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a b s t r a c t 

Households’ heating energy consumption is one of the most important sources of a nation’s total CO 2 
emissions. But there remains uncertainty about the impact of occupant behaviour on heating energy 
consumption, especially in multi-apartment buildings. In bringing together apartment specific data of 
occupant behaviour and physical building properties of multi-apartment buildings, the quantitative influ- 
ence of different factors determining apartments’ heating energy consumption can be separated by means 
of OLS-regression. For multi-apartment buildings the heating energy consumption of a single apartment 
seems to be determined not only by the behaviour of households in opening windows and using ra- 
diators but also by internal heat transfers, triggered by temperature differences between neighbouring 
apartments. This study shows some limits of refurbishment policies and consumer education and points 
to the importance of considering both data on occupant behaviour and building physics at the apartment 
level together to understand households’ heating energy consumption. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

In this paper we investigate the causes for the energy perfor-
ance gap in 40 apartments across six identical energy-efficient
ulti-apartment buildings 1 in Munich, southern Germany, over

ne heating period. We consider the interplay between different
ccupant practices within the same building to be a major cause
or the high heating energy consumption in these buildings. In-
ernal temperature differences between apartments, caused by dif-
erent heating and ventilation habits of the respective households,
ead to transfers of heating energy between adjacent apartments
nd thus to large differences in households’ heating energy con-
umption and their respective energy performance gap. Analysing
he interplay between building physics and occupant behaviour
t the household level helps to understand the limits of purely
∗ Corresponding authors. . 
E-mail addresses: simon.moeller@soziologie.uni-muenchen.de (S. Moeller), 

.weber@iwu.de (I. Weber), f.schroeder@metrona-union.de (F. Schröder), 
melie.bauer@soziologie.uni-muenchen.de (A. Bauer), hannes.harter@tum.de (H. 
arter). 
1 The buildings are identical in layout and efficiency standard according to the 
erman Energy Saving Ordinance (EnEV) of 2009. Each building consists of 8 apart- 
ents. 
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92
echno-centric approaches in reducing households’ heating energy
onsumption. 

Of the total final energy consumption in Germany about 26% is
onsumed in residential buildings, with around 70% of this share
sed for heating purposes [1] . Besides considerable efforts to up-
rade buildings and heating technology to current energy effi-
iency standards [2,3] , there remains a gap between the predicted
eating energy demand and the actual heating energy consumed 2 

y occupants [4] . This mismatch between design predictions and
eal consumption is referred to as energy performance gap 3 (EPG),
efined as the percentage difference between the actual measured
eating energy consumption and the predicted energy demand of
 building [5] . 
2 Hereafter, the terms consumption, energy consumption or heating energy con- 
umption refer to the actual metered final energy consumption for space heating, 
nless otherwise stated. The terms demand, energy demand, heating energy de- 
and and predicted or calculated energy demand refer to the theoretical design 

emand calculated on the basis of information about the envelope and layout of 
he building. 

3 The energy performance gap is in the literature often mixed up with other con- 
epts like the energy savings deficit or the rebound effect, or labelled differently 
e.g. energy efficiency gap), due to inconsistencies in definitions and terminology 
5]. When referring to studies using different labels we will use the term energy 
erformance gap for consistency reasons. 
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Explanations for the causes of the EPG mostly relate to techni-
cal and design issues [6–8] as well as occupant behaviour. A re-
curring topic in this regard are rebound effects [5,9–11] , which
are based on ideas of rational behaviour and describe a situation
where efficiency gains are at least partly compensated by the de-
mand for higher room temperatures and more negligent ventila-
tion behaviour. 

Critique of such explanations generally centres around an overly
simplistic understanding of the occupants and the disregard of in-
teraction effects between building and occupant behaviour [12–14] .
Social practice theory, which has for some time now received in-
creased attention in the field of energy research [15–17] addresses
these shortcomings, moving beyond simplistic accounts of occu-
pant modelling by focusing on “practices” rather than on the be-
haviour of individuals. Thus the interaction between building and
occupant behaviour, such as difficulties in the handling of building
controls [18] , adaptation effects [13–19] or the emergence of en-
ergy consuming practices as a reaction to the design of the built
environment [15] , is emphasized. 

By building on social practice theory [20–23] and combining
it with calculations of EPGs and measurements of indoor tem-
peratures and window opening rates of each specific apartment
we investigate the mutual effects of building physics and differ-
ent patterns of occupant behaviour on the EPG of the individual
apartments. The advantage of focusing on EPGs at apartment level
is that both the predicted heating energy demand dependent on
the location of an apartment in a building and the metered heat-
ing energy consumption of the individual households in the apart-
ments are taken into account. From the perspective of heating en-
ergy consumption, it matters if a household lives in the middle
of the building or in an apartment on the top floor. Differences
within buildings, which are usually ignored in calculations of en-
ergy performance certificates, are therefore considered. This ap-
proach offers new and more detailed insights into the interactions
between buildings and household practices, in particular into the
internal heat transfers between adjacent apartments, which have
been largely disregarded in this context so far and are not yet well
understood [18] . 

The next section provides a brief literature review on the EPG,
occupant behaviour and the interactions between buildings and oc-
cupants. We then introduce a model for estimating the individual,
apartment related energy demand and describe the data and meth-
ods used in this study. In the fourth section, we present the results
regarding the differences in EPGs between apartments followed by
a regression model of apartment related energy consumption tak-
ing building and occupant factors into account. The main results
are summarized and discussed, followed by an outlook of the pol-
icy implications in the last section. 

2. Literature review 

The energy performance gap (EPG) is calculated by comparing
the predicted heating energy demand with the actual metered
heating energy consumption in the operational phase and is there-
fore a measure of the unrealized potential of buildings with regard
to energy efficiency [5] . The EPG has attracted great attention and
numerous studies report the actual heating energy consumption
for energy-efficient buildings 4 is threefold the predicted heating
energy demand. In a survey of German single and multi-apartment
buildings, Erhorn reports discrepancies between calculated and
actual heating energy requirements of 300% [24] , while Calì et al.
[25] found a wide variation of EPGs, ranging from below 0 to over
4 In this article, when we speak of energy-efficient buildings, we mean, unless 
otherwise stated, buildings that, like the buildings in our sample, meet the require- 
ments of the German Energy Saving Ordinance (EnEV) of 2009. 
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a  
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80% for three different buildings in Germany. Haas et al. [26] and
aas and Biermayr [27] report in their studies of 400 and 500
uildings EPGs of 15 to 30% and 20 to 30% respectively, while in
 more recent study of 10 buildings in Germany, refurbished be-
ween 2010 and 2015, Weber and Wolff [28] report EPGs ranging
etween - 33% and 65%. 

Despite ample evidence on the existence of EPGs, there re-
ains a gap in research understanding the performance of in-

ividual apartments in multi-apartment buildings (exceptions are
18,25,28–30] ). This can, at least in part, be explained by the fact
hat there exists no standardised method of calculating the heating
nergy demand of single apartments within buildings [31] . Con-
equently, most studies only consider complete buildings without
ifferentiating between apartments (e.g. [32–35] ). 

The causes of EPGs are often traced back to technical and de-
ign issues, such as problems with heating or ventilation tech-
ology [7,8] and oversimplified assumptions used in calculation
nd simulation procedures [6] . Building characteristics and heat-
ng technology are largely considered to be the most impor-
ant determinants of differences in heating energy consumption
9,36,37 . Occupant behaviour is regarded as the main remain-
ng cause for the differences in heating energy consumption be-
ween buildings [29,38,39]. Many studies therefore consider occu-
ant behaviour to be a root cause for the underperformance of
nergy-efficient buildings [4,40] . Within this literature, the differ-
nces in energy consumption are explained by window opening
ehaviour [41,42] , thermal comfort preferences, temperature set-
ings and temperature profiles [39,43] , socio-economic variables or
ivergences in occupancy patterns [9,43] . 

A recurring topic in research on households’ energy consump-
ion are rebound effects [9–11,44,45] , usually understood in a nar-
ow economic sense: they describe situations where efficiency
ains are, at least in part, compensated by a deliberate increase
n the consumption of energy services in reaction to a decrease in
he cost of these energy services following the use of more effi-
ient technology [46] . 

Recommendations for taking action to decrease the EPG are
ften based on these findings. In research about occupant be-
aviour and user interference, in accordance with the view of oc-
upants as rational actors, there is a noticeable bias towards stud-
es on awareness-raising and consumer feedback to inform and ed-
cate occupants and guide their behaviour towards more desirable
aths [47–50] . This research often builds on models of planned
nd rational behaviour [51] and other ABC (Attitude, Behaviour
nd Choice) approaches [52] , implying that a combination of peo-
les’ attitudes and contextual barriers, such as incomplete infor-
ation about the environmental consequences of energy consump-

ion, drive wasteful energy use. However, overall, information and
eedback approaches have shown little success in changing con-
umer behaviour [14,50,53] . 

By placing the focus on the interactive nature of build-
ng physics and occupant behaviour, social practice theory (SPT)
elps to understand these shortcomings. It implies a more socio-
echnical view on energy consumption within buildings [13–

15,54] by accounting in more detail for the embeddedness of be-
aviour in the environment of social interactions and the built en-
ironment [55] . This framework has so far been applied success-
ully in the field of energy research [13,14,18,19,56–59] . Accord-
ng to Galvin and Sunikka-Blank, it is mostly applied as a heuris-
ic tool [23] implying a shift in perspective, away from individ-
al actors making rational decisions based on cost-benefit calcu-

ations towards practices and the interactive nature between its el-
ments technology and peoples’ meanings, knowledge and habits
58] . Consequently, practices consist of different elements shaped
s much by personal meanings and skills as by material surround-
ngs [22] . And it is therefore not useful to think of behaviour as be-
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ng rational and planned but rather as consisting in largely uncon-
cious routines and habits evolving over time in a co-evolutionary
rocess with its environment [60] . Without going into a detailed
nalysis of these elements when analysing occupant behaviour, the
heoretical and empirical approach in this study is backed by using
he framework of practice theory as a heuristic device. 

The practice theoretical accounts, together with findings about
he heat transfers between apartments [25] , encouraged us to look
t the interactions between households within multi-apartment
uildings in more detail. These buildings are of particular rele-
ance in Germany, where about half of the population lives as ten-
nts in buildings with three or more apartments [61] . Together
ith indoor temperatures and window opening rates, which are
sually regarded to be the most important determinants of occu-
ant behaviour on heating energy consumption [39,62] , we con-
ider the interaction effects between apartments to be an impor-
ant additional explanatory factor for the heating energy consump-
ion of households. Research on the heat cost allocation in multi-
partment buildings points to the importance of considering in-
ernal heat transfers between apartments when calculating house-
olds’ specific costs of heating energy consumption [63–65] . Calì
t al. [25] and Osterhage et al. [66] point to the heat transfers
hrough inner walls and the possible effects on the heating en-
rgy consumption of single households in multi-apartment build-
ngs. This is confirmed by Gafsi and Lefebvre [67] who report
hat different types of behaviour, through their interaction within
partment buildings, lead to high internal heat transfers between
partments. While some households benefit from heat transfers,
ecreasing their own energy consumption, other households suf-
er high heat losses due to heat transfers to adjacent apartments
hrough temperature differences [8,25] . Consequently, indoor tem-
eratures should not only be considered as an indicator for the
hermal comfort of occupants as they are a result of the interaction
ffects between occupant practices in adjacent apartments and the
ifferent heat transfer coefficients of the inner and external walls.
he relative importance of heat transfers increases with rising in-
ulation standards of buildings. Internal heat transfers thus depend
n building characteristics as well as on occupant behaviour. Vice
ersa, they also influence the behaviour of occupants by increasing
r decreasing the need for heating, thus being a good example of
he emergence of a practice if certain conditions and interactions
re upheld for a longer period of time. 

In the next section we describe how we estimated the inter-
al heat transfers between the apartments in six multi-apartment
uildings based on a static model. This allows us to address both
he differences in the EPGs between the apartments as well as the
nteractions between the occupants and the buildings in the fol-
owing analyses. 

. Data and methods 

Our analysis builds on building and measurement data for
ix three story multi-apartment buildings of equal design and
nergy standard, built in 2010 in Munich, southern Germany,
n accordance with the German Energy Saving Ordinance (En-
rgieeinsparverordnung - EnEV) of 2009 [68] . Each apartment
uilding has 8 apartments and a total effective area of 750 m ²,
f which about 600 m ² are living area (see Fig. 1 ). Information
n the buildings, such as the floor plans, wall and window area
nd specific heat transfer coefficients were drawn from the ther-
al insulation certificate. 5 We determined the heating energy de-
and of each apartment under assumptions used in the German
5 The thermal insulation certificate (German: Wärmeschutznachweis) was com- 
iled according to EnEV 2009, DIN 4108, DIN EN 832 and DIN 4701-10. 

t  

d  

c  

94
nergy Saving Ordinance (EnEV) and calculated it on the basis of
IN V 4108–6:2003–06 for residential buildings [69] . For these cal-
ulations we added up the hourly heat gains and losses based on
he assumptions of an indoor temperature of 19 °C, an air change
ate of 0.7 h − 1 , internal heat gains of 5 W/m ² and solar heat
ains according to the global radiation in the measurement pe-
iod. The apartment related surface-to-volume ratio depending on
ach apartment’s location has been included in the calculation. The
redicted values for the heating period from October to April are
hown in Table 1 . They differ not only by the size of the apart-
ent, but also depend on the apartment’s location. The apartments

n the top floor (i.E. Apartments 1–3) have an energy demand of
.5 to 2 times higher than the apartments of the same size on the
nd floor (Apartments 4–6) due to the larger surface-to-volume ra-
io with external walls. The total energy demand of the apartments
ums up to 45.4 MWh/a (60 kWh/m ²a). 

Between October 2012 and September 2013, the buildings
ere subject to a research project and the apartments had been

quipped with temperature sensors and window handle contacts.
he indoor temperatures and window statuses (open/closed) were
ogged every few minutes and aggregated on an hourly basis. The
utdoor temperatures and global radiation were measured hourly.
he heating energy consumption for all but 8 apartments and the
otal energy consumed for domestic hot water consumption per

ulti-apartment building was measured on a monthly basis [70] .
or further analysis we aggregated all data on the level of months
nd apartments. The complete methodological process is shown in
ig. 2 in a general overview. 

In order to calculate the EPGs for apartments, which in princi-
le should be comparable with other studies, the measured heat-

ng energy consumption for all apartments had to undergo a
eather adjustment and two further adjustments described in the

ollowing paragraph. 
Each multi-apartment building is equipped with a central do-

estic hot water system and these systems have been shown to
ecrease the heating energy consumption of buildings significantly
hrough their heat losses compared to buildings with decentralized
ot water generation [63,70–72 . We take this effect into account
y adding 60% of the average building energy consumption for hot
ater generation per square metre to the measured heating en-

rgy consumption of each household. This estimate of the energy
istribution losses from hot water generation is a conservative es-
imate compared to the results from Schröder et al. [70] and other
tudies [63–71,72] , who find that in buildings with central domes-
ic hot water systems approximately 45–80% of the energy for hot
ater production is lost through the distribution within the build-

ng. The distribution of 60% of the average domestic hot water en-
rgy consumption in our multi-apartment buildings leads to a 26%
ncrease on the energy consumption of each apartment. For the to-
al heating energy consumption at the building level, we further-

ore added 20% to account for the average heating energy con-
umption of the partially heated basement and staircases which
re not included in the metered consumption data of the apart-
ents. The 20% is the average difference between the sum of the
easured heating energy consumption of the apartments within

ach apartment building and the respective total measured heat-
ng energy consumption per building. We had annual data from
011 to 2017 for both. After these corrections, the adjusted heat-

ng energy consumption for the average multi-apartment building
mounts to 51.8 MWh (69 kWh/m ²a). 

The energy performance gap (EPG) on the building level as well
s for each apartment can now be calculated as the difference be-
ween the adjusted heating energy consumption C and the pre-
icted energy demand D divided by the energy demand D in per-
ent (see Eq. (1) ), returning an average EPG for the buildings of
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Fig. 1. North view of one of the buildings with apartment id and living area in m ². 

Table 1 
Heating energy demand of individual apartments in kWh over heating period. 

Apartment 1 Apartment 2 Apartment 3 Apartment 4 Apartment 5 Apartment 6 Apartment 7 Apartment 8 

Total heating period [kwh] 7365 2798 6338 4680 1492 4141 6664 6861 

Fig. 2. Research methodology. 

95
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Table 2 
Descriptive statistics for independent variables in regression models. 

Mean Min Max SD n ∗

Living area [m ²] 73 40 98 21.5 48 
Living area squared 
External wall area [m ²] 127 30 205 63.3 48 
Internal heat transfers [kWh] 0 −665 849 282 336 
Indoor temperature [ °C] 22.0 14.9 26.2 2.0 336 
Window opening rate [%] 28 0 100 25 329 

∗ The number of observations for living area and external wall area refer to 
the 48 different apartments whereas the observations for indoor temperature, 
window opening rate and internal heat transfers result from measures in 48 
apartments for 7 time periods. 
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6 Based on the performance of the automatic ventilation system, this system con- 
tributes an air change rate of approximately 0.17 h -1 . If an air change rate of 0.7 h -1 

is necessary and an air change rate of 5 h -1 is assumed in winter when windows 
are opened, then a window opening rate of roughly 10% would be necessary. 
5.4% [5] . 

PG = 
C − D 

D 
× 100% (1) 

Where EPG = Energy Performance Gap [%]; C = Adjusted Heat-
ng Energy Consumption [kWh]; D = Predicted Heating Energy De-

and [kWh]. 
In the next step, we extended our building model with infor-

ation on measured indoor temperatures for each apartment. This
llowed us to calculate the heat transmission losses based on the
ifferences between actual indoor and outdoor temperatures. As
he heat transfer coefficients for the internal walls are not reported
n the thermal insulation certificate, we assumed a coefficient of
.3 W/m ²K, which represents a conservative estimate [64] [com-
are [73] for similar values]. Our main variable of interest, the in-
ernal heat transfers between adjacent apartments, was then calcu-
ated for each apartment based on the internal wall areas and the
eat transfer coefficients by taking the differences between the ac-
ual apartment-related indoor temperatures into account. 

For the multivariate analysis of the heating energy consumption
n the apartment level to estimate the effect of the heat transfers
etween the different households on the heating energy consump-
ion of a household, we perform stepwise, cross-sectional ordinary
east squares regression (OLS). The dependent variable of interest is
he apartment’s monthly energy consumption in kWh. All indepen-
ent variables are monthly values and refer to the apartment-level.
he descriptive statistics of the independent variables are shown in
able 2 . 

The variable “living area” is an indicator for the differences in
partment size and typical occupancy within apartments, while
living area squared” takes into account a scale effect, based on the
eneral observation that smaller apartments consume more energy
er square metre than larger apartments [74] . Together with the
ariable “external wall area”, representing a control variable for the
eat transmission losses, these two variables describe the influence
f the building performance on the heating energy consumption.
Indoor temperatures”, measured in °C and ventilation rate are the
ain variables we find in the literature for describing occupant be-

aviour. Since we do not know air change rates when windows are
pened, we use “window opening rate” as a proxy for the ventila-
ion, measured as a factor of both the share of windows and the
ercent of time in which they are opened. Additionally, we include
he calculated monthly “internal heat transfers” from and to adja-
ent apartments into the model. Dummy-variables for the months
ctober to April as well as for the six multi-apartment buildings
ere included in the models to control for possible autocorrela-

ion. Since we have consumption data for 40 apartments within 6
uildings and for 7 months, we have a panel data set where we
eed to correct for autocorrelation by using clustered standard er-
ors at the apartment building level. 

We controlled for multicollinearity with variance inflation fac-
ors, looking in more detail at the variables with a value higher
96
han a threshold of 2.5. We find values of 4 for internal heat trans-
ers and indoor temperatures, which can be expected due to the
alculation method of heat transfers. This issue is discussed further
n Section 5 . We find no substantial distortions through outliers,
ased on predicting the studentized residuals and looking at the

everage-versus-squared residual plots. We also performed robust-
ess checks by calculating the models for each month separately,
hich did not indicate any signs of concern. 

. Results 

.1. Descriptive analysis of the differences between the apartment 
uildings 

To investigate the causes of the energy performance gap (EPG)
n the energy-efficient multi-apartment buildings, we start our
nalysis by looking at the descriptive statistics of the building-
elated heating energy demand according to the thermal insulation
ertificate and the building-related metered heating energy con-
umption ( Fig. 3 ). 

The adjusted, metered heating energy consumption of the aver-
ge apartment building amounts to approximately 51.8 MWh
68 kWh/m ²a), which is markedly above the 44.9 MWh
59 kWh/m ²a) calculated in the thermal insulation certificate.
his results in an EPG of 15% ((51.8 – 44.9) / 44.9), a figure which
ompares well to what one can find for similar buildings in the
iterature [25] . 

.2. Descriptive analysis of the differences between the apartments 

In the following, we will first examine possible reasons for the
bservation of an EPG by looking at the descriptive statistics of be-
aviour and building physics at the level of the apartments. 

Table 3 shows that there exist large differences between the 40
partments with regard to average indoor temperatures, window
pening rates, energy consumption and EPGs over the heating pe-
iod from October 2012 to April 2013. 

All apartments appear to be rather warm in comparison to the
verage temperature of 19 °C which is commonly assumed in cal-
ulations of the heating energy demand, e.g. according to the DIN
 4108–6:2003–06 [69] . The average temperature in the apartment
uildings within the heating period lies at 22 °C, but single apart-
ents can deviate from this by almost ±4 K, which we argue can

xplain some of the differences in the heating energy consumption.
his temperature difference is an indication that actual occupant
ehaviour deviates from projected behavioural standards in energy
emand calculations, a finding which is also observed in other re-
earch [30–33] . 

Furthermore, window opening rates differ widely between
partments with some households almost never opening their
indows, while, e.g. the window opening rate in apartment 1,5 –

ead building ID, apartment ID – amounts to 65%. Many house-
olds open their windows for durations much longer compared to
hat should be necessary in such buildings considering default re-

uirements of air change of 0.7 vol per hour, an actual air change
ate of about 0.17 h − 1 from the automatic ventilation system 6 and
 high probability for considerable air change rates above 1 h − 1 

nd up to 30 h − 1 once windows are opened [41.75–77] . Excess
entilation can result from different routines and habits of house-
olds, their preference for fresh air [40,78] or, what could be even
ore important when looking at the EPG of apartment buildings,
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Fig. 3. Comparison of monthly heating energy demand and heating energy consumption [MWh] for multi-apartment buildings for which the heating energy consumption is 
fully available for all apartments. 

Table 3 
Temperature, window opening rate, adjusted heating energy consumption and EPG for the heating period October 2012 to April 2013. 
Energy consumption data is missing for 8 apartments. 
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Table 4 
Average, min, max and standard deviation of indoor temperature, window opening rate, heating energy consumption, EPG and 
calculated internal heat transfers in apartment building 3 in January 2013. 

Apartment ID 1 2 3 4 5 6 7 8 

Temperature [ °C] 18.46 22.84 21.73 20.63 22.09 23.51 24.2 21.51 
Min temperature [ °C] 15.45 20.78 16.86 19.14 16.00 20.25 22.09 20.32 
Max temperature [ °C] 21.04 24.24 25.07 21.91 26.57 25.28 25.61 22.89 
SD temperature [ °C] 1.08 0.58 1.9 0.59 2.15 0.69 0.68 0.47 
Window opening rate [%] 13 5 5 3 63 14 7 1 
SD window opening rate [%] 17 15 10 9 32 14 14 5 
Energy demand [kWh/month] 1589 621 1385 1102 385 986 1520 1601 
Energy consumption [kWh/month] 962 449 875 328 904 1329 1500 924 
Energy consumption [KWh/m ²/month] 11.19 11.23 12.68 3.81 22.6 19.26 15.31 9.62 
Energy consumption [kWh/m ²a] 76 55 55 16 117 121 94 49 
EPG [%] −25 −11 −24 −50 + 162 + 53 + 15 −27 
Internal heat transfers [kWh](- losses + gains) 304 −168 159 163 43 −314 −418 232 
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he ventilation of excess heat gains from solar radiation or internal
eat transfers from neighbours triggered by a preference for cool
emperatures. 

With heating energy consumption for some households up to
our times the calculated heating energy demand, we see a wide
ange of different EPGs. While most households, performing bet-
er than their threshold value (EPG < 0), seem to have moderate
ndoor temperatures ( < 21 °C) and window opening rates (around
0%) (e.g. apartment 1,8 and 6,4), apartments with a high EPG ap-
ear to have either high temperatures (e.g. apartment 1,6; 4,1),
igh window opening rates (e.g. apartment 4,8; 3,7) or a combi-
ation of both (e.g. apartment 3,5; 1,5). We also see a small pro-
ortion of households that, counterintuitively, have relatively high
emperatures, are in the normal range of ventilating, yet perform
xceptionally well with respect to their energy consumption (3,3;
,2) and some households with similar behavioural patterns (e.g.
,3; 1,6) but significant differences in their EPG. The reasons for
hese results are examined in the following. 

In Table 4 we look at the EPG, heating energy demand and
onsumption and the three explanatory variables – indoor tem-
erature, window opening rate and internal heat transfers – more
losely by comparing different statistical indicators for each of
hese variables for the 8 apartments of apartment building 3 in
anuary 2013. 

If we compare the indoor temperatures of the eight apartments
f one apartment building over a longer period of time in winter,
ne finds that the average temperatures in the apartments differ
y almost ±3 K from the average temperature of the building and
ary between 18.5 °C in apartment 1 and 24.2 °C in apartment 7.
 similar pattern can be found for window opening rates. While
ccupants in apartment 5 left at least one window open 63% of
he time in the observation period, when outdoor temperatures in

unich were on average at 0.5 °C, most households only ventilated
etween 5 and 15% of the time. 

Monthly energy consumption in January differs by a factor of
lmost six from 3.8 kWh/m ² for the most economizing apart-
ent (4) to 22.6 kWh/m ² for the apartment (5) having the highest

onsumption. This can be traced back to the ventilation behaviour
f its inhabitants. Even though apartment 5 has a high energy con-
umption, it still shows a net gain from the internal heat transfers,
hile the apartments above (2) and below (7) lose net energy to

heir neighbours. This indicates that the household in apartment 5
ctually not only ventilates its own but also its neighbours heating
nergy as an effect of internal heat transfers. 

It is furthermore apparent that heat transfers contribute sig-
ificantly to the energy balance of single apartments. Apartment
 and 3 have the same floor plan, but apartment 3 is located in
he attic and therefore should have higher energy consumption.
owever, as a result of the heating practices of its neighbours,
2  

98
he household in apartment 3 can benefit from its rather warm
urroundings, decreasing the need to heat. Apartment 6, by con-
rast, transfers heat to its neighbour downstairs, therefore having a
igher consumption and a much higher EPG. On average, the heat
ransfers from or to adjacent apartments equal a quarter of the to-
al heating energy consumption. Some apartments, however, cover
0 (apartment 1) to 50% (apartment 4) of their heating consump-
ion through heat transfers from neighbouring apartments. 

.3. Multivariate analysis of the differences between the apartments 

In the next section we assess the magnitude of the internal
eat transfers on the energy consumption of apartments by means
f multivariate analysis using stepwise OLS-regression. By control-
ing for building physics, indoor temperatures and window opening
ehaviour, we can also estimate the influence of these variables
ompared to other determinants of the heating energy consump-
ion which we could not measure, such as internal heat gains from
lectrical appliances and occupancy or differences in solar insola-
ion due to shading. We include each apartment with the energy
onsumption figures ( n = 40) for each month of the heating period
rom October to April ( n = 7), resulting in 280 observations. 

We calculated four models ( Table 5 ) to predict the monthly
eating energy consumption for single apartments as a linear func-
ion of the independent variables. The basic model includes the
ain building variables living area, living area squared and exter-

al wall area as explanatory variables. Apartment buildings and
onths are further controls to account for the panel structure of

he dataset. External wall area, including roof and basement, de-
cribes the effect of heat transmission losses through the build-
ng surface on heating energy consumption. In model 2 we added
nternal heat transfers as the main explanatory variable. Model 3
hows building variables with indoor temperatures and window
pening rate and model 4 combines all variables. 

In model 1 the independent variables living space, living space
quared and external wall area explain 44% of the variance of the
partments’ heating energy consumption. According to the model,
 higher external wall area results in a higher heating energy con-
umption. A larger living space is also associated with a higher
eating energy consumption, however with the expected scale ef-

ect represented by the squared living space. Controlling for indoor
emperature and window opening rate increases the fit of model 1
y about 32%, from a coefficient of determination of 0.44 to 0.76.
nternal heat transfers alone explain another 4%. Since the variable
nternal heat transfers depends on the differences in indoor tem-
eratures between the apartments, a large part of the variable in-
oor temperature is already controlled for by internal heat trans-
ers, explaining the relatively small increase in explanatory power
f the model once indoor temperature is included (compare model
 and 3). However, the coefficient for indoor temperature decreases
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Table 5 
OLS regression for 40 apartments over the heating period (monthly heating energy consumption as depen- 
dent variable). Dummies for apartment buildings and months are further controls (not reported). T-statistics 
in parentheses and p-values as stars ( ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001). 

DV: household heating energy consumption [kWh] Model 1 Model 2 Model 3 Model 4 

Living space [m ²] 30.94 a 52.62 ∗∗ 74.15 ∗∗∗ 73.39 ∗∗∗

(1.61) (3.53) (5.04) (5.32) 
(Living space) ² −0.221 b −0.374 ∗∗ −0.530 ∗∗∗ −0.520 ∗∗∗

( −1.46) ( −3.34) ( −4.60) ( −4.94) 
External wall area [m ²] 3.261 ∗ 3.680 ∗∗∗ 4.024 ∗∗∗ 4.027 ∗∗∗

(2.24) (4.09) (4.35) (5.36) 
Internal heat transfer [kWh] −0.874 ∗∗∗ −0.660 ∗∗∗

( −6.52) ( −3.98) 
Indoor Temperature [ °C] 129.1 ∗∗∗ 41.06 c 

(6.30) (1.28) 
Window opening rate [%] 831.0 ∗∗∗ 920.6 ∗∗∗

(4.47) (4.37) 
Constant −507.0 −1194.7 ∗ −4716.7 ∗∗∗ −2829.8 ∗∗

( −0.84) ( −2.21) ( −6.12) ( −2.92) 
N 280 280 280 280 
adj. R 2 0.435 0.721 0.761 0.803 

a p-value for living space: 0.116. 
b p-value for (living space) ²: 0.152. 
c p-value for indoor temperature: 0.209. 
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from 129 in model 3 to 41 in model 4. Not controlling for internal
heat transfers thus leads to a substantial bias in the correlation be-
tween indoor temperature and heating energy consumption. This
indicates that, on average, a large proportion of the energy nec-
essary to heat one’s own apartment is actually shared with the
adjacent apartments. Model 4 shows that 80% of the households’
heating energy consumption can be explained by a combination
of building physics, heating and window opening behaviour and
the interaction effects between adjacent apartments, represented
in the internal heat transfers. 

The regression results show that the building physics together
with the indoor temperature and window opening behaviour ex-
plain a large part of the differences in heating energy consumption
between apartments, but that a significant proportion of this ex-
planatory power is due to the internal heat transfers between the
apartments. The remaining 20% not explained by this model likely
stem from unobserved factors such as buffer effects of the thermal
envelope, differences within apartments and thermal bridges, vary-
ing occupant practices such as the use of curtains and blinds and
the differences in solar and internal heat gains from occupancy and
electricity consumption. 

5. Discussion 

5.1. Research question 

In this study we investigated the differences in the energy
performance gap (EPG) for 40 apartments in six energy-efficient
multi-apartment buildings and the effect of the internal heat trans-
fers on their heating energy consumption. We focused on the
household level to understand the interaction effects, first, be-
tween building physics and occupant behaviour and, second, be-
tween the different types of occupant behaviour within the build-
ings, with the aim of explaining their mutual effect on the heat-
ing energy consumption of the apartments. We build on research
using the perspective of social practice theory for the analysis of
household heating energy consumption [16,57] to suggest that it is
neither occupant behaviour nor building physics alone which de-
termine the energy performance of a building, but their interplay
and the practices performed by the occupants that evolve within
the context of the built environment. The results of this work sug-
gest that research on the EPG of buildings should focus more on
what happens within the buildings. 
99
.2. Summary of results 

In a first step we calculated an apartment related value of the
eating energy demand, which we then compared with the re-
pective apartment’s measured heating energy consumption. The
verage EPG on the apartment-building level amounts to 15%. At
he level of the individual apartments, we found an average EPG
f 25%, not weighted by apartment size, with a range from −59%
o + 318%, representing differences in energy consumption of more
han 100 kWh/m ²a. 

To analyse the reasons for the EPGs of the apartments, we
ooked more closely at the internal heat transfers as indicators
or the interaction effects between the building and occupant be-
aviour. We performed OLS regression analysis to compare the
xplanatory power of the different mechanisms. The results sug-
est that the interaction between building physics and occupant
ehaviour are of great importance for explaining differences in
eating energy consumption. We see that the indoor temperatures
re rather high compared to the standard assumption of 19 °C,
ut with large differences between the apartments. The regres-
ion analysis shows that a combination of building physics, indoor
emperatures, window opening rates and internal heat transfers
xplains 80% of the variance of the heating energy consumption.
ithout controlling for internal heat transfers, the fit of the model

ecreases by only 4%: however, the decrease in the coefficient of
ndoor temperature suggests that a large part of the heating en-
rgy of an apartment does not increase its indoor temperature, but
ather works to level off the temperature differences within the
partment building. The findings point to the interactions between
ndoor temperatures and internal heat transfers in explaining heat-
ng energy consumption and should be looked at in more detail in
urther research. 

.3. Discussion of results 

The results show that it is important to consider the heating
nergy demand and the EPG at the apartment level. In this regard
n understanding of the thermodynamic processes at this level is
rucial. This is supported by research from Calì et al. [25] and Wolff

et al. [18] . Based on a survey conducted in the same apartment
uildings in 2018 [79] we know that a large share of the inhab-

tants receive low incomes and show high occupancy rates [80] .
hus the internal heat transfers and therefore the EPGs can be con-
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idered to be underestimated in our calculation of the heating en-
rgy demand. The overall findings appear to align quite well with
he results of our qualitative research. Given the results in explain-
ng the apartment related energy consumption for the sample of
hese six apartment buildings, this approach should be evaluated
n different contexts in the future. 

Except for the apartment size and location, the differences in
eating energy consumption between the apartments can be ex-
lained mainly by two, in part interrelated, mechanisms. 

As for the first mechanism, we suggest that deep rooted habits
f heating and ventilation may lead to problems in energy-efficient
uildings. People have different thermal comfort zones – with their
hermal comfort depending on, inter alia, their adaptive behaviour,
heir body characteristics and their ideas of comfort [81,82] – but
sually feel comfortable in a temperature range somewhere be-
ween 18-25 °C [83] . In highly insulated buildings the airtightness
f the building envelope together with the inertia of the storage
ass can cause people to feel uncomfortable more quickly if the

et point of the indoor temperature is at the higher end of the
hermal comfort scale. In contrast, occupants can regulate the in-
oor temperature up or down more quickly in older buildings [84] .
his is especially relevant in periods with sudden high internal and
olar heat gains, as the heat storage capacity of the building mass
ight already be at a maximum and cause apartments to overheat

85] if the thermostats are not adjusted accordingly in time. Ther-
al radiation from the walls might only slowly decrease if the ra-

iators are turned off. Furthermore, people often do not know how
o properly use thermostats. They are thus likely to adjust them
orresponding to temperatures at the higher end of their comfort
one [18] . Opening the windows might therefore be favoured as
he fastest way to regulate the indoor temperature in winter [70] . 

The heat storage capacity and airtightness of low-energy build-
ngs in combination with the set-points of thermostats might also
ead to the establishment of habits where households tilt win-
ows over longer periods of time to increase the feeling of fresh
ir or where they repeatedly forget to close windows, leading to
igh losses of energy. If windows are tilted, the inflowing air is
armed up from the heat stored in the thermal mass and from

he heaters, going unnoticed for longer time spans and resulting
n a lack of biofeedback. Galvin [15] has shown that energy leak-
ge through tilted windows could, in theory at least, amount to 10
imes the energy lost from shock ventilation. Tilting windows is a
ommon practice in German households due to window plants or
ther things placed at windowsills [15] and could be further rein-
orced by the design of energy-efficient buildings. 

The second important mechanism leading to the EPG is the
resence of internal heat transfers between adjacent apartments
aused by different types of occupant behaviour within a build-
ng. Contrary to the interpretation of Galvin [8] we suppose that
t is not just a small part of households, the behavers, but the
ombination of households preferring high indoor temperatures
ituated next to households preferring low indoor temperatures
ithin one apartment building. This results in internal heat trans-

ers and thereby contributes to the EPG of some apartments. In
eneral we see that occupant behaviour is not homogeneous as
ssumed in building performance simulations [86] . Rather, people
entilate quite differently, depending on factors like their prefer-
nce for fresh air, habits like smoking or cooking as well as hy-
ienic and acoustic reasons [41] . Also thermostat use depends on
ifferent determinants such as the wish to save money or physical
tature [38,58,87] . If occupants with different thermal preferences
r comfort practices are located next to each other, this results in
igh internal heat transfers and may lead to increased energy loss
hrough ventilation. 

Households who ventilate a lot and have a preference for a
ooler indoor climate might also ventilate their heat gains from
100
eighbours. Then again households who prefer high temperatures
ave to spend a disproportionate amount of energy for heating if

ocated adjacent to neighbours who are satisfied with low tem-
eratures. The literature about heat cost allocation considers this

ssue to some degree, however without explicitly referring to the
PG [63–65] . If buildings are equipped with a high thermal insula-
ion, the internal temperature differences become more important,
ince less energy is lost to the outside [36] . Our regression results
mply that a high share of households in multi-apartment build-
ngs covers a big part of their heating energy consumption with
he heat from their neighbours, which is supported by findings
rom Calì et al. [25] . These considerations indicate that internal
eat transfers might be an important mechanism of energy loss.
dditionally, heat generators are rather oversized according to the
erman standard for calculating the heating load DIN EN 12,831–1

88] and flow temperatures are usually set quite high, so that even 

he household with the highest heat demand can be supplied. If
he flow temperatures could be regulated more precisely depend-
ng on a prediction of comfort levels and weather conditions, re-
ucing overcapacities and excess heat waste would be more likely
89] . 

.4. Limitations of the current study 

To assess our own calculations of the heating energy demand
or the apartments, we cumulated the heating energy demand of
ach apartment within each multi-apartment building, added a
ark-up for the shared areas and compared our results against the

gures for the whole buildings from the thermal insulation certifi-
ate. Our predicted heating energy demand differs on average by
ess than 5% from the assessment in the thermal insulation certifi-
ate [29] . 

Uncertainties in our calculations are likely to be a result of in-
ccuracies in the model with regard to the differences in solar and
nternal heat gains between the apartments and building physics,
uch as the neglect of the dynamics from the heat storage of the
hermal envelope of the building [84] , something we cannot ade-
uately address within the means of our approach. Staircases were
lso not accounted for in the model for the calculation of the en-
rgy demand for the apartments, leading to slightly biased inter-
al and external heat transmission losses. Regarding the data, no

nformation was available on the heat transfer coefficients for in-
ernal walls, so we took a rather conservative estimate based on
he available information [64–73] . Data on climate conditions like
ind speed and relative humidity, which might affect both the
eat transmission losses and behaviour [41–90] were likewise not
vailable. Also, there was no detailed information about the inter-
al temperature differences between rooms within one apartment
nd the exact window opening angles. 

A drawback, which we hope to address in future research, is the
ack of data on the heating energy consumption in a higher tempo-
al resolution and the lack of information about the differences in
nternal heat gains between apartments, e.g. from occupancy rates,
lectricity and hot water consumption. In addition to the measure-
ent of indoor temperatures, thermostat settings could be inter-

sting as a more direct measure of heating behaviour, since indoor
emperatures are influenced also by other variables like ventilation
nd internal heat transfers. For a better estimation of the ventila-
ion rates, a distinction should ideally also be made between the
ifferent positions of the window opening handles, e.g. by moni-
oring the window states open, tilted and closed. 

Overall, the coefficient of determination of 80% in explaining
he apartment related heating energy consumption in the regres-
ion model combining building physics and occupant behaviour,
ndicates that our model performs quite well despite the gaps

entioned above. 
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5.5. Policy implications 

The findings of this study have several implications for en-
ergy saving programs and policies. The importance of internal heat
transfers caused by different behavioural types within a building
and the interpretations drawn from a practice theoretical perspec-
tive, suggest that programs emphasizing behaviour change based
on social-psychological strategies have serious limits. This has been
implied also by a number of research projects [8,12,15,19,53] . The
results also hint at the limits of refurbishment policies aiming to
reduce the heating energy consumption in residential buildings by
relying only on technological improvements such as better ther-
mal insulation. Another technical approach to reduce the heating
energy consumption in buildings aims at the full automation of in-
door thermal conditions, thereby minimizing the influence of the
occupant. Research from different disciplines shows that building
automation systems and intelligent infrastructure have several ad-
vantages [91–94] . A recurring topic, however, is how much control
is necessary without decreasing peoples’ comfort levels [53,78,95] ,
and thus avoiding that residents start to manipulate technical sys-
tems. Therefore, the question is how much individual behaviour
can be restricted in favour of more energy-efficient and fair solu-
tions. The main challenge is to adapt the technology to the user
such that inefficiencies in behaviour are prevented without de-
clines in comfort or subjectively felt control. The occupant needs
to be disburdened but without getting the feeling of losing control
[95] . 

To increase the bio-feedback and reduce heat losses from venti-
lation, heaters could be turned off automatically by applying win-
dow contacts or temperature sensors, recognizing a sudden drop
in the indoor temperature due to the influx of cold air [96] . An in-
telligent infrastructure could also reduce flow temperatures within
multi-apartment buildings, by automatically adjusting thermostat
settings to occupancy patterns, such that peak loads are reduced
[97] . 

To decrease the internal heat transfers, overall temperatures
could be kept at the lower part of comfort zones by giving oc-
cupants the possibility of individualized predefined settings which
they can only over- and underregulate within a certain range. For
additional requirements of warmth, on top of personal adapta-
tion techniques like clothing, personalized heating systems, e.g. the
use of local radiant heating, comparable to their test use in office
buildings [98] , could be an option to decrease the building energy
consumption. 
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