements) as well as on the indoor cli-
mate (indoor temperature, humidity, carbon dioxide level).
The aim was to gather data not only for cross-comparisons be-
tween houses but also for comparisons between real values
and designed values (e.g., U-values of walls). The surveys of
the inhabitants focused on the users themselves, their habits,
and their interactions with the building as well as on their mo-
tivations, understanding of the building, and appreciation of
the resulting performance (energy use and comfort). This
way, measurements and surveys could be compared and their
complementarity exploited.

Three considerations were made when setting up the
survey strategy. First, as the neighbourhoods were relatively
small (approximately 30 to 60 houses), reaching a good par-
ticipation rate was crucial to end up with samples large
enough for further analyses. Second, to be representative for
the neighbourhoods’ varying households, the final samples
should not be composed merely of motivated inhabitants will-
ing to participate actively in intrusive studies. For these first
two reasons, the measurement and surveying procedures
could not be too demanding and a balance had to be found be-
tween the researchers’ scientific eagerness for data and the re-
sulting intrusion into the inhabitants’ daily routines and
privacy. Third, care had to be taken that the surveys would not
influence the inhabitants’ behaviour during the measurements
and yet that the gathered information would correspond as
closely as possible to the measured conditions. Because of
this third consideration, the surveys were submitted directly
after the measurement periods, when collecting the measure-
ment equipment. The participants were not asked to keep de-
tailed diaries of all activities and behavioural aspects of
interest at a high frequency over the whole week. Instead, they
were asked to draw daily profiles for an average weekday and
an average weekend day (e.g., directly concerning presence,
heating, ventilation), and the survey also included specific
questions to complement these profiles (e.g., Do you close the
windows when it rains? Do you close the windows when the
heating system is on?). When applicable, these questions al-
lowed input per individual inhabitant as well as per different
room or appliance. To avoid misinterpretations and to lower
the workload for the participants, the surveys were adapted to
each specific neighbourhood (e.g., the surveys omitted ques-
tions on the operation of mechanical ventilation systems for
the old housing neighbourhoods without those systems).
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RESULTS

The Dwellings

Due to the much higher recent building standards, the
more recent houses are supposed to reach a much better en-
ergy performance than the old, barely renovated houses.
Some differences were confirmed by in-situ measurements
(airtightness and heat flux measurements, infrared thermog-
raphy). By way of example, Figure 1a compares the airtight-
ness for both samples with reference data for Belgian single-
family houses. The reference data includes a random sample
of houses built in the late 1980s and early 1990s from the Sen-
vivv project (WTCB et al. 1998), a random sample of standard
dwellings from the past five years (UGent), and recent mea-
surement data from private-party consultants (BD), of which
the explicit low-energy houses (LEH) are separated as a rep-
resentation of today’s “engaged” market segment, as dis-
cussed by Laverge et al. (2010). The measured airtightness in
both neighbourhoods appeared to be in line with the expecta-
tions for their respective building periods and standards. The
spread in airtightness within both neighbourhoods can be at-
tributed to workmanship, occasional window replacements in
the old houses, and the presence of a few semi-detached
houses.

The heating energy demand derived from the meter
readings, however, does not correspond to the theoretical pre-
dictions. Figure 1b compares the real heating energy demand
with the theoretical demand according to the EPBD method.
The real energy use is clearly less than the predictions. Find-
ing a lower real energy demand might be considered to be a
good thing. However, as the overestimation of the energy de-
mand is higher in the old dwellings, the reduction in energy
demand when shifting towards the new dwellings appeared to
be much lower in practice than assumed: on average, approx-
imately 75 kWh/(m2·a) (24 000 Btu/[ft2·yr]) instead of

225 kWh/(m2·a) (71 000 Btu/[ft2·yr]). Furthermore, within
each neighbourhood, the real spread in energy use was much
larger than in theory. While the accumulation of small afore-
mentioned variations between the individual buildings does
create some spread within the theoretical energy use accord-
ing to the EPBD method, the much larger spread in real en-
ergy use can only be fully explained by taking the behaviour
of the inhabitants into account.

The Inhabitants

Demographics. The first neighbourhood consists of
rented social houses, built and owned by a social housing
company. The second neighbourhood was also built by a sin-
gle construction firm, but many houses are inhabited by pri-
vate owners. This neighbourhood mainly houses young
families, while the first set of households is more heteroge-
neous, with, as shown in Figures 2a and 2b, more older peo-
ple, lower education levels, and more retired and unemployed
people. This correlation between the ages and performances
of the buildings and their respective population sets is quite
symptomatic of underlying sociodemographic factors such as
the ages and incomes of the inhabitants. As will be shown
here, these differences both in households as well as in build-
ing typologies coincide with differences in user behaviour.

Presence. Each inhabitant reported his or her presence
in each room for an average weekday and for an average
weekend day. This data allowed us to build daily profiles rep-
resenting the probability of the presence of people in each
room. Presence is directly related to the daily occupation of
the inhabitants and thus on the type of household. As a refer-
ence, statistical data for Belgium is depicted in Figure 3a
(Laverge et al. 2011), next to the results from both neighbour-
hoods. The stacked coloured areas represent the probability
for one specific person to be present in a certain room of the
house over the course of the day. A probability of 1 means that

(a) (b)

Figure 1 (a) Measured airtightness (air change rate per hour at 50 Pa [0,0073 psi] pressure difference) and (b) measured vs.
theoretical yearly heating energy demand (normalized per unit of floor area).
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everyone is stated to be present in the house at that time of the
day, while reaching 0 means that no one is stated to be at home
at that time. Additionally, the lines show the probability of at
least one person being present in the room and are thus also
dependent on the size of the household. In cs1 (Figure 3b), the
probability of presence in the houses (and more specifically in
the living room) during weekdays was much higher than the
Belgian reference level. The opposite was true for cs3
(Figure 4a). This could be explained by the higher number of
unemployed and retired people in cs1, as indicated by Guerra-

Santin (2010). Also, the increased presence in the kitchen and
the living room during lunchtime in the reference data was not
found in either of the two samples. While no direct cause was
reported in the surveys, one explanation of the limited use of
the kitchens in cs1 could come from their very poor state and
their small size, making the directly heated and thus more
comfortable living room the preferred eating place. During
the weekend, the occupancy profiles in cs3 changed dramati-
cally, as shown in Figure 4b. Small time-shifts in the morning
and in the evening, increased presence in the living room, and

(a) (b)

Figure 2 (a) Date of birth: cs1 and cs3, compared to the Belgian population (cumulative distribution), and (b) degree of edu-
cation: highest diploma within each household.

(a) (b)

Figure 3 Probability of presence: (a) Belgian reference data (Laverge et al. 2011) and (b) cs1.
(Figure 3a reproduced from Laverge et al. [2011] with permission of ELSEVIER SCIENCE.)

(a) (b)

Figure 4 Probability of presence in cs3 (a) weekday (b) weekend.
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a wider spread of use of the kitchen over lunchtime and din-
nertime were the most obvious and noticeable differences.

Heating. Daily probability profiles for the heating of
each room were derived from the questionnaires, in a similar
way as the presence probability profiles. Both profiles proved
to be strongly correlated, especially for the living rooms. This
is obvious when comparing the heating profile of the living
room, as shown in Figure 5a for cs1 and Figure 6 for cs3, with
the probability of having at least one person present in the liv-
ing room (the green lines in Figures 3 and 4). For cs3, the
heating profile of the kitchens was much higher than that of
cs1 and closely followed the profile of the living rooms. The
higher functional and qualitative value of the kitchens in cs3
was not the only reason. The close fit in heating profiles be-
tween living rooms and kitchens in cs3 is also caused by the
frequent occurrence of open kitchens and the use of one cen-
tralized heating system, in most cases controlled by one single
clock-thermostat. In the other rooms, the direct link between
presence and heating was not always as obvious as in the liv-
ing room. The electric heaters in the bathrooms of cs1 were
reported to be turned on only when the bathroom was in use.
However, in most bathrooms of cs3, the heating appeared to

remain on from the moment someone was present in the house
during the daytime, synchronously to the heating in the living
area. In general, in the bedrooms, the heating devices were
barely used, merely occasionally to heat up the room before
going to sleep. Although the higher thermal performance of
the new dwellings should improve the thermal comfort in the
bedrooms of cs3, even without heating them directly, the bed-
room radiators were used more frequently in cs3 than in cs1.
The higher expense of electric heating and the idea of a low-
ered heating demand due the higher insulation levels in cs3,
further emphasized by differences in income between the two
groups of households, might explain these apparent rebound-
effects with regard to the heating in the bathrooms and the
bedrooms, as illustrated by Hens et al. (2009).

The large spread in daily heating profiles is illustrated
even better in Figure 5b. This figure shows the average num-
ber of heating hours per day as well as the heating setpoints
for each living room in both neighbourhoods. These were de-
duced by cross-analysis of the heating period data from the
surveys together with the continuous indoor temperature
measurements. Heating times ranged from 4 hours to 24 hours
per day. The overall gap between cs1 and cs3 is shown to be

(a) (b)

Figure 5 (a) Probability of heating in cs1 and (b) daily heating hours and primary setpoints for the living rooms (cs1 and cs3).

(a) (b)

Figure 6 Probability of heating in cs3: (a) weekday and (b) weekend.
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largely bridged during the weekend (error bars). The variation
in heating behaviour was even more striking when taking into
account the heating setpoints, which ranged from 18°C (64°F)
to 28°C (82°F). It is also important to note that the highest val-
ues were found in the old neighbourhood. Most likely, the rea-
sons for this are to be found both in the different users (e.g.,
older people requiring higher indoor temperatures, as con-
cluded by Mishra and Ramgopal [2013]) as well as in the dif-
ferent building characteristics. The poor thermal performance
of the building envelope of the old houses (as pointed out by
the airtightness and heat flux measurements and the presence
of large single-glazing areas), in combination with the cen-
trally located gas furnace, may have caused draught, radiation
asymmetry, and cold floor temperatures. Increasing the heat-
ing setpoint can partially compensate these forms of local dis-
comfort. It is therefore impossible to give one unique and
indisputable cause for these higher setpoints.There seems to
be a contradiction between, on the one hand, the higher set-
points and longer heating durations in the living rooms of the
old houses and, on the other, the larger overestimation of en-
ergy use in these same houses. The differences in heating pro-
files, between different houses and between different rooms,
are not the only missing factors in the standardized boundary
conditions of the EPBD calculation. Other related factors in-
clude the real, user-influenced ventilation heat losses in the
different zones.

Ventilation. For both the old and the recent dwellings,
the surveys showed a recurrent asynchrony, in time and space,
between the opening of windows on the one hand and both the
presence in and the heating of rooms on the other hand. As
shown in Figure 7, windows in the most heated rooms, the liv-
ing rooms, were reported to be opened only very rarely, while
the windows in the rarely heated bedrooms were often opened
during the day, especially in the morning when leaving the
bedroom. Except for a small shift in time, no significant dif-
ference was noted between the two neighbourhoods with
regard to the use of the bedroom windows. However, the use
of the bathroom and kitchen windows did differ significantly

between the old and recent neighbourhoods. The bathroom
and kitchen windows were opened much more frequently in
the old houses than in the new houses. Only the new houses,
however, have an exhaust ventilation system and an improved
insulation level. Therefore, in the bathrooms of the older
houses, high humidity levels were measured and condensa-
tion spots were reported on the uninsulated walls. In the ab-
sence of any mechanical ventilation system, opening the
windows became the inhabitants’ logical approach to tackling
the problem.

The mechanical exhaust ventilation in cs3 could be
thought of as a more effective ventilation solution, technically
more robust than window airing and still freely controllable
by the users. However, the measurements demonstrated large
divergences in installed flow rates between the different
houses, while the surveys showed a very uniform use of the
ventilation systems across all households. According to the
local ventilation standard, for these houses the highest total
exhaust flow must reach 150 m3/h (88,3 cfm) (75 m3/h
[44,1 cfm] for the kitchen, 50 m3/h [29,4 cfm] for the bath-
room, and 25 m3/h [14,7 cfm] for the toilet) and the user must
be able to select one of three preset ventilation flow rates.
However, almost every household stated that they left the
ventilation system at its lowest flow rate all the time, while the
total installed exhaust flows ranged from 81 m3/h (47,7 cfm)
to 206 m3/h (121 cfm) at full power (Figure 8a). The discrep-
ancy between installed and prescribed flow rates was even
more striking when looking at the rooms separately. The pre-
scribed 75 m3/h (44,1 cfm) could not be reached in any of the
kitchens (Figure 8b), while in most toilets the 25 m3/h
(14,7 cfm) target was reached at the second or even the lowest
flow rate (Figure 9b). These findings about installation and
use of ventilation systems appeared to be in line with findings
from previous field studies in Belgium and the Netherlands by
Rosseel (2008) and by van Dijken and Boerstra (2010).

(a) (b)

Figure 7 Probability of airing the windows in (a) cs1 and (b) cs3.
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DISCUSSION: PREDICTING AND ASSESSING

HEATING ENERGY USE

Ultimately, the goal of increasing knowledge on user
behaviour and real energy use is to improve the accuracy of
calculated predictions of heating demands (before building
the houses) and to enable a correct assessment of the real
building performances (after completion). Big challenges
arise from the huge variations in user behaviour both within a
house (between different rooms) as well as between different
houses (depending on the properties of the building envelope,
the HVAC systems, and their controls).

Prediction

To come to a fairly accurate prediction of the energy
use, beyond the accuracy of simple calculation methods using
standardized boundary conditions (such as the EPBD soft-
ware), one has to take into account both the discrepancies be-
tween theoretical and real technical characteristics (e.g., the
airtightness and the installed ventilation flow rates) as well as
the specific user profiles (e.g., heating duration and setpoints,
use of windows, and mechanical ventilation systems). Ad-

vanced, dynamic simulation tools, by their complex physical
algorithms and input flexibility, allow thorough modelling of
many of these parameters, as illustrated by de Meester et al.
(2013). However, more pragmatic, simplified models can also
be used to reach vastly improved predictions. To illustrate
this, Figure 10 adds to Figure 1b the calculated values for cs1
from an improved yet simple model. Similarly to the EPBD
software, this fast calculation tool is based on a monthly
quasi-steady-state method. The improved predictions arise
mainly from the extension to a multi-zone model in which the
differences in heating setpoints and daily heating times are
taken into account as well as the lower, more realistic venti-
lation airflows, as discussed by Delghust et al. (2012). The re-
maining errors result both from the limitation of the model as
well as from the remaining uncertainties about the building
and the user behaviour. It is worth considering whether the
benefit of a more complex advanced model will be valuable in
daily building practice when making predictions on yearly en-
ergy use in small single-family houses. The use of more ad-
vanced modelling tools would increase the calculation time
while the improved model’s precision would be made partly

(a) (b)

Figure 8 Exhaust ventilation airflows in cs3: (a) total and (b) kitchen.

(a) (b)

Figure 9 Exhaust ventilation airflows in cs3: (a) bathroom and (b) toilet.
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superfluous due to limited available data on the building and
the user behaviour before construction starts and thus before
the users move in. Balancing these considerations might re-
sult in different modelling choices dependent on the type of
building, the available time and expertise, the required calcu-
lation accuracy, and the goal of the analyses (e.g., estimating
peak loads instead of total yearly energy use, focusing on in-
dividual buildings or building stocks).

Assessment

When carrying out an assessment of existing buildings
and their real energy use, through measurements and/or sur-
veys, we often want to differentiate the performance of the
buildings from the effect of the specific user’s behaviour on
the resulting energy bill. This seems a justifiable goal when
aiming at assessing the workmanship and the reliability of the
design performance, when taking into account a certain pre-
defined use, agreed upon between all parties at the start of the
project. However, the findings from in-situ analyses question
whether this is possible, even in theory (assuming perfect
measurement and simulation tools), from the moment the real
use differs from the predefined one. As the properties of the
buildings influence users’ behaviours, while user behaviour is
also influenced by other parameters (e.g., socio-economical
parameters), it is doubtful whether this maze of causal con-
nections could be fully disentangled. Can we fully attribute
divergent heating setpoints and use of windows to the user on
the one hand, or to the building on the other, when local dis-
comfort, health conditions, etc., can also play a role? Apply-
ing statistical methods to large-scale samples might give a
solution when looking, for example, at larger building stock
levels. Findings from these analyses might, in turn, be used
for improved assessment models on smaller samples or indi-

vidual buildings. The robustness of such approaches for the
assessment of individual projects, e.g., for energy labelling,
might become an interesting challenge for future research.

CONCLUSIONS

While the collected data and the findings from these
case studies are much more extensive than presented here,
this paper illustrates the complexity of the problem. First, the
variation in user behaviours has a large impact on the real en-
ergy use in old and new houses, adding an important uncer-
tainty to the predicted energy use. Second, both the tuning and
the use of the ventilation systems differ significantly from
their design targets. The installed flow rates do not corre-
spond with the design values, and the inhabitants almost
never use the control buttons. Third, the technical differences
between old and new houses also influence user behavior.
The most striking example was noted in the bathroom, where
different heating and window airing profiles coincided with
the differences in heating and ventilation systems.

The paper also demonstrates the valuable complemen-
tarity between the different data sources (measurements and
surveys) in order to investigate these interactions between the
buildings and their users. It appeared very challenging to dif-
ferentiate the influences of building choices from those of a
specific household’s behaviour, e.g., with regard to heating
setpoints and the use of ventilation systems and windows in
the different rooms. This is a major challenge both for making
realistic prediction models on future energy use as well as for
assessments of energy performances of buildings in use. Sta-
tistical analyses on large though detailed datasets would be of
considerable help in understanding and quantifying the un-
derlying phenomena. However, the steps towards detailed as-
sessment of the performance of individual buildings will
probably remain very challenging.
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