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ABSTRACT 6 
 7 
In the face of growing popularity of eco-feedback innovations, recent studies draw attention to the 
relevance of the human factor for a more effective design of eco-feedback. This paper explores these 
challenges more deeply by employing a mixed methods approach. We provide in-situ insights from a 
Living Lab experiment on the effect of smart home systems and traffic light feedback on heating energy 
consumption in private households. Our results from an interrupted time series analysis of logged data on 
indoor room temperature, CO2 concentration and consumption of natural gas show that the interventions 
do not affect heating as expected, neither for automating behaviour via high-tech smart home systems 
nor via low-tech traffic light feedback. Smart home systems do not promise a significant reduction of 
heating energy consumption and a traffic light feedback on indoor air quality does not lead to a reaction of 
indoor CO2 concentrations, but may reduce heating energy consumption. Qualitative interviews on 
heating practices of participants suggests that comfort temperatures, lack of competences and inert 
heating systems do override expected effects of the feedback interventions. We propose that high-tech 
smart home systems should carefully consider the handling competences of users. Low-tech feedback 
products on the other hand should by designstronger address user experience factors like comfort 
temperatures. 
 8 
Keywords: eco-feedback, behavior, user experience, energy efficiency, time series analysis 9 
 10 
1. INTRODUCTION 11 
 12 
Eco-feedback innovations fostering behavioural change could provide an important and easy accessible 13 
source of reducing resource use and greenhouse gas (GHG)-emissions caused by heating [1& 2]. 14 
Studies have shown that the ventilation behaviour may be more relevant for the energy consumption than 15 
room temperature and year of construction of the building [3]. However, recent investigations have also 16 
shown that interventions with the intention of lowering energy consumption in flats/houses often failed to 17 
achieve their aim. For example, Buchanan et al. [4&5] demonstrated in their analyses of in-home-displays 18 
for feedback on energy consumption that there is limited evidence that providing data on the energy flow 19 
alone is sufficient to reduce energy consumption. They propose that triggering user engagement directly 20 
should be a part of smart metering systems to reduce energy consumption in households. However, it is 21 
shown that smart thermostats also cannot reach their potential in saving energy and result sometimes in 22 
increasing energy consumption due to incorrect use [6]. The authors hypothesize that the incorrect use 23 
will increase with the complexity of smart thermostats.  24 
 25 
In this regard, a more user centred research design that considers the human factor more deeply is 26 
proposed to create a better understanding of energy related to heating. User centred research is 27 
increasingly conducted within LivingLab research addressing problems of user acceptance, incorrect 28 
usage and other unintended side effects of human technology interaction. Liedtke et al. [7&8] consider 29 
Sustainable Living Lab (SLL) research to be an effective way to create and implement new eco-30 
innovations in households due to stronger focus on users’ behaviour and habits or practices. The core of 31 
SLL is the development of sustainable product and service innovations and their testing in experimental 32 
designs to provide insights into the usability and adoption of sustainable innovations for industry, public, 33 
and academic stakeholders. According to Liedtke et al. [8], three phases of research and development 34 
are conducted in SLL: insight research, prototyping and field tests (see Figure 1). Insight research 35 
focuses on the analysis of the status quo of user behaviour. The second phase, prototyping, includes 36 
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stakeholders in research, especially the end-user and business partners, to develop sustainable product 37 
and service innovations. Testing, the final phase, includes an extended investigation of the latest 38 
innovations.  39 
Living Lab research is multidisciplinary and thus strongly supports multi method approaches. A mixed 40 
method design encompasses qualitative research (e.g. based on interviews, user observation) and 41 
quantitative research (e.g. on basis of survey data, technologically supported data logging or life cycle 42 
data) for a better understanding of user behaviour. The focus in testing lies on field experiments. Field 43 
experiments in Sustainable Living Lab research make use of sensory technologies and gather 44 
behavioural information from logged data of, e.g., indoor room temperature or CO2 concentrations. 45 
Participants of field tests are for instance interviewed on their behaviour, practices and intervention 46 
experiences in order to gain and provide a better and deeper understanding of experimental results. 47 
 48 
Figure 1: Sustainable Living Lab research design (Source: Own depiction adapted from [9, p. 26], based 49 
on [8, p. 111]) 50 

 51 
 52 
This paper focuses on an experimental design within the testing phase, due to extensive prior insight 53 
research. Findings from comprehensive insight research on heating behaviour do propose that well 54 
designed feedback technologies need to address socio-psychological traits of users properly in order to 55 
foster behavioural change effectively. Baedeker et al. [10] highlight the influence of social norms and the 56 
importance of hospitality concerns for users when it comes to indoor temperatures. In this regard, Buhl et 57 
al. [11] highlight the importance of comfort temperatures for users’ well being and therefore for their 58 
acceptability for changes in heating behaviours. With respect to promising interventions for the sake of 59 
more energy efficient heating practices, Bettin and Buhl [12] find that feedback interventions motivating 60 
for direct user interaction promise more effective incentives for behavioural change in terms of indoor 61 
room temperature than installations that require the user to remain passive like smart home systems. 62 
However, their conclusions are based on extensive surveys and are not confirmed in real life situations, 63 
yet. Jensen et al. [1] highlight the potential of diffusing feedback devices and behavioural change among 64 
leading lifestyles for energy conservation on a larger scale. Buhl and Acosta [13] estimate non trivial 65 
rebound effects of behavioural change via turning down the thermostat and propose to consider socio-66 
psychological dimensions of users in order to better understand and mitigate those unintended effects. 67 
Deducting from these insights, we hypothesise that innovative feedback designs are promising 68 
interventions into behavioural practices in the heat domain depending on how complex the eco-feedback 69 
innovation addresses its users.  70 
 71 
In light of this, we have conducted experimental research on two low-invest technologies with different 72 
complexity that has been developed to improve heating and airing behaviour: a smart-metering system 73 
and a so-called ‘CO2 meter’. The tests were based on the above-discussed research on eco-feedback 74 
and shall add a more practice-oriented approach to the growing literature on the effects of eco-feedback. 75 
We analyse and compare the effects of a more automated, high-level technological driven smart home 76 
system, promising a more energy efficient heating in private households, to a more informative, low-level 77 
technological feedback driven CO2 meters, helping to improved the management of indoor air quality and 78 
consequently, affecting indoor temperature management indirectly. In this regard, we hypothesise that 1) 79 
smart home systems lead to a more energy efficient indoor room temperature management, i.e. lower 80 
average indoor room temperatures; and 2) CO2 meters lead to a better management of indoor air quality, 81 
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i.e. lower average indoor CO2 concentrations. The experimental, quantitative study provides test results 82 
on the effects of feedback devices on indoor room temperature, CO2 concentration and gas consumption.  83 
 84 
How can heating and ventilation behaviour be conceptualised theoretically, taking a users’ perspective? 85 
Here we draw on theories of social practices [14] in our qualitative part of the study [cf. 8]. This approach 86 
has recently gained attention in research on sustainable consumption [14] and also heating behaviour [15 87 
& 16]. Gram-Hansen [15] showed variance in heating energy consumption of families living in similar 88 
buildings due to their heating practices. According to Shove et al. social practices as a routine kind of 89 
action consist of meanings, materials and competences. For our qualitative part of the experimental study 90 
we draw on materials (e.g. heating systems), meanings (e.g. values, norms, attitudes) and competences 91 
(for dealing with feedback devices). The insight research already hints at the major relevance of 92 
behavioural aspects of heating such as comfort temperature and doings around keeping a warm and 93 
comfortable home. Based on that, we discuss 3) to which extend differences in materials, meanings and 94 
competences resonate in heating practices and thus interact with the effects of feedback devices on 95 
heating practices. The qualitative study on heating practices discusses why and how feedback devices 96 
affect heating practices (and vice versa). The combination of quantitative and qualitative analysis is a 97 
main advantage of this study. In that way we cannot only observe the importance of materials, meanings 98 
and competences for behavioural change, but also their direct implication for environmental data like 99 
temperature and air quality as well as the energy consumption. The qualitative study on heating practices 100 
provides a deeper understanding of the quantitative results. 101 
 102 
2. METHOD AND MATERIALS 103 
 104 
We follow a mixed methods design as recommended in Living Lab research. In the following sections we 105 
shortly introduce qualitative methods conducted and, more extensively, the methodological design of the 106 
experiment. 107 
 108 
A quantitative design was realised through a quasi-experiment without control group but with pre-tests for 109 
a small sample. In such case, the interrupted time series analysis (ITSA) offers a quasi-experimental 110 
design with high internal validity. ITSA is commonly used to evaluate large- scale interventions (e.g. 111 
policy interventions) in which researchers often face a small sample size of n=1 - the country, state, city 112 
or units of similar scale. We adapt ITSA for product and service design evaluation, which faces similar 113 
small sample restrictions due to extensive prototyping efforts. For instance, in user centred Living Lab 114 
research it is often the case that prototypes of products and services are tested within single real life test-115 
beds (i.e. Living Labs). Consequently, Living Lab research is often constricted to effective sample sizes of 116 
n=1 or unbalanced experiments resulting in multiple single tests along differing time frames. It is usually 117 
not the case that multiple prototypes are implemented in multiple Living Labs resulting in large samples 118 
treated at the same time. As we conduct Living Lab research and as such combine qualitative and 119 
quantitative insights to evaluate user integrated product and service innovations, we opted for a single 120 
group ITSA where every single household is treated as a single group. By design, a single-group ITSA 121 
has no comparable control group; rather, the pre-intervention trend projected into the treatment period 122 
serves as the counterfactual. 123 
 124 
The regression model follows the following form 125 
 126 
�� = �� + ���� + �	
� + ��
��� + ��  (1) 127 
 128 
�� is the outcome variable measured at each equally-spaced time-point 
, �� is the time since the start of 129 
the study, 
� is a dummy (indicator) variable representing the intervention (pre-intervention periods 0, 130 
otherwise 1), and 
���is an interaction term. In the case of a single group study, �� represents the 131 
intercept, or starting level of the outcome variable. ��is the slope of the outcome variable until the 132 
introduction of the intervention. �	is the change in the level of the outcome immediately following the 133 
introduction of the intervention (compared to the counterfactual). ��is the difference between pre- and 134 
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post-intervention slopes and �� is an error term. Thus, we look for significant �-values in �	 to indicate an 135 
immediate treatment effect, and in �� to indicate a treatment effect over time, or the trend effect [17]. 136 
 137 
However, the estimated level and slope effects do not tell the average treatment effect (ATE), but may be 138 
employed to estimate the ATE accordingly. Wagner et al. [18] suggest expressing the average treatment 139 
effect as the ratio of the predicted and the counterfactual value. The counterfactual in time series analysis 140 
without control group is the predicted baseline for the whole experimental phase, thus assuming, no 141 
intervention took place. 142 
 143 

���������
= �� + ����    (2) 144 

 145 
Where �� is a vector for the all the time points for the whole duration of the experiment along 
. The 146 
difference between the outcome of the treatment phase ���������

and the outcome of the 147 

counterfactual���������
is an estimate of the absolute average treatment effect: 148 

 149 
���������

− ���������
= �	
� + ��
���  (3) 150 

 151 
The ratio between Equation (3) and (2) is the relative average treatment effect. 152 
 153 
Many threats to internal validity common to interrupted time series such as history, instrumentation or 154 
selection are of minor concerns due to the local test-beds of Living Labs and the high resolution of logged 155 
data [19, p.179ff. for discussion on threats to validity in ITSA]. Just as well, the statistical analysis of 156 
logged data in particular, needs careful identification of the statistical model. In time series data, 157 
observations are correlated with respect to time. Logged data gives information from very short 158 
consecutive points in time, thus providing highly autocorrelated observations. Consequently, error terms 159 
are no longer independent and may follow seasonal trends (as becomes apparent in the scatter plots of 160 
the logged data below)1. Time series analysis is supposed to detect those patterns over time and account 161 
for the observed dynamics. An interrupted time series analysis is thus interested in controlling for 162 
autocorrelation (AC) in order to reveal the significant intervention effects which are not confounded with 163 
respect to seasonal effects. Correlated error terms over time might severely underestimate the variability 164 
and thus the standard errors of the estimated slope and level effects using OLS (ordinary least squares) 165 
[20]. The OLS is no longer BLUE (Best Linear Unbiased Estimator). The main focus for analysing highly 166 
resolved data as those from experiments with logged data should therefore deal with issues concerning 167 
autocorrelation and try to estimate consistent standard errors and more efficient treatment effects. We 168 
conducted AC tests and checked respective AC plots according to Cumby & Huizinga [21] in order to 169 
identify the lag order and specify the autoregressive model accordingly. We estimate heteroscedasticity 170 
and autocorrelation consistent Newey-West standard errors. 171 
 172 
As the essence of this investigation is the reduction of energy consumption for heating, the consumption 173 
of natural gas in the homes was captured for each period. These values have to be corrected due to 174 
changing weather conditions over time and hence different outdoor temperatures. According to the 175 
German directive VDI 3807 and Grinewitschus et al. [22, p. 1096] as well as Lovric and 176 
Grinewitschus[23], heating degree days have been utilised as follows: 177 
 178 

����	�°
��°� =  ∑ (
" − 
#)%

�    (4) 179 

 180 

                                                   
1Identifying no serially correlated patterns would have been hinting at severe measurement errors. Thus, an 
autocorrelation is desired. Violations of assumptions with regard to the distribution of error terms are intended, but 
require more complex statistical modelling and testing (than t-tests for instance). 
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Where ����	�°
��°�  are the heating degree days with heating limit temperature of 15°C, 
" is the mean 181 

indoor air temperature (set to 20°C), 
# is the mean outdoor temperature on heating days in °C and & is 182 
the number of heating days. 183 
 184 
In the next step, the heating degree days of the specific period have to be divided by the long term 185 
average heating degree days of one year. In this case the mean value of the city Duesseldorf, close to 186 
Wuppertal, has been used: 187 
 188 

'( =
)*+�,-°

./°�

)0(1��22�3���4)
    (5) 189 

 190 
Where '( is the percentage of heating degree days of specific period over long term heating degree days 191 

in %. The following equation forecasts the energy consumption for heating for the whole year: 192 
 193 

6789 =
:;

<;
     (6) 194 

 195 

Where 6789 is the energy consumption for heating for the whole year in 
<=>

#
, and 6( is the energy 196 

consumption for heating for the specific period in '?ℎ. We calculated the characteristic value of energy 197 
consumption by: 198 
 199 

A9 =
:BCD

EFD
      (7) 200 

 201 

Where A9 is the characteristic value of the energy consumption in 
<=>

G,#
 and H:9 is the area of indoor 202 

heated space in I	. 203 
 204 
Transcribed qualitative interview data was analysed using the method of thematic coding [24]. A pre-205 
defined guideline containing the relevant thematic categories is used to mark interview sections in order 206 
to draw conclusions about a case. Here, it is important to remember that we were interested in the kind of 207 
material, meanings and competences around a warm and comfortable home that resonate from heating 208 
practices through interaction with effects from feedback devices. These questions were addressed by 1) 209 
comparing what participants named as their usual comfort temperatures with actually measured values 210 
and searching for respective doings in the interviews that might explain differences; 2) analysing the 211 
interview data using a guideline containing the categories of materials and meanings in order to carve out 212 
what users describe as relevant in their heating and ventilation routines; 3) analysing the interview data 213 
using the guideline categories of ‘previous experiences with smart home or feedback devices’ and 214 
‘experiences with the intervention’ in order to gain more insights into how participants changed routines or 215 
not due to competences. 216 
 217 
Eight households in Wuppertal (Germany) participated in a Living Lab study in late autumn 2015. They all 218 
had in common that they were using natural gas as the main fuel for their heating systems. Despite that 219 
the households were a rather heterogeneous group as they and their dwellings were of different size, 220 
urban region and age. 221 
 222 
2.1 Data logging and interventions 223 
 224 
The households participated in the field experiments for two periods, the baseline period to obtain control 225 
values and the test period to obtain treatment values. Each period lasted two weeks minimum. Moreover, 226 
data logging continued after removing treatments so that the experimental period lasted overall from 16th 227 
November 2015 till 18th of January 2016. 228 



6 
 

 229 
Two different interventions were used: the ‘CO2 meter’ and a smart home system. The CO2 meter uses a 230 
traffic light system to indicate air quality (CO2 concentration) and provides additional information for 231 
temperature, CO2 concentration or humidity on a small display. It is hence a low-level technology with a 232 
high level of behaviour dependency as the inhabitant is only directed by the appliance to act, but the 233 
system does not act by itself. This device primarily helps to improve the indoor air quality as the user 234 
easily recognise bad air quality by coloured lights (<1000 ppm green, >1000 ppm and < 1500 ppm 235 
orange, >1500 ppm red). Additionally the CO2 meter can help to regulate the ventilation duration as one 236 
can see when the CO2 level reached a healthy level again. Here lies the potential for energy savings, as it 237 
is important that ventilation is long enough to refresh the indoor air but should not be as long as to reduce 238 
the heat of the building itself significantly. The smart home system connects thermostats and windows in 239 
a system that allows users to control their radiators in a web-interface in addition to the normal regulation 240 
of the digital thermostat. In that Interface time profiles and automatic actions (turn off radiator if windows 241 
are open) for radiators (combined as rooms when there are several radiators in one room) can be 242 
implemented. The smart home system focuses on automating heating and does not provide feedback in 243 
order to motivate specific behaviour. Here, a high level of technology is combined with a medium level of 244 
behaviour dependency. The potential for saving energy lies in the regular periods of a day where lower 245 
temperatures are sufficient, e.g. office and sleeping hours. The researchers installed the smart home 246 
systems and the web-interface was explained to the participants but the participants had to set up their 247 
time profiles on their own after the researcher left. Participants always had the possibility to contact 248 
researchers if they have problems, however no one asked for additional help for their smart home 249 
systems. In that way the competences for such technologies affect the outcome. 250 
 251 
Four households were equipped with smart home systems and four households were equipped with CO2 252 
meters (hid5 excepted due to malfunctioning devices). The temperature, humidity and CO2 concentrations 253 
were logged in living rooms every minute using RaspberryPi based logging systems. They were placed 254 
on open shelfs, distant to windows and outer walls. Households had to have a wireless internet 255 
connection and needed to grant access to their network, which could be an obstacle for some.The data 256 
logger itself had no display or other feedback that could affect the participants. The data has been 257 
transferred to a SQL database and has been processed as comma separated values for the inferential 258 
analysis. Twice a day the database sent error reports via e-mail if some devices were malfunctioning.The 259 
fuel consumption (in all cases natural gas) was captured at the beginning of the baseline period and at 260 
the beginning and end of the test period. Thus the overall gas consumption for both periods were 261 
captured. 262 
 263 
2.2Qualitative Research 264 
 265 
The participants were invited to a telephone interview in the course of the study. The interview comprised 266 
(1) standardised survey items on the households’ situation and building characteristics, and (2) a 267 
qualitative semi-structured part on heating and ventilation routines in interaction with the heating system 268 
and among the household members. Seven of the eight participating households also completed this 269 
interview part. 270 
Standardised interview data was used to compile case descriptions (e.g. type of building and heating 271 
system installed) and put measurements of temperature, humidity and CO2 levels in relation to building 272 
characteristics; this information is reflected in Table 1, where the household situation, sex of interview 273 
partners, building characteristics, heating system including self-reported amount of gas consumption for 274 
the last year (2014) as well as the type of intervention are reported. For the qualitative interview data an 275 
interview guideline was developed containing open-ended questions. The semi-structured interview 276 
guideline first asked for how participants usually proceed to have a warm and comfortable home. This 277 
question was used to evoke narrations about the usual doings at home. Participants were furthermore 278 
asked to name their usual comfort temperature at home, which will be interesting to compare to actual 279 
measurement results during the experimental design. Interviews were audio-recorded and transcribed 280 
word-by-word for analysis. 281 
 282 
 283 
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Table 1: Overview of participating households 284 
Case Household 

situation 
Interview 
partner 

Dwelling Heating system Interventi
on 

hid 1 2 adults (40, 
42 years), 3 
children (3, 
7, 10 years) 

Male Semi-detached house, 
owners, 144 sqm,  
built 1966-1994 

Underfloor heating; 
fireplace 
23.000 kWh per anno 

CO2 meter 

hid 2 2 adults (50, 
60 years) 

Female Flat in apartment house, 
owners, 98 sqm, built 
1929 or earlier 

Single-storey heating 
system 
13.300 kWh per anno 

smart 
home 
system 

hid 52 2 adults 
(N.A.), 1 
adolescent 
(19 years) 

Female Detached house, owners, 
2x82 sqm, built 1930-
1965 

Central heating, controlled 
by smart home system 
1.000-1.500 Euro (gas only) 
per anno 

CO2 meter 

hid 22 2 adults (34, 
N.A. years), 
3 children 
(0, 2, 4 
years) 

Male Terraced house, owners, 
140 sqm, built 1966-1994 
Windows renovated 2014 

Central heating, fire place 
13.500 kWh per anno 

smart 
home 
system 

hid 25 2 adults 
(both 70 
years) 

Female Flat in apartment house, 
owners, 120 sqm, built 
1995 or later 

Central heating, underfloor 
heating 
N.A. kWh per anno 

CO2 meter 

hid 27 2 adults (32, 
40 years) 

Male Flat in apartment house, 
for rent, 55 sqm, built 
1929 or earlier 

Single-storey heating 
system, 
1.000-1.500 Euro 
(gas+electr.) per anno 

CO2 meter 

hid 28 1 adult (36 
years) 

Male Flat in apartment house, 
owner, 90 sqm, built 1929 
or earlier 

Single-storey heating 
system,  
N.A. kWh per anno 

smart 
home 
system 

hid 29 No interview data smart 
home 
system 

 285 
3. RESULTS AND DISCUSSION 286 
 287 
We present the results of quantitative experimental testing and the qualitative interviews separately. We 288 
give a summary of the main findings at the end of each part and give the integrated interpretation of the 289 
results of the Living Lab study in the conclusions. 290 
 291 
3.1 Quantitative experimental results 292 
 293 
We follow rigorous inferential statistical testing and only present the average treatment effects for 294 
significant level and trend effects for the pre as well as post intervention studies in the single households 295 
(with �<0.1 at least). We depict the level and trend effects visually and describe the direction of effects. 296 
Additionally, we describe removed treatment effects if applicable. 297 
 298 
3.1.1 Indoor room temperature 299 
 300 
When it comes to changes in temperature, we find significant level and trend effects for 4 out of 8 301 
households. The relative average treatment effects range from -5.9 % for hid25, to +2.1 % for hid29, 302 
+2.8 % for hid28 and up to +4,8 % for hid2. Figure 2shows the respective scatter plots and locally 303 
weighted regression fits of the logged temperature for the pre and post intervention period (and removed 304 
treatment period if applicable). 305 
 306 

                                                   
2Malfunctioning of devices constrained the interpretability of logged data. 
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In three of four households, we find positive trend effects, suggesting that the negative immediate level 307 
effects are cancelled out by behavioural relapse patterns with increasing time. The also significant 308 
removed treatment trend in hid29 underlines this finding. Only hid25 shows significant negative treatment 309 
effects. As hid25 reacted to the CO2 meter, the smart home system shows only positive significant 310 
treatment effects in the remaining three households. Thus we cannot conclude that the smart home 311 
system enhances a more energy efficient indoor room temperature management. 312 
 313 
Figure 2: Single-group interrupted time series analysis of temperature change for households with 314 
significant trend and level effects 315 

 316 
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Note: ITSA with higher-order autoregressive models and Newey-West standard errors 320 
 321 
 322 
 323 
 324 
3.1.1 Indoor room CO2 concentrations 325 
 326 
When it comes to CO2 concentrations, only 2 out of 8 households show significant level and trend effects 327 
pre and post intervention. One household shows a negative average treatment effect of -18 % (hid28) 328 
and one household shows a positive average treatment effect of +13 % (hid29). The latter shows a 329 
significant negative level effect for the removed treatment measures (seeFigure 3). As both households 330 
have been equipped with a smart home system, the CO2 meter does not perform any significant effect in 331 
any household. 332 
 333 
Figure 3: Single-group interrupted time series analysis of CO2 change for households with significant 334 
trend and level effects 335 

 336 

 337 
Note: ITSA with higher-order autoregressive models and Newey-West standard errors 338 
 339 
3.1.2Energy consumption 340 
 341 
So far, we used indoor room temperature as a proxy for energy consumption. Next, we provide the results 342 
on changes in energy consumption by providing the resulting change in the consumption of natural gas 343 
for every household (corrected for weather effects). In contrast to the data logging of CO2 concentration 344 
and indoor room temperature that was captured every minute, the gas consumption was only captured 345 
before and after the reference and intervention period. Without the high resolution of quasi real time data 346 
logging and hence without proper inferential testing, we are limited in drawing conclusions of the 347 
intervention on the energy consumption. 348 
 349 
Four households show relevant changes in energy consumption for heating after implementing the 350 
interventional feedback devices. Three of these four households show a reduction of energy demand, 351 
while all of them got a CO2 meter. The characteristic energy consumption decreases by 12 % (hid5), 13 352 
% (hid27) and 51 % (hid25). The unexpected high reduction of 51% can be explained with an unplanned 353 
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absence of the participants for several days, which is discussed in the interview section. The energy 354 
demand of hid28 more than doubled after receiving a smart home system (see Figure 4). This can be 355 
explained with the help of the temperature graph in Figure 2. In the base period one can observe a clear 356 
day-night cycle with higher temperatures at day times and lower temperatures at night. This cycle is 357 
somehow blocked by the smart home system, which leads to a rather constant high temperature without 358 
a decrease at night. The reasons will be explained in the interview section. 359 
 360 
Figure 4: Change of energy consumption per square metre and year for households with CO2 meters 361 
(left) and smart home systems (right) 362 

 363 
 364 
3.1.3Summary of main quantitative findings 365 
First and foremost, the field-testing reveals significant effects of feedback devices on heating and airing 366 
behaviour as expected. However, the results reveal directions of effects that are different than 367 
hypothesised. Our test shows that the CO2 meter as a low-level technological intervention may exhibit 368 
significant effects of indoor room temperature, but not for CO2 concentrations. Thus, we do not give 369 
evidence in favour of hypothesis 2). The CO2 meter did not intervene into heating practices in favour of 370 
lower CO2 concentrations in living rooms. 371 
 372 
The smart home system as a high-level technological intervention may exhibit both, significant changes in 373 
indoor room temperature and CO2 concentrations. However, we refuse to accept hypothesis 1) as well, as 374 
we only identify positive treatment effects when it comes to indoor room temperature. The smart home 375 
systems did not intervene into practices in favour of lower indoor room temperatures. Interestingly 376 
enough, the smart home system does exhibit significant changes in CO2 concentrations, but in both ways, 377 
leaving the effect of smart home systems on indoor air quality inconclusive again. 378 
As we identify positive post intervention trends and removed treatment effects, the level effects might be 379 
confounding with potential reactivity to the test setting. The installation procedure and knowing to be part 380 
of an experiment considering heating and airing behaviour might have had an effect on the immediate 381 
level effects of respondents, despite the fact that households did not face any other treatment than the 382 
installed devices. In this sense the study is rather exploratory than confirmatory. 383 
 384 
The measured changes in consumption of natural gas for heating do mirror the unanticipated findings 385 
from the time series analysis of logged data of indoor room temperature. Given our findings, indoor room 386 
temperature is a robust proxy for measuring energetic changes. Most relevantly, the smart home system 387 
is associated to severe increase in energy consumption (over 100 % for hid28) and the CO2 meter is 388 
associated to a relevant decrease in energy consumption. The results give rise to the question whether 389 
CO2 meters may intervene into heating practices in favour of more energy and resource efficient indoor 390 
room temperatures, i.e. lower average indoor room temperatures and smaller temperature spikes during 391 
ventilation. This may be the case because more regular but shorter ventilation is associated with a more 392 
energy efficient indoor temperature management. 393 
 394 
3.2Qualitative interviews on heating practices  395 
 396 
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Complementing the experimental testing and based on its results, we selected three cases that seemed 397 
most interesting for analysing heating practices more thoroughly in a qualitative study. These selections 398 
were made due to unusual circumstances in houses and/or specific practices that residents described in 399 
terms of their materials, meanings and competences. These are two cases in which an underfloor heating 400 
system is installed and for which both interview partners described specific practices that were necessary 401 
in using the system to their comfort (hid1 and hid25). The case hid27 was selected due to the rather poor 402 
standard of the building envelope and problems with the older heating system described by the interview 403 
partner. Hid25 was also chosen in order to analyse effects of the CO2 meter on heating practices. The 404 
following analysis of heating practices is therefore focused on these three cases. Results from interview 405 
data could be used to resolve contradictions that appeared when looking at quantitative data alone. 406 
 407 
Comfort temperatures 408 
As part of the interview participants were asked to name their usual comfort temperatures at home3. It 409 
showed that some participants gave reasons for different temperature levels and often differentiated 410 
between rooms, stating that bedrooms were not or minimally heated, while higher room temperatures 411 
were maintained in the other rooms (mostly the living room). Furthermore, some of the male interview 412 
partners expressed gender-based differences that their female partners would usually prefer higher room 413 
temperatures, leading to a kind of conflict about heating routines. 414 
 415 
Despite these limitations, Table 2 summarises the comfort levels named by interview partners. 416 
 417 
Table 2: Comparison between named comfort temperatures and mean temperatures (including standard 418 
deviations (SD)) measured in the living room (LR) before the intervention 419 

hid 1 2 22 24 25 27 28 
Comfort temperatures named by interview participants4 
LR 20°C 17°C-19°C 19°C-21°C 19°C-20°C 20°C-22°C 19.5°C-21°C 22°C-24°C 

Mean temperature (SD) measured before intervention 
LR 25.6°C  

(0.7°C) 
20.8°C 
(0.8°C) 

23.5°C 
(0.9°C) 

21.4° 
(0.9°C) 

24.8° 
(0.9°C) 

20.6° 
(1.0°C) 

19.9°C 
(1.4°C) 

 420 
Measurements show some relevant deviations between named preferences and actual temperature 421 
levels (e.g. hid1, hid2, hid22, hid25). In most cases the actual room temperature was higher, pointing to a 422 
gap which allows for different interpretations: there might be a gap between what participants assume to 423 
be their usual comfort levels, it could reflect an interview effect to state what is generally considered a 424 
societal „standard“ of room temperature (as e.g. reflected in the media) or some kind of problem in set up 425 
or control of the heating system. A closer look at heating routines might resolve some of these aspects. 426 
 427 
3.2.1 Heating habits: materials, meanings and competences 428 
 429 
Materials 430 
For hid1 and hid25 it is first obvious that the underfloor heating system appears to have a high impact on 431 
heating routines. Both interview partners described this system as rather inflexible to make short-term 432 
adjustments because they experienced long reaction times when the outdoor temperature changes or 433 
inhabitants are absent for some time. The inflexibility is reflected in the following statement by hid25, but 434 
was also expressed by hid1 in a similar way:  435 
 436 

                                                   
3For this part the question in the interview guideline was:“which temperature do you usually prefer as your comfort 
temperature?“ Following the qualitative paradigm of research and the principle of ‘openness’ the question was 
sometimes adjusted ad hoc according to how the interview proceeded beforehand and no definition of “comfort 
temperature” was applied to let room for subjective interpretations of participants.   
4The numbers, including ranges were named like this by interview partners and as such represent subjective 
interpretations of participants as an array of what temperatures they feel are their comfort zone.  
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This is because an underfloor heating cannot be regulated at short-notice. You have to do that in 437 
advance, you comply roughly with the weather forecast and after that you regulate the heating….But this 438 
must have a flow of one and half to two days ahead.  439 
 440 
This know-how was acquired through trial and error and people seemed reluctant to change the now 441 
functioning routines, e.g. they feared that turning down the heating too much for warmer periods might 442 
result in a cold home for several days when the outdoor temperature falls again. In hid1 it was also stated 443 
that the family is uncomfortable turning the heating down when outside temperatures are unusually high 444 
for a winter but it is uncertain when they might fall again – interestingly the male interview partner 445 
associated this with interaction with his wife. 446 
 447 
[...] For example now in November, the one that was so warm, we let it on anyway. Perhaps, we could 448 
have turned it off occasionally but that was a bit fishy for us. (Laughs). [...] If I had known that for one 449 
week somehow, the temperature would be over 18 degrees/ Partly there were 15, 16, 17, 18 degrees 450 
outside in excess of many days. If I had known before, I would have thought about turning it off. Even if 451 
my wife doesn’t like to see it, but I didn’t know before. You walk away from domestic quarrel. (laughs). 452 
 453 
An underfloor heating therefore is also a good example of interlinkages between material and 454 
competences in heating practices. Participants described that a good portion of practical know-how was 455 
required to regulate the heating. It can be expected that due to this inflexible heating system rather 456 
constant temperature levels should be visible. Measurements actually can be said to show just this. 457 
 458 
An Exception is hid25 with a drop of room temperature during the intervention phase for about one week 459 
that could not be explained without looking at doings that the interview partner describes here:  460 
 461 
Yes, then it comes/ well it works ALWAYS. When I/ as I said, if I Know, now days I have looked, I haven’t 462 
been HERE for one week, it had turned off/ I had it on 15 degrees in every room and now I have seen: 463 
Oops, that was too COLD, and it is going to be colder and then I have tuned it on 18 degrees and then I 464 
am going to have a room temperature of 20 degrees. 465 
While the temperature was set to 15°C, actual measu rement shows that it did not drop below 20°C during  466 
that time. This again points towards difficulties of steering the heating system.  467 
 468 
For the two households with underfloor heating a rather high difference between what was named as the 469 
comfort temperature and the actually measured mean temperature appeared. In any case the indoor 470 
room temperature significantly differs from the named comfort temperature (see table 2 above: named 471 
comfort temp.: 20°C; measured mean temp.: 25.6°C).  472 
 473 
Hid27 also shows the impact of the building envelope (the house was built around 1900) on everyday 474 
doings. The interview partner described technical problems with the rather old single-storey heating 475 
system, which were only recently fixed, poorly insulated windows, which cause a feeling of cold draught, 476 
combined with living on the ground floor without an insulated ceiling of the cellar. Single-storey heating 477 
systems mostly offer a time-based steering of the heating (hid2, 27, 28). Here, heating practices show 478 
that often inhabitants manually change the programme due to individual comfort.  479 
Well, about one degree. Sometimes we correct it about one degree. You can save the regulation if it 480 
should change temperature permanently – we don’t do that but we regulate it separate per day about a 481 
half to one degree, if we need to. 482 
The automated time-based steering is furthermore manually regulated because in hid27 the interview 483 
partner’s girlfriend works alternating shifts and therefore sometimes is at home during the day. In this 484 
case the heating is manually controlled to heat also during daytime, when it is usually turned down. These 485 
manual interventions also seem to be well reflected in the temperature time series where the temperature 486 
curve stays above the mean level for several days and does not show the otherwise usual falls towards 487 
18°C (see Figure 5).  488 
 489 
Figure 5: Single-group interrupted time series analysis of temperature change for hid27 490 
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 491 
Note: ITSA with higher-order autoregressive models and Newey-West standard errors 492 
 493 
These conditions caused by materials apparently lead to a very conscious handling of the heating system 494 
and thus awareness of practices. Looking at named comfort temperatures and actual measurements, 495 
hid27 shows that both values match fairly well. Taken together, the interview quotations and the 496 
measurement results both point towards a higher awareness and reflexive heating practices (what is seen 497 
as personal comfort, is reflected as known restraints from the building envelope and living conditions and 498 
the actually measured temperature levels fit together very well), which seem to be caused by the rather 499 
poor standard of the building envelope and, as the interview partner also stated, by costs sensitivity. This 500 
points towards the element of meanings as an important factor in heating practices. 501 
 502 
Meanings 503 
 504 
Meanings associated to heating routines were rated qualitatively regarding how important the dimensions 505 
costs, comfort and environmental concern are for the interview partners. Results are presented in  506 
. Note that the categories are based on a qualitative assessment by the authors and were not measured 507 
on a quantitative scale. 508 
 509 
Table 3: Qualitative evaluation of categories of meanings in households (from + less important to ++++++ 510 
more important) 511 

 Comfort Costs Environment 

hid1 +++++ ++ +++++ 

hid25 ++++++ + ++ 

hid27 +++ ++++++ +++ 

 512 
Interview partners associated their underfloor heating system (hid1, hid25) with ambiguous meanings, i.e. 513 
it provides a very comfortable kind of warmth but is also inflexible and participants wished for some kind 514 
of automation reacting to outdoor temperatures. Therefore, comfort is highly rated in both cases; costs 515 
seem to play a minor role especially for hid25. 516 
 517 
In hid27 costs are foregrounded and together with being aware of problems associated with the building 518 
envelope the interview partner is willing to accept some loss of comfort as reflected in this statement: 519 
 520 
Well in this case it’s about the costs, because we know that we live in an old building, we know that we 521 
live on the ground floor and that is not going to change for us, I have lived my whole live on the ground 522 
floor, we have a cat and it has to walk in and out. And we have agreed/ or because we know we have to 523 
accept the constraints. [...] Hence we are aware of what we have and that we have to deal with 524 
constraints, it was very important to us to come down from that €110. 525 
 526 
For hid1 the highest meaning connected to environment was found as this household stated to be willing 527 
to invest in future heating technologies (e.g. combined heat and power unit) for reasons of sustainability 528 
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even if it would not pay off economically. The interview partner reflected on resource use of heating with 529 
natural gas and put it into perspective to his own personal interest in sustainable agriculture/food.  530 
 531 
Competences 532 
 533 
In this section we concentrate on experiences of users in interaction with materials specifically concerning 534 
the interventions and how they incorporated them into heating and ventilation practices. To start with, 535 
none of the households reported here had relevant prior experiences with smart home-systems or other 536 
feedback devices. 537 
 538 
We zoom in into results on the CO2 meter in two households (hid25 and hid27) in order to exemplify some 539 
of the implications. The interview partner in hid25 stated:  540 
 541 
[…] and because of that I am very/(coughs) very happy about this meter, this CO2 meter. It shows, IF it is 542 
correct, I don’t know, anyway THIS is an device, I directing myself to it, [...] B: But only BRIEFLY and in 543 
the past, it had the window LONG open and my husband shouts hurrah, when I do that, he doesn’t like it 544 
AT ALL and thinks it is complete paradoxical but I might have overkilled it. When I see now how FAST 545 
this meter, if it is he same situation again, it switches over to green so FAST. SO LONG as I had 546 
ventilated before, well obviously I don’t have to do that again. 547 
 548 
These kinds of long ventilation periods can partly be shown in the corresponding CO2 graph (see 549 
Figure 6) In the pre-intervention phase some peaks of CO2 concentration above 1000ppm can be seen 550 
and longer periods of values around 500ppm, pointing to the long ventilation cycles. The corresponding 551 
temperature graph also shows drops of temperature in these phases from the usual ca. 24°C to around 552 
20°C. Especially in the early intervention phase, p eaks are much lower and ventilation periods also 553 
appear to be shorter. Drops of room temperature also appear to be less frequent, although still present. 554 
 555 
Figure 6:Single-group interrupted time series analysis of CO2 change for hid25 556 

 557 
 558 
Note: ITSA with higher-order autoregressive models and Newey-West standard errors 559 
 560 
In the case of hid27 especially in the early intervention phase ventilation was much more frequent and 561 
CO2 concentration is much less. This behaviour is reflected in the following statement:  562 
 563 
[...] we look constantly on this display and I always say: Come on, let’s open the window, it is yellow 564 
again. My girlfriend said: Now listen, when it’s yellow you CAN open but you don’t have to. Well from this 565 
on, we pay heed to it constantly. Every few minutes, we look at it if our carbon dioxide concentration is in 566 
the green zone. 567 
 568 
In hid28 we could observe constantly higher indoor temperatures because the participant did not set up a 569 
nocturnal fall in the smart home device.  570 
 571 
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And now I did not yet make it to set up profiles in the new system. Your colleague explained to me but it 572 
unfortunately only works on the PC and I have it on my tablet and on the other thing, there you can turn it 573 
up and down but not set up profiles. […] I seriously thought about purchasing this system that I now got 574 
on a rental basis from you, so to speak. Because I really find it comfortable. A, because/ I did this two or 575 
three times, but I didn’t know, I turned up the heating in the evening and then I forgot – because I haven’t 576 
set up profiles yet – to turn it down again. And then in the morning on my way to work or so I really turned 577 
down the heating underway. And there I have the feeling that you are more sparing with it and also /not 578 
just financially but also not use energy unnecessarily. 579 
 580 
This aspect is very well reflected in Figure 2 where in the intervention the typical drops of the pre-581 
intervention phase are suddenly absent, leading to a generally higher and very constant indoor 582 
temperature This clearly is an effect of interaction with the new device which was not yet incorporated into 583 
usual routines and led the participant forget about the heating was still on. Furthermore, the interview 584 
partner described how he had turned down the heating remotely a couple of time, but as the temperature 585 
curve shows, apparently to a higher level compared to how the nocturnal drop was set up before the 586 
intervention. 587 
 588 
3.2.2Summary of main qualitative findings 589 
 590 
What can be learned from results regarding the third research assumption on materials, meanings and 591 
competences intervening in the effect of feedback and smart home interventions?First, we could identify 592 
differences between stated comfort temperatures and actually measured indoor temperatures for most 593 
participants. Measurement showed higher room temperatures as what was stated as by participants as 594 
their comfort temperatures. This might indicatethat interview partners stated what is considered a 595 
“normal” room temperature as social norm (meaning of comfort), while actual comfort levels are higher. In 596 
the case of hid27, where the stated comfort temperature matched measurement very well, it also turned 597 
out that inhabitantsare very conscious of their heating routines. This is apparently due to a rather poor 598 
standard of the building envelope and heating system (materials) as well as – linked to this – higher cost 599 
sensitivity (meaning of costs). Second, materials showed to influence heating practices (e.g. underfloor 600 
heating as very inflexible; building envelope/insulation). Importantly though, not the materials themselves 601 
are responsible for heating routines but how they interact with meanings and competences (e.g. practical 602 
and implicit know-how of underfloor heating; being aware of flaws of living on the ground floor of an old 603 
building but accepting them for other reasons; foregrounding costs or comfort). Third, environmental 604 
concerns were sometimes explicitly addressed and in one case the interviewee was willing to invest in 605 
new heating systems even though they might not pay off economically.However giving up comfort levels 606 
is not an option for most interviewed households. When,fourth,it comes to competences, the interviews 607 
revealed that the CO2 meter as low-tech intervention was anticipated by participants and was also 608 
described as a fun thing in handling and in interaction between household members. The high-tech smart 609 
home system in one case (hid28) showed to be sensitive to user interaction.Here, a missing set up of a 610 
heating profile resulted in a higher and very constant temperature level. Together these aspects seemed 611 
to influence how aware people are of maintaining a certain room temperature and thus energy 612 
consumption. Finally, some contradictions of a solely quantitative analysis could also be resolved (i.e. the 613 
one week drop of room temperature could be explained to result from simple absence in hid25). For 614 
future research, we hypothesise that meanings, most and foremost comfort as well as user competences 615 
highly affect the impact of feedback and smart home devices on heating energy consumption. 616 
 617 
4. CONCLUSION 618 
 619 
The results from rigorous experimental testing do not support our hypothesis that a CO2 meter changes 620 
the room’s CO2 concentrations significantly. The same accounts for the smart home intervention. We find 621 
only positive significant changes in terms of indoor room temperature (increasing temperature). Thus our 622 
results do not support the hypothesis that a smart home system leads to more energy efficient 623 
management of indoor room temperature. The identified changes in energy consumption in terms of 624 
natural gas do underline this finding. Those overall results are in line with previous research on this 625 
matter. 626 
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 627 
At the same time, the CO2 meters do affect indoor room temperature while the smart home system affects 628 
CO2 concentrations significantly in both directions - positively as well as negatively. Again, the changes in 629 
consumption of natural gas for heating do underline the finding, that a CO2 meter may as well affect 630 
energy consumption (lowering indoor room temperature and consumption of natural gas, i.e. negatively). 631 
Therefore, we do support the findings from previous studies, that eco-feedback affects behaviour 632 
significantly, but remain rather inconclusive when it comes to specifying the direction of the effects, 633 
positive or negative.  634 
 635 
Our qualitative interviews revealed that ambiguous effects might result from various reasons stemming 636 
from materials, meanings and competences, i.e. the social practices, of users. We identified two main 637 
reasons for this with respect to heating practices. First, the smart home system calls for enhancing the 638 
competences of users in order to set up the systems properly and to let it help users to manage their 639 
energy consumption more energy efficiently. Second, we found that comfort may trump energy and 640 
resource efficiency concerns leading to rather inert behavioural changes (if at all). Positive trend effects 641 
after intervening in heating practices may support the qualitative findings and hint at inert comfort 642 
temperatures that users desire to meet, rather than energy efficiency concerns. In this respect, our results 643 
support previous findings on the issues and problems of changing heating practices in favour of more 644 
sustainable behavioural pathways with technological and economic implications that both have political 645 
implications. 646 
 647 
Technologywise our research has shown that high-level technological interventions like smart home 648 
systems need to address problems linked to human-technology interaction much more directly and 649 
efficiently. A more deliberate user integrated design of high-level technology driven feedback may 650 
overcome shortcomings in terms of technology handling as well as the probable lack of competences of 651 
users. In addition, high- as well as low-level technology interventions on heating behaviour need to 652 
directly address meanings of users that address user experience factors like comfort concerns, rather 653 
than energy or resource efficiency, which represent outcomes, in order to support more sustainable 654 
pathways of behavioural change by design.For future political measures addressing energy efficiency – 655 
specifically but not solely – for housing this implies to not only subsidise technological development, as 656 
this may be unlikely to bring potential savings to their full effect or may even cause more consumption 657 
through externalities or rebounds produced by misapplication. On the other side the role of behaviour 658 
may require more attention from the side of research and development and from the side of policy aiming 659 
to reduce energy consumption. 660 
 661 
Economic interpretations can be drawn for households/consumers/homeowners and for technology 662 
producers on the micro-level and for innovation policy on the level of economic policy. For the former 663 
group our research illustrates the potential of achieving savings with relatively little investment when 664 
willingness for behavioural change exists. Conversely it is shown that technology investments into smart 665 
home applications are not per se apt at realising a savings potential. This is specifically beneficial for low-666 
income households as our findings indicate that for groups where energy poverty can be an issue, 667 
savings can be realised without larger scale technological investments. With regard to producers of smart 668 
home systems and other energy management equipment in buildings or households our findings imply to 669 
take application and behavioural aspects as potentially interfering variables into concern. I.e. such 670 
technologies should be developed taking these factors into concern ideally in interactive co-creation 671 
settings such as LivingLabs. This way more ergonomic, and thus more effective solutions can be 672 
expected. Consequently innovation policy should strive to foster and support interactive R&D methods, so 673 
as to avoid misspending on non-effective technologies. 674 
 675 
With regard to future research using an experimental design with relatively high effort per testing revealed 676 
important insights through time series and in-depth interviews. This mixed methods research and user 677 
centred research needs to work with small samples in order to offer thorough, qualitative insights in user 678 
behaviour for more effective product and service design, including the benefits of co-creating prototypes. 679 
However, further research should also realise test settings that allow conducting research in relation to a 680 
control group and larger samples in order to provide more representative conclusions. Additionally, larger 681 
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groups would minimise the effects of corrupted data sets due to malfunctioned devices (hid5) or 682 
unplanned absences (hid25) on the overall results. As well, the ITSA could thenbe modelled more 683 
complexly by introducing additional covariates which control for and elicit confounding, seasonal or 684 
external effects, such as day and night-shifts or more individual specific variables like work-leisure 685 
rhythms. Another important addition would be research on the rebound effects of using energy 686 
innovations in households. 687 
 688 
Disclaimer: This manuscript was presented at the 4th European Conference on Behaviour and Energy 689 

Efficiency - BEHAVE 2016 in Session E1. Behaviour change interventions”  690 
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