B
LEUPHANA

UNIVERSITAT LUNEBURG

Smart homes and the control of indoor air quality

Schieweck, Alexandra; Uhde, Erik; Salthammer, Tunga; Salthammer, Lea C.; Morawska,
Lidia; Mazaheri, Mandana; Kumar, Prashant

Published in:
Renewable and Sustainable Energy Reviews

DOI:
10.1016/j.rser.2018.05.057

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link to publication

Citation for pulished version (APA):

Schieweck, A., Uhde, E., Salthammer, T., Salthammer, L. C., Morawska, L., Mazaheri, M., & Kumar, P. (2018).
Smart homes and the control of indoor air quality. Renewable and Sustainable Energy Reviews, 94, 705-718.
https://doi.org/10.1016/j.rser.2018.05.057

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 03. Juli. 2025


https://doi.org/10.1016/j.rser.2018.05.057
http://fox.leuphana.de/portal/en/publications/smart-homes-and-the-control-of-indoor-air-quality(67f10129-48fc-44a2-af57-fdb2a14abf92).html
http://fox.leuphana.de/portal/de/publications/smart-homes-and-the-control-of-indoor-air-quality(67f10129-48fc-44a2-af57-fdb2a14abf92).html
http://fox.leuphana.de/portal/de/journals/renewable--sustainble-energy-reviews(eb63cdba-7983-4922-8b26-3fd80b022560)/publications.html
https://doi.org/10.1016/j.rser.2018.05.057

Renewable and Sustainable Energy Reviews 94 (2018) 705-718

journal homepage: www.elsevier.com/locate/rser

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

Smart homes and the control of indoor air quality

Alexandra Schieweck™*, Erik Uhde®, Tunga Salthammer®, Lea C. Salthammer”, Lidia Morawska®,

Mandana Mazaheri¢, Prashant Kumar®®

Check for
updates

2 Fraunhofer WKI, Department of Material Analysis and Indoor Chemistry, 38108 Braunschweig, Germany

® Leuphana University, 21335 Liineburg, Germany

€ International Laboratory for Air Quality and Health, Queensland University of Technology, Brisbane, QLD 4000, Australia
4 Global Centre for Clean Air Research (GCARE), Department of Civil and Environmental Engineering, Faculty of Engineering and Physical Sciences, University of Surrey,

Guildford GU2 7XH, United Kingdom

© Environmental Flow (EnFlo) Research Centre, Faculty of Engineering and Physical Sciences, University of Surrey, Guildford GU2 7XH, United Kingdom

ARTICLE INFO ABSTRACT

Global climate change, demographic change and advancing mechanization of everyday life will go along with
new ways of living. Temperature extremes, an ageing society and higher demands on a comfortable life will lead
to the implementation of sensor based networks in order to create acceptable and improved living conditions.
Originally, the idea of the smart home served primarily the efficient use of energy and the optimization of
ventilation technology connected with new ways of constructing buildings (low-energy and passive houses,
respectively). Today the term 'smart home' is also linked with the networking of home automation systems, home
appliances and communications and entertainment electronics. Living in a smart home often makes also sig-
nificant demands on the occupants who are required to drastically change some of their living habits. This
review summarizes current findings on the effect of measured environmental parameters on indoor air quality,
individual thermal comfort and living behavior in smart homes with focus on central Europe. A critical eva-
luation of available sensor technologies, their application in homes and data security aspects as well as limits and
possibilities of current technologies to control particles and gaseous pollutants indoors is included. The review
also considers the acceptance of smart technologies by occupants in terms of living habits, perceived indoor air
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quality and data security.

1. Introduction

Alongside population growth and increasing environmental pollu-
tion, global warming is one of the greatest challenges facing us today
and will entail scientific, political and social consequences around the
world. The report by the International Panel on Climate Change (IPCC)
makes clear that anthropogenic greenhouse gas emissions, which are
increasing annually, are primarily responsible for climate change [1].
Taking into account the conservative RCP 2.6 scenario (Representative
Concentration Pathways), which is based on carbon dioxide con-
centrations of 400 ppm and a radiative forcing value of 2.6 W/m?, the
following scenarios are assumed for Germany and Central Europe: more
days of sunshine with extreme temperatures and heavy rainfall with a
simultaneous decrease in average precipitation volume [2]. Changes in
climatic conditions such as temperature, water balance and direct
sunshine will also lead to a worsening of air quality [3], which will have
a particularly high impact during heat waves [4,5]. In Fig. 1, different
scenarios for Germany concerning the change of summer days, average
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temperature, global irradiation and water balance until 2040 are
shown. In many megacities the air is already so heavily polluted with
gaseous substances and particles that it is no longer advisable to ven-
tilate interior spaces with unfiltered outside air [6].

In the near future we will therefore need to look intensively at the
matter of how we can create healthy living environments in areas with
extreme air conditions [7]. In the United States, a group of experts has
already dealt extensively with the possible impacts of climate change
on living conditions and general health [8]. On the basis of the Institute
of Medicine (IOM) report, Fisk [9] sees potential for health risks caused
by climate change, in particular for children, older people and people
with respiratory and/or cardiac conditions. He identifies intelligently
designed and operated buildings as one possibility for reducing climate-
based health risks. Nazaroff [10] has also postulated negative impacts
of climate change on indoor air quality and names effective ventilation
and filter technology as significant factors for the planning of buildings.

People had been used to controlling the indoor climate manually for
centuries when automation was first introduced in the early 20

1364-0321/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Climate change scenarios for Germany between 1980 and 2040 in 10 year cycles on the basis of RCP 8.5 (1370 ppm COs, 8.5 W/m? radiative forcing) and RCP
2.6 (400 ppm CO,, 2.6 W/m? radiative forcing): A: summer days per year; B: daily temperature (daily average over year, °C), C: global irradiation (daily average over
year, J/cm?), water balance (average over year, mm). The water balance is the difference between rainfall and evaporation. The calculation was performed by use of
the online portal http://www.klimafolgenonline.com, the models are described in [128]. The model considers experimental data until 2010.

century with the invention of air conditioning. Despite constant im-
provements in control technology, for almost a hundred years room
temperature remained the major manipulated variable in air con-
ditioning technology. Finally, powerful computers and rapid data
transmission systems enabled the development of smart grids which
include various operational and energy measures (e.g., smart meters,
smart appliances). Thus, smart grids enhance the linkage between
producers and consumers of energy. Building on this technology, Home
Energy Management Systems (HEMS) have been developed which are
today the foundation for smart homes [11,12]. Originally, the idea of
the smart home served the efficient use of energy [13,14] in times of
transition toward sustainable energy [15] and the optimization of
ventilation technology connected with it [16]. Today the term 'smart
home' is also linked with the networking of home automation systems,
home appliances and communications and entertainment electronics.
In general, low-energy houses, which as a rule have a system of
artificial ventilation, require special technologies to achieve good in-
door air quality [17]. Smart homes in particular offer opportunities
with regard to the expected negative impacts of climate change on air
quality. Using modern sensor technology [18] it is possible to measure
online not only the climatic parameters but also the concentrations of
air polluting substances such as carbon dioxide (CO,), sum parameters
for volatile organic compounds (VOCs) and particles and record them in
the HEMS (see Fig. 2). ‘Indoor air quality and air hygiene’ are now
being taken ever more seriously as aspects of smart home technology.
Nevertheless, living in a smart home often puts significant demands on
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the occupants who are required to drastically change some of their
living habits. In particular, no longer being able to open windows
manually, is hard for many people to accept.

The rapid developments in the scientific field of housing technology
will significantly impact everyday life in the near future. Consequently,
there is a need to summarize the main achievements in order to obtain
an overview about the actual state-of-the-art, to discuss advantages and
disadvantages of the smart home concept from the technical and social
perspective and to give guidance for further research. We report
therefore current findings on the effect of measured environmental
parameters on indoor air quality, individual thermal comfort and living
behavior in smart homes for the temperate climate zone. This includes a
review of available sensor technologies, their application in homes and
data security aspects as well as limits and possibilities of current
technologies to control particles and gaseous pollutants indoors. The
results drawn from this publication could be used for future planning,
recommendations and guidelines on indoor air quality in automated
private homes and residences.

2. Application of sensor technologies in private homes

Smart home technology can be mainly applied in two ways: (i) to
ensure the occupants safety, health and comfortability as well as to
facilitate household operations, especially in order to reduce energy
costs (e.g. automatically controlled blinds, ventilation, appliances) and
(ii) to assist elder and disabled people by smart sensor technology to
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Fig. 2. Possible manipulated variables (indoors and outdoors) for the control of ventilation, indoor climate and indoor pollutants.

SMART HOMES

Climate change Comfortable living Demographic change

Heat waves Ambient assisted living

Dry summer periods (AAL)

Instrumentality: energy-efficiency, IAQ improvement

Functionality & data security: easy & efficient daily-life management

Social-ethical: acceptance of technically equipped living

Socio-technical: complement assistance

Fig. 3. Application ways of smart homes, their main targets and functionalities
as well as important aspects to be considered.

stay independently in their own house or flat as long as possible. These
applications, their main targets and functionalities as well as important
aspects to be considered are illustrated in Fig. 3.

There is a long list of requirements a home should fulfil to keep their
occupants safe, healthy and comfortable. One of its basic functions is to
provide the necessary environmental conditions to ensure thermal
comfort, but also to protect people against temperature extremes,
which are a cause of severe health effects [19]. As a consequence of
climate change, heat waves are increasing [20]. Protective measures
have to be dynamically, in response to outdoor temperature variations,
according to the diurnal and seasonal local climatic patterns. Whereas
humans themselves are temperature ‘sensors’, thermometers provide
quantitative information of the temperature and its trends. Good indoor
air quality is another characteristic expected of home. Unlike tem-
perature, which people sense and can tell whether it is appropriate or
not, presence of air pollutants is not always sensed by people, and in
fact people cannot smell one of the most common indoor pollutant
generated by themselves, carbon dioxide (CO,). Its concentration can
significantly exceed limit values without people knowing it, unless the
room is equipped with sensors measuring its concentration.

Using smart technology in a health perspective, a complex network
of different sensors, computers, mobile devices and software applica-
tions are summarized under the term Ambient Assisted Living (AAL),
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targeting on personal healthcare monitoring and telehealth systems
[21]. The development of AAL systems is mainly driven by the demo-
graphic change. The technology might help to minimize increasing
costs in the healthcare sector. In general, three broad views concerning
AAL are differentiated: (i) functionality: smart homes as help for a more
efficient and easy management of the demands of daily living; (ii) in-
strumentality: possibility of smart home technology to improve energy
efficiency and to lower energy costs and negative environmental in-
fluences (e.g. outdoor/indoor pollutants); (iii) socio-technical: com-
plement assistance for human healthcare [21,22], as shown in Fig. 3.

Concerning healthcare applications, it is important to consider so-
cial and ethical problems, such as the handling and acceptance by older
people. An important aspect in this regard is that sensor technologies
must not replace human care but that technologically solutions are
provided in order to complement and support healthcare treatments
and systems without distracting or attracting attention as realized in the
Internet of Things [21,23]. Based on this approach, an IAQ sensor
system for AAL has been developed incorporating sensors for tem-
perature, relative humidity, light intensity and CO, [21].

Even if there are many technologies available for measuring thermal
and air quality parameters in homes, there are significant challenges in
application of these technologies and in making them useful in con-
trolling the indoor environment. One of the reasons is that the indoor
environment is a complex system, with its elements strongly connected
and affecting each other. For example, when increasing the ventilation
rate by opening the window to allow cooler outdoor air to enter the
house interior, some fraction of the pollutants generated indoors is
removed, for example CO, or combustion products generated during
cooking. However, increased ventilation can promote the ingress of
pollutants and particles from outside leading to elevated concentrations
indoors, especially when the indoor environments are close to busy
roadsides [24,25]. Different studies targeting on indoor air quality
within low energy buildings and passive houses have shown that air
exchange rates are mostly too low (< 0.2h™') due to an inadequate
setting or missing knowledge in operation and management of occu-
pants leading to increased CO, levels indoors [26,27]. Increased CO»-
concentrations were also found during night-times as residents swit-
ched off the mechanical ventilation system due to uncomfortable air
flows. Otherwise, facing the high area/resident ratio in newly built low-
energy houses, CO, values can stay unintentionally low because of di-
lution effects [26]. While sensors would provide information on con-
centration of particular pollutants, such information on its own would
be useless to the occupants. Thus, a smart sensor system would not just
monitor, for instance, temperature conditions and pollutant con-
centrations both indoors and outdoors in the immediate vicinity of the
house, but based on all these parameters would in addition determine
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the necessary actions to be taken. This could include the appropriate
ventilation conditions and indoor source operation to remove indoor
generated pollutants, to prevent ingress of outdoor pollutants, to ensure
the right temperature and to do all this in an energy efficient manner.
These challenges as well as the benefits of indoor air quality sensing
systems were reviewed by Kumar et al. [18]. There are more stringent
requirements for real-time sensors in indoor environments, which are
(i) high sensitivity as concentration levels are lower indoors, (ii) long
operating life, (iii) miniaturized size and (iv) low operating noise to be
used discreetly and to be accepted by the building occupants
[18,28,29]. Moreover, the technology has to be applicable in complex
wireless sensor networks. Commercial devices are currently ranging
from simple and low cost to very sophisticated and expensive. To be
suitable for mass application in smart homes, the available technologies
and sensors should be sufficiently cheap, but also of good quality to be
able to detect specific pollutants in adequately low concentration levels
relevant to indoor environments. They should also be robust with good
response times, provide reliable data and should not requiring frequent
maintenance or replacement. In addition, the sensors should be adap-
table to room specific usage habits and, thus, to room specific venti-
lation strategies [29].

As smartphones are increasingly important and influencing human's
life, smart technology can also be based on smartphone applications.
These offer already a broad functionality, from e.g. global positioning
systems (GPS), camera, microphone, Bluetooth and accelerometer to
integrated sensors detecting the owners activity (walking, running)
with no additional sensing hardware [21,30]. However, there is no
generally accepted definition or set of parameters which the technology
has to fulfil to be called a ‘sensor’. In fact, with this being a hot topic at
the moment, many instrument manufactures or users call their instru-
ments ‘sensors’. Regarding the price, a review of low cost sensors for
respirable particulate matter showed a price range from 10 to 100 Euros
[31]. Monitors for accurately measuring particle masses in a wide range
of settings were considered as low cost at prices below US$ 500
[31,32].

3. Control of environmental parameters with impact on indoor air
quality

Indoor air quality (IAQ) is typically affected by three major groups
of pollutants: (i) outdoor air pollutants, such as e.g. carbon monoxide
(CO), benzene (CgHg), sulfur dioxide (SO,), ozone (Os), oxides of ni-
trogen (NO, NO,), and particles, which penetrate the building envelope,
or enter the building through windows or air handling units (AHU); (ii)
those mainly generated in households, namely occupant-related pollu-
tants like CO,, bio-effluents and particulate matter (PM) in different
size ranges, and (iii) building-related pollutants, typically volatile or-
ganics (VVOCs, VOCs, SVOCs) originating from e.g. construction ma-
terial, furnishings and office equipment as well as microbial con-
taminants such as viruses, fungi and bacteria [33]. The affection of IAQ
by the infiltration of outdoor air to indoor environment depends also on
the type and operation of the ventilation system of a building, which
could be natural or mechanically ventilated.

The spatial distribution of ambient air pollutants might be diverse as
shown in Fig. 4 for PM;, PM, 5, NO, (annual mean) and ozone (number
of days (calculated as 8 h averages) exceeding 120 pg/m?) in the year
2016 in Germany. The dashes represent urban areas with a high density
of population. As expected, NO, is clearly related to city centres and
traffic with annual concentrations sometimes exceeding the WHO
guideline value of 40 ug/m3 [34]. On the other hand, increased annual
means of PM; o and PM, 5 are also found in rural areas in the north east
of Germany. Surprisingly, the highest number days exceeding 120 ug/
m? ozone are located in the south east of Germany where NO, con-
centrations are comparatively low. This is probably due to the warm
and sunny climate in this region, which supports photochemical reac-
tions. Stowell et al. [35] consider climate change induced tropospheric
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ozone as one of major threats to human health. Fig. 4 makes clear that
different geographic regions are affected by different types of air pol-
lutants. For example, the WHO guideline for PM;o (24 h average) of
50 ug/m* was exceeded 63 times in Stuttgart city centre, 120 ug/m>
ozone (8 h average) was exceeded 46 time in the Freiburg area (source:
German Federal Environment Agency (UBA: Umweltbundesamt)). This
needs be taken into account in the building design of ventilation sys-
tems in modern housings.

Outdoor conditions also may change rapidly, as shown in Fig. 5 for
the diurnal variations of global irradiance, ozone and temperature in
the Braunschweig area (North Germany) on 19.05.2017. At 2 pm there
is a sudden decrease of global irradiance from 415 W/m? to 115 W/m?;
at 6 pm the temperature dropped from 20 °C to 13 °C within 2h. The
unusual increase of the ozone concentration after sunset is due to in-
tensive lightning. Modern sensors are able to monitor such changes
within milliseconds, but in order to avoid permanent feedback, modern
automatic control engineering requires intelligent algorithms for at-
tenuation and hysteresis. As illustrated, IAQ itself impacts the health of
human beings residing in indoor environments [36,37]. Published re-
search indicates that an increase in the ventilation rate is associated
with improved occupant health and productivity [38,39]. At the same
time, it reduces the energy consumption within office buildings if they
are equipped with Heating, Ventilation and Air Conditioning (HVAC)-
systems. However, negative effects of increased ventilation have to
keep in mind, which might be the increased infiltration of outdoor
pollutants.

Ozone (03) levels indoors are mostly low due to chemical reactions
on indoor surfaces. However, nitrogen dioxide (NO,) concentrations
can be increased during warm periods (spring, summer) because of the
frequent opening of windows, especially near busy roads. Indoor
combustion processes (e.g. gas cooking, decorative fireplaces) result in
elevated indoor/outdoor (I/O)-ratios for NO, [40]. For this reason,
increased NO, concentrations can also occur during the cold seasons
(autumn, winter) even though air exchange rates (AER) are low, as it
was shown for extensive candle burning in Swedish houses [41]. High
1/0 ratios for formaldehyde (HCHO) and TVOC (total volatile organic
compounds) were traced back to consistent indoor emission sources
without significant seasonal variations. However, HCHO concentrations
in new buildings were higher than in old houses even though the AER
was higher in the new buildings, probably due to increased emissions of
new building materials and furnishing. Given similar AER in newly
built passive and conventional houses, higher HCHO emissions were
found in conventional buildings in contrast to increased TVOC levels,
lower terpene concentrations and more constant O3 levels in passive
houses, which might indicate ozone initiated reaction processes
[27,41,42]. Values of volatile organics might be increased in passive
and low-energy houses at different stages of use, mainly after installing
building materials, equipment or furnishings. Even though primary
emissions decline usually over several months, Kauneliené et al. [26]
encourage not just to focus on low-energy demands in modern building
designs, but to extend this approach also to the installation of en-
vironmentally friendly and low-emitting materials and furnishings in-
doors. This is also underlined by a French study conducted in ten low-
energy school buildings. Despite new construction techniques, 150
different VOCs were detected with pollution patterns and concentra-
tions similar to those reported for standard buildings [43]. Most
abundant substances were aldehydes (formaldehyde, acetaldehyde,
hexanal, pentanal), ketones (acetone, 2-butanone) and aromatic hy-
drocarbons (toluene) which could be attributed to indoor sources with
the exception of benzene introduced by outdoor air (I/O ratio ~1
or < 1) [43]. Indoor air quality and also room climate parameters can
be significantly improved if low-energy buildings are equipped with
mechanical ventilation systems. This could be considerably improved
by supervision regarding the selection and use of low-emitting con-
struction materials and furnishing [26].

Francisco et al. [44] studied ventilation, indoor air quality and
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Fig. 5. Diurnal course of outdoor global irradiance (GI), ozone concentration
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North Germany. The data represent 1h averages and were taken from the
monitoring station Braunschweig (BGSW) of the Lower Saxony Ministry of the
Environment, Energy and Climate Protection (http://www.umwelt.
niedersachsen.de).

health in homes undergoing weatherization (energy retrofits) and came
to the conclusion that life conditions are significantly improved when
weatherization is accompanied by an ASHRAE residential ventilation
standard [45]. Due to the increased air supply through ventilation
systems, indoor concentrations of volatile organic compounds, for-
maldehyde, saturated acyclic aliphatic aldehydes and CO, are typically
lower in newly built or retrofitted houses with mechanical ventilation
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Fig. 4. Spatial distribution of ambient air pol-
lutants in Germany for the year 2016. NO,,
PM;, and PM, 5 are provided as annual means,
for ozone the number of days exceeding

—50ugm® 120 pg/m® (8h averages) are presented. The
dashed lines indicate urban areas with high
26 gl population densities. The figures were taken
it from the Air Monitoring Sites Information
System of the Federal Environment Agency
14 pg/m? (Umweltbundesamt), https://gis.uba.de/
Website/luft/index.html (accessed January
3 ug/m? 25, 2018) and reproduced under non-com-
Hd mercial Creative Commons 4.0 License.
Copyright remains with Umweltbundesamt,
Germany.
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Fig. 6. Comparison of formaldehyde concentrations in energy efficient (retro-
fitted) and conventional homes from [44] and [46]. CG-1: control group
(conventional, manual ventilation), three months after moving in; TG-1 (energy
efficient, mechanical ventilation), three months after moving in; CG-2: control
group (conventional, manual ventilation), one year later; TG-2 (energy effi-
cient, mechanical ventilation), one year later; Pre-Wx: before weatherization,
Post-Wx: after weatherization. 50-P: 50th percentile (median); 95-P: 95th
percentile; GM: geometric mean; GSD: geometric standard deviation.

than in conventional buildings. Moreover, concentrations usually de-
crease during occupancy due to decreasing emissions of newly installed
building materials and products. These effects are visualized in Fig. 6
for the indoor pollutant formaldehyde using data from Refs. [46] and
[44]. Table 1 summarizes median values of other key parameters in
regard to indoor air quality and thermal comfort from different studies,
measured in energy-efficient houses.
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Table 1

Median values of key parameters in regard to indoor air quality and thermal comfort in retrofitted and energy-efficient homes (N = number of measurements).
N T [°C] RH [%] AER [h™1] CO, [ppm] NO, [pg/m3] 05 [pg/m?] Comment Ref.
11 23.4 51.2 0.2 655 4.0 n.d. Low energy residential buildings Lithuania [26]
10 21.5 44.7 2.9 1306" 18 3.9 Low energy school buildings France [43]
20 22.1 30.0 0.6 < 1000 10 9.7 Passive houses Sweden [41]
6 21.6 45.9 0.5 < 1000 n.d. n.d. Energy efficient houses France [27]
23 n.d. n.d. n.d. 587 4.6 n.d. Retrofitted houses Finland [92]
13 n.d. n.d. n.d. 849 15.3 n.d. Retrofitted houses Lithuania [92]
62 22 40 n.d. 1360 n.d. n.d. Energy efficient buildings Austria [46]
24 20.8 47.4 0.304° n.d. 18.6 n.d. High performance homes California [122]
66 n.d. n.d. n.d. 914 n.d. n.d. Retrofitted homes United States [44]

2 Median of maximum values.
b N =16.

4. Technical solutions for online measurement of VOC
concentrations

Utilization of information on volatile organic compounds, such as
their concentration, is considered to be a substantial improvement for
demand-controlled ventilation in private rooms and offices. Major
benefits to be expected are: (a) more exact occupancy detection in
rooms, and (b) a ventilation control more related to health, especially if
the sensors are capable of making a distinction between toxic and non-
toxic volatiles. In addition, when building ventilation in megacities
with poor outdoor air quality is considered, using such a sensor at the
air intake may assist in preventing the ventilation with polluted air
during rush hours. As many odorous substances are part of the VOC
range, improvements in the perceived air quality may also result as the
ventilation might be better focused on removing offending odors
quickly. So in total, the consideration of VOCs could significantly en-
hance building ventilation strategies.

The measurement of VOCs with cheap sensors, however, is not
simple: the group of VOCs comprises a broad variety of substances with
very different physicochemical properties, covering a large boiling
point range (50-250 °C [47]). Most sensors provide only a ‘TVOC’ sum
value, which tells very little about the actual concentration levels, and
even less about possible health effects. This reduces their applicability,
and forces the developer to choose the right type for a certain appli-
cation. To be easily integrated into ventilation systems, sensors have
also to fulfil some important requirements: They need to be stable to-
wards changes in climatic conditions, safe to operate in a ventilation
system or in rooms, easily maintainable (if not maintenance-free) with a
long lifespan (> 1 year) and, especially for room-level monitoring,
have low production costs.

In general, there are conventional instruments available to measure
the variability of pollutants listed above. However, when it comes to
indoor environments where non-bulky, small, quiet and more sensitive
instruments are needed (as indoor concentrations could be quite low at
times to go below the threshold levels of many pollutants), available
systems may not work well. Such a need points towards the need of IAQ
sensors that are miniaturized battery-operated and low-power devices
as well as wearable and able to communicate data via Bluetooth or Wi-
Fi to a remote platform (e.g. smartphone or a PC) to view, analyze and
interpret [28,48,49]. Advances in air sensor technologies have now
made it possible to measure numerous pollutants, such as VOCs, CO,
O3, NO,, SO, and PM, through a diverse range of air sensing devices
[50,51]. Some of the key requirements for the indoor air sensing is that
these sensors have a good response time; they are robust, vandal proof
and exhibit high performance [28]. A good number of these sensors are
battery operated, mobile, and wearable and have communication pro-
tocols incorporated in them that allow data to be transmitted to a re-
mote platform for viewing, with the help of application software [49].

Possible sensor technologies for measuring VOC/TVOC include op-
tical/non-dispersive infrared (NDIR) technology sensors,
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photoionization detectors (PID), metal-oxide-semiconductor (MOS)
sensors, electrochemical (EC) sensors and catalytic sensors [52,53].
Usually, MOS sensors and EC sensors are used to measure gaseous
pollutants. While the MOS sensors are low in cost, they generate non-
linear output signals with the gas concentration and are easily affected
by changes in temperature and relative humidity. Concerning substance
quantification, they experience various cross-interferences and have a
very limited sensitivity and specificity. Technologies to overcome these
drawbacks are still under development [54]. In contrast, EC sensors
generate a current proportional to the gas concentration [55,56]. The
sensors are less sensitive to climatic changes and usually have lower
power consumption than MOS sensors, as they do not require a heater
to reach operating conditions [55]. However, MOS sensors are gen-
erally cheaper than EC sensors [57]. Even though PID sensors can be
used to detect a wide range of substances, a main disadvantage is that
the sensitivities of PID sensors differ substantially from one substance
group to the next, and substances with high ionization potentials will
not be detected at all. Due to the UV light source used, the sensors are
comparatively expensive and require more power. However, this may
change when UV-LEDs become more readily available.

Within these technical solutions, some MOS sensors are already
used for environmental monitoring in relevant concentration ranges:
The iAQ-100 TVOC sensor was described in more detail and used by
Moltchanov et al. [58] in a study of urban air quality. The TGS2602
VOC MOS sensor was used for monitoring indoor air quality [59]. The
device was found to be sensitive to higher concentrations of VOCs such
as toluene and other gaseous pollutants, including ammonia and hy-
drogen sulfide, affording a detection range as low as 1-30 ppm. Lei-
dinger et al. [60] tested an array of MOS VOC sensors (GGS 1330 (SnO,
based)), GSS2330 (SnO, based) and GSS5330 (WO3 based) with dif-
ferent targeted gases at ppb and even sub-ppb levels. Using linear dis-
criminant analysis, background VOCs could be distinguished from the
targeted gases. The results demonstrated that the combination of sen-
sors can improve the reliability of VOC identification and enhances the
potential utility of the array in in-field test sensor systems. Penza et al.
[61] investigated the application of low-cost solid-state gas micro
sensors based on commercial metal-oxides sensors (TGS 2600, SP-AQ2,
TGS 2106, TGS 822) for odor control as well as for cost-effective and
on-site air-quality monitoring in a landfill in Italy. The study also in-
dicated that the sensors were quite sensitive to methane, a fact that
might impact on the reliability of VOC measurements. Some of the
requirements for the sensors in terms of measuring range of various
pollutants and their detection limits are presented in Table 2.

The sensitivity of common VOC sensors discussed above is a major
limitation to their widespread application in air quality assessment. PID
sensors may offer a high level of accuracy in VOC monitoring, but the
relatively high cost of PID VOC sensors will be the limiting factor.
Overall, it appears that currently the low-cost sensors (MOS, EC) seem
to be the most promising technologies to facilitate widespread use, al-
though more investigations on their practical uses are warranted to
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Table 2
Requirements for smart sensors in terms of measuring range of various pollu-
tants and their detection limits (Source: Kumar et al. [18]).

Pollutants Measuring range [mg/m?] Detection limit [pg/m?]
Carbon monoxide 0-100 100

Benzene 0-200 0.2

Nitrogen dioxide 0-500 10

Ozone 0-500 20

PM;o 0-400 1

PM, 5 0-400 1

PM; 0-400 1

confirm and validate their utility for use in ventilation control systems.
The cross-interferences of such sensors towards CO, CO,, other in-
organic gases and sometimes water vapor (relative humidity) are a
major problem for their application.

5. Challenges in the field of VOC sensors

Unlike other substances monitored for air quality control, the term
‘VOC’ covers a large group of individual substances. An air sample may
easily contain 100-200 single VOCs of different chemical structures.
Therefore, a second, equally critical drawback of the available sensors is
the varying (and often unknown) response factor to certain substance
groups. A sensor may show a good performance for one specific substance,
but may fail to detect the same concentration of another substance at all.
The response factors may vary considerably for e.g. PID sensors [62] or
certain MOS sensors [63]. Especially in complex mixtures of 20 or more
substances this may lead to significant inaccuracies. Critical substances
may be missed entirely or false-positive may interfere with the evaluation.
The same situation was observed for arrays of MOS sensors [64]. MOS
sensors are also susceptible to erroneous readings when exposed to high
concentrations of certain organic substances, or when coming into contact
with gaseous sulfur-containing substances [65].

Earlier studies have shown that simple TVOC sensors can indeed
make the occupancy detection in rooms more precise [66]. As occu-
pancy detection is a key step to efficient ventilation, this alone justifies
more research in the field of VOC sensors. If, in addition, single sub-
stances could be identified and roughly quantified by a sensor system,
this would certainly open up new possibilities in target-oriented
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ventilation, with strategies like in Ye et al. [67] used to minimize en-
ergy consumption. It must, however, be noted, that VOC-concentration
should not be the primary parameter to determine the required venti-
lation rate — the CO, concentration is more suitable for that purpose.
Introducing the VOC concentration into ventilation systems is rather a
step towards optimizing the air quality inside a building and having the
ventilation system to react correctly in case of sudden activities re-
leasing VOCs (renovation work, new furnishings, other dweller activ-
ities). Already established guidelines for indoor air pollutants can serve
as basis for correct setting of sensor technology and ventilation systems
(Table 3).

6. Control of carbon dioxide and thermal comfort

The personal thermal comfort of occupants is defined as the occu-
pant's satisfaction with the indoor environmental conditions, which is
however assessed by subjective evaluation [68]. Thus, the term
‘thermal comfort’ includes a number of environmental parameters
which are interrelated with each other and which are directly or in-
directly influencing the individual's well-being, namely ambient air
temperature, mean radiant temperature, relative humidity, thermal
radiation, the speed of air passing through the room as well as human
activity, gender, and clothing insulation [69,70]. This also underlines
how difficult the task of sensor based online monitoring of thermal
comfort within a HEMS is. A wealth of studies has been performed
during the last decades in order to clarify thermal comfort of different
population groups in various indoor environments and its main influ-
encing factors [70-75]. Ventilation governs the temperature and indoor
air pollution. Published research has clearly indicated an inter-re-
lationship between poor IAQ and thermal comfort with a number of
factors that include (i) reduced human productivity and dissatisfaction
in adults [76], (ii) adverse impacts on the learning ability of school
children [38], and (iii) the growth of bacterial and fungal staining
(blackening) on the building's interior walls and roofs [77,78]. Most
studies have used CO,, temperature and relative humidity as indicators
for thermal comfort [66-73]. As the room temperature is the most
important control variable for occupants, the personal well-being is
highly dependent on regulatory options for heating and ventilation,
respectively. As can be seen in Fig. 7, the ventilation rate again directly
influences the CO,-concentration indoors.

Guidelines for indoor air pollutants as defined by the World health organization (WHO) and the German Committee on Indoor Guide

Values (AIR), formerly known as ‘Ad hoc AG’.

Pollutant Guideline value Remark Defined by Ref.
Benzene® n.d. Unit risk: 6107° at 1 pg/m* WHO [123]
Carbon monoxide 100 mg/m3 15 min (once per day) WHO [123]
35 mg/m°® 1h (once per day)
10 mg/m* 8h
7 mg/m* 24h
Carbon dioxide < 1000 ppm Hygienically harmless AIR [80]
1000-2000 ppm Elevated
> 2000 ppm Hygienically unacceptable
Formaldehyde 0.1 mg/m3 30 min WHO [123]
Nitrogen dioxide 200 pg/m? 1h WHO [123]
40 pg/m* Annual
TVOC® < 0.3mg/m> No hygienic objections AIR [124]
> 0.3-1mg/m® No relevant objections
> 1-3mg/m? Some objections
> 3-10 mg/m°® Major objections
> 10-25 mg/m* Not acceptable
PM, 5° 25 pug/m* Derived from WHO [34] AIR [125]
Ozone 100 pg/m? 8h (ambient air) WHO [126]

@ Carcinogenic compound. No safe level of exposure can be recommended.

b TVOC value as defined by ISO 16000-6 [127].
¢ For orientation only.
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Fig. 7. Air exchange rates (AER) in dependence of the room volume for N = 4,
Qco2= 201/h and person, CO2(ambienty(t) = 400 ppm and two CO, indoor con-
centrations (1000 ppm and 2000 ppm).

In a Swedish study, mean indoor air temperatures in passive and
conventional houses showed no significant differences and were each in
the thermal comfort range of 22-24°C (see Table 1). Despite of me-
chanical ventilation systems installed, envelops of energy-efficient
buildings investigated in Lithuania were not able to prevent indoor air
from overheating during warm periods with outdoor temperatures
above 30 °C.

Thus, adaptability of low-energy buildings during changing climates
might be challenging [26]. In contrast, RH levels in passive houses were
lower than in conventional buildings because of the ingress of dry
outdoor air through mechanical ventilation systems [41,46]. Wallner
et al. [46] therefore recommend moisture recovery strategies to be
considered in low-energy buildings. Whereas in 50% of the passive
houses the average RH was lower than 30%, which can lead to dis-
comfort, mold problems in some conventional buildings were probable
due to higher RH levels [41]. The fact that there were fewer indications
of mold problems in mechanically ventilated buildings, than in those
naturally ventilated (by opening of windows and doors), was demon-
strated by an Austrian study. The authors also pointed out that mold
concentrations indoors cannot be evaluated without knowledge of
outdoor concentration. A higher I/O ratio of colony forming units
(CFU) per m® indicates indoor sources. Concerning dust mite allergens,
no significant difference between building types could be observed
[46].

In low-energy school buildings located in France, temperature, re-
lative humidity and CO, concentrations were within the ASHRAE
Standard 55 [43,79]. Indoor/outdoor water concentration ratio was in
most cases close to 1 which means that the ventilation systems do not
influence the humidity conditions of the injected outdoor air. However,
in nine of ten investigated low-energy school buildings, CO,-levels were
between 1000 ppm and 2000 ppm during occupancy, regardless of the
season. In three buildings, peaks from 2000 ppm up to 5000 ppm were
observed due to time schedules, starting the ventilation delayed in
order to allow the rooms to warm up in the beginning of the courses.
According to the German Committee for Indoor Guide Values (AIR) of
the German Federal Environment Agency (UBA: Umweltbundesamt),
CO, concentrations below 1000 ppm are regarded as harmless, those
between 1000 ppm and 2000 ppm as elevated and concentrations above
2000 ppm as unacceptable (see Table 3) [80]. As human attention and
performance are decreasing with increasing CO, concentrations, the use
of a kind of ‘CO, feedback systems’ (e.g. ‘ventilation traffic lights’) has
been tried for improving thermal comfort in schools and educational
institutions [81]. It has been shown that in classrooms without me-
chanical ventilation, a feedback monitor can help by increasing
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ventilation rates and, thus, by lowering CO, concentrations, but its
application can result in an increase of energy consumption. However,
there was no effect within classrooms with mechanical ventilation, as
the CO, level never exceeded 1000 ppm anyhow. Therefore, Verriele
et al. [43] recommended an operation time slightly larger than the
occupancy period in order to achieve the best compromise for air
quality and energy consumption provided that classrooms are not oc-
cupied all the time. Also a pre-ventilation period before classes was
found to be useful during winter time in order to improve both indoor
air quality and energy efficiency by providing heated rooms at the same
time. Saving energy costs can also be achieved by night ventilation
(passive cooling) instead of active cooling during warm periods. Passive
cooling provides also indoor air conditions more appropriate for
thermal comfort [82].

Apart from this, most public buildings worldwide and up to 83% of
all residential buildings in the United States, are equipped with a
heating, ventilation and air conditioning (HVAC) system [83]. With the
introduction of passive houses and smart homes, technologically sup-
ported solutions for regulating indoor climate parameters are in-
creasing. Smart home technologies (SHT) comprise mainly sensors en-
abling automatic control of appliances and devices, such as lighting,
windows, curtains and doors. The applied sensors (and monitors) detect
environmental factors such as temperature, light, motion, humidity and
CO,, level. The control functionality is provided by software installed on
computing devices including smartphones, tablets, laptops and PCs, or
through dedicated hardware interfaces (e.g. wall-mounted controls)
[84].

An important question regarding wireless sensors will be which kind
of pollutants has to be detected in order to achieve a reliable mea-
surement of ‘thermal comfort’. There are currently sensors on the
market, which are able to measure a range of common indoor air pol-
lutants, e.g. volatile organic compounds (VOCs), carbon monoxide (CO)
and particulate matter (PM). They have good response times, are robust
with high sensitivity and selectivity and are vandal proof [18]. Air
sensing devices are mainly based on microelectromechanical systems
(MEMS). These microscopic devices are transducers consisting of a
microprocessor connected to microsensors which are interacting with
the surroundings. Reactions between the sensor material and the target
gaseous pollutants trigger a signal or an electrical pulse which is cor-
related to a specific concentration of the target gas [18,85]. Also sen-
sors based on conductivity or optical changes have been introduced
[86,87]. Caron et al. [88] have shown that electronic gas sensors are
already able to measure simple gas matrices and, therefore, to provide
relevant information for air treatment control systems and the detection
of indoor air quality events. However, the measurement of complex
matrices as in real environments is not possible. In addition, high in-
door pollutant concentrations might lead to sensor saturation. Low
temperature gas sensors based on titanium dioxide (TiO,) were able to
detect CO, at temperatures near to room temperature at low power
demand [89].

The individual's thermal comfort is mainly driven by temperature, a
key factor to well-being of the indoor inhabitants. Cetin et al. [83]
studied buildings operating under time-of-use electricity pricing (TOU)
strategies and their relationship to HVAC use focusing on smart ther-
mostats. These are programmable thermostats that communicate with
the utility companies' pricing of electricity. The thermostat reduces
automatically the electricity consumption during on-peak times. It has
been shown that homes equipped with ‘enabling technology’ or tech-
nological solutions which enable an automatically reduction in elec-
tricity use have achieved the highest energy savings [90]. It was found
that the strongest influencing factor on the long-term thermal comfort
is the indoor set point temperature in comparison to other variables,
such as thermal mass, setback temperature, and air exchange rate. The
air exchange rate and the thermal mass are less influential on thermal
comfort. In most cases, an increase in temperature leads to a decrease of
the occupants‘ thermal comfort. This influence is greatest in the hot-dry
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climate zone. Also Vanus et al. [91] showed that a change in operating
temperature in the internal environment leads to a direct influence on
thermal sensation of a person. Wang et al. [82] highlighted that both
thermal comfort and building energy consumption are depending on
the room temperature set-point and occupant behavior. A study con-
ducted in three northern European countries outlined that an adaption
of RH values to country-specific guidelines after energy retrofits can
improve the thermal comfort [92]. In addition to sensors for thermal
comfort, CO, sensors are also used for detecting motion inside the
house or inside specific rooms and can therefore be used for sensor
based control of the environment according to the user preference
based on their profiling [93].

7. Online technology for measuring airborne particles indoor

Airborne particulate matter (PM), ubiquitous in indoor and outdoor
air, has been shown to be the leading environmental risk factor, ranking
7% and 12™, respectively, as household and ambient air pollution.
Airborne particulate matter are measured as PM, 5 which is the mass
concentration of particles with an aerodynamic diameter < 2.5 um
[94]. Particles in indoor air originate from many different indoor
sources and also penetrate from outside. Furthermore, there are a
number of other influencing factors, including lifestyle (e.g. operation
of natural ventilation or air-conditioning system, use of air fresheners
and burning candles), meteorological conditions which affect the air
exchange rate and influence the choice of the ventilation method, so-
cioeconomic factors (cooking methods and kitchen facilities, types of
stove hoods, etc.), as well as building structures that define the in-
filtration rate and impact of outdoor air on indoors. During cold and
warm seasons windows are mainly closed as air conditioning or heating
systems are in use. Thus, infiltration becomes the primary pathway for
outdoor pollutants and particles to enter the indoor environment [95].
High indoor particle concentrations are of particular concern for home
environments, where people potentially susceptible to air pollution (the
very young, old or sick) spend most of their time, and where a number
of particle sources may be in operation at the same time. Chen and Zhao
[95] have shown high I/O ratios in private homes in which the occu-
pants cooked and smoked without chimneys, whereas in contrast lowest
I/0 ratios were found in an uninhabited building equipped with air
filters. This means that high I/0 ratios indoors are mostly caused by
indoor combustion processes (e.g. smoking, cooking, fireplaces), while
buildings with no, or just few indoor sources, air filtration systems and
tight envelopes have low 1/0 ratios. However, it was found that the I/0
ratio is not useful in understanding pathways and distribution processes
of, and relationship between indoor and outdoor particles as no reliable
and consistent conclusion can be drawn concerning the impact of par-
ticle size on I/0 ratio. Findings obtained in different studies indicate
that measurement results and theoretical assumptions do not fit to-
gether so there are still open questions regarding size-dependent par-
ticle emission rates, transport mechanisms, penetration factors, de-
position rates and distribution ways. These parameters are also strongly
connected with the air exchange rate indoors and, again, also in this
regard no consistent conclusions could be drawn yet. Further, infiltra-
tion processes of outdoor particles are not easy to reflect. It has also to
be noted that the ingress of outdoor particles on, and by clothing of the
occupants (e.g. woolen garments during winter) is another important
pathway [95]. This demonstrates that measuring particle concentra-
tions as helpful tool in the context of indoor air monitoring in a smart
sensor network is challenging.

Unlike outdoor air where routine monitoring of PM has already
been conducted by networks of monitoring stations for several decades
in most countries of the world, there is no routine monitoring of PM in
home environments anywhere in the world. The lack of appropriate
instrumentation for indoor PM monitoring has been a significant im-
pediment. In addition to all the requirements for low cost sensors for
outdoor monitoring [50], PM sensors for indoor applications should be
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non-intrusive to the occupants, and in particular quiet. A further
challenge in PM monitoring is that mass concentration (PM,s and
PM;,) provides information on larger airborne particles, typically
generated by mechanical processes (e.g. dust resuspension), but not on
particles originating from combustion processes, which are very small,
with the majority of them of diameters < 0.1 um (ultrafine particles).
Therefore, these particles have to be monitored in terms of number
rather than mass concentration.

Review of the sensors for PM measurements reported in peer re-
viewed literature revealed that the technologies available at present are
only suitable for PM, s and PM; [32,96-99] and include the following
sensors: Shinyei PPD42NS (Shinyei Technology, Japan), DSM501A
(Samyoung S&C, South Korea), Sharp GP2Y1010AUOF and Sharp DN
(Sharp, Philippines). Low-cost PM sensors use light scattering methods
and thus optical detection either of individual or assembly of particles.
The number concentration of particles is typically larger than at least
0.1 um (but some of them even > 0.5 um) being the primary parameter
measured, which is then recalculated into PM, 5 and PM;, based on
assumed particle density. The sensors based on this principle are cheap
to manufacture, have low power requirements, and quick response
times [57,98]. Quality control of the data is an important drawback to
deploy these sensors at a large scale in buildings because of several
reasons. Firstly, their performance characteristics under the diverse
range of indoor conditions are yet not available. Secondly, a variety of
experimental set-up and reference equipment under diverse environ-
mental conditions were used by past studies, creating a challenge for
their direct inter-comparison [57]. Finally, standards or guidelines for
sensor application are currently missing, and the manufacturers do not
provide enough calibration information for the sensors. This means that
a tedious exercise of their on-site, laboratory and/or via the application
of advanced techniques such as neural networks [100-105] based, ca-
libration is needed before their deployment. This is in order to ensure
reliable data quality; the quality is hugely impacted by the environ-
mental conditions, as well as by particle characteristics and gaseous
cross-sensitivities for PM and gaseous sensors, respectively [57].

Several studies evaluated these sensors through laboratory
[32,96,98,99] and field [97] measurements to assess their performance
in terms of some of the characteristics including: linearity of response,
precision of measurement, limit of detection, particle size, composition,
or impact of relative humidity and temperature. While the full review of
these assessments is outside the scope of this paper, in general the re-
sults showed that the technologies are promising. However, they should
be still improved and more comprehensively assessed before they could
reliably be applied for outdoor or indoor monitoring. The limitations
included not sufficiently low detection limit (and therefore preventing
their application at low to moderate to particle concentrations), satu-
rated outputs under high particle concentrations, linearity of response
only within a certain concentration as well as output dependence on
composition and size of particles.

While the studies above assessed performance of individual sensors,
packages of several sensors are becoming commercially available, and
enable not only monitoring of a set of specific pollutants, but also are
equipped with means to communicate the data, either to a mobile
phone or to a database. An example of this is Airbeam (http://
aircasting.org), which measures temperature, relative humidity, and
PM, 5 (using a Shinyei sensor, Shinyei Technology Co., LTD., Japan). In
addition, it has the capability of logging the data in real-time to a
central database system via Bluetooth connection and to communicate
them to the user's (Android-based) smartphone through a free mobile
application software (‘app’). Although such packages are advantageous
and easy to use, their costs are higher since they consist of a number of
sensors and often not all the pollutants measured are necessary for a
particular application.

Some of the PM sensors mentioned above have already been tested
in systems monitoring indoor air quality. In particular the Sharp
GP2Y1010AUOF was used within a system to monitor and


http://aircasting.org
http://aircasting.org

A. Schieweck et al.

automatically control building climate including air purifiers, kitchen
hoods, bathroom or whole house fans, operable windows, or dampers in
the mechanical room. The authors concluded that such systems could
now be considered for utilization on a larger scale and provided re-
commendations for their further improvements [106]. Khadem and
Sgarciu [107] included the sensors Sharp GP2Y1010AUOF and Shinyei
PPD42NS in a system for monitoring of indoor or outdoor environment.
In addition to the sensors, the system consisted of a microprocessor unit
interfaced with them, wireless radio devices (IRIS sensor nodes, USB
radio base station XM2110) and data acquisition board (MDS 300
board).

In summary, despite the still existing limitations as discussed in the
text, the implementation of low-cost sensors for real-time measure-
ments of PM, 5 time-series at homes holds a promise of providing most
detailed PM, 5 concentration profiles. However, the technology has not
been applied yet on a larger scale. Moreover, there are no low-cost
sensors available at present for ultrafine particle (UFP) monitoring,
which is a significant technological deficiency. Especially since UFP
sources, in particular combustion processes, have a significant impact
on indoor air quality, and should be controlled in future smart homes.

8. Data security

To what extent digital networking increases the energy efficiency of
a building is amongst other matters a question of complexity of the
system and of the algorithms used [14]. The networking of batteries,
system technology and any photovoltaic system which may be present
by means of intelligent control technology is often seen as meaningful.
The most important thing is the exchange of information with the smart
grid. Demand response mechanisms (DRM) can be used to support a
reliable and sustainable power supply via the HEMS. The term ‘DRM’
refers here to the change in households' energy consumption in re-
sponse to price changes or threats to the system [108]. For example, air
conditioning systems can be equipped with a demand response me-
chanism in order to respond automatically to real-time demands. At the
same time, the system can also check the operational condition of the
air-conditioning system. Overall the HEMS concept is considered as an
appropriate system for managing and controlling the generation, sto-
rage and consumption of power within a building [12]. Security tech-
nology can also be integrated with ease. The social benefit is also un-
disputed. Older people in particular can benefit immensely from smart
home technology with regard to medical care, emergency calls and help
with daily tasks [109]. Lastly, networking also offers outstanding op-
portunities for an indoor environment survey. Provided that a sample
representative of the average population is taken, simple parameters
such as temperature, humidity, CO,, ozone, particle and TVOC con-
centrations can be anonymized, recorded and analyzed online.

At the same time, digital networking is also susceptible to sabotage
and abuse. For example, in November 2016 the control computers for
building heating systems in Finland were put out of use by DDoS attacks
(Distributed Denial of Service). Jacobsson et al. [110] have undertaken
a comprehensive risk analysis of smart home systems taking into ac-
count the categories of software, hardware, information (processed
data), communication and human actors. The authors come to the
conclusion that there are significant threats, due in particular to soft-
ware and user behavior. Kirkham et al. [111] propose a reduction of
risk by means of data management using cloud computing. Other ap-
proaches make use of user behavior analyses [112] or malware analyses
[113] for the development of digital security concepts.

What is certain is that in the current circumstances, the private lives
of smart home occupants are susceptible to threats through the un-
authorized access of data or through manipulation. As in all areas of the
Internet of Things (IoT), risks can only be minimized, not eliminated.
Information on energy consumption, ventilation preferences and indoor
climate says much about the living conditions and activities of people,
and are thus valuable for market analyses. The same applies to air
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quality data. Intruders can use temperature readings to tell whether
anyone is present in a building. Insurance groups will be principally
interested in correlating measured indoor air concentrations with
health-related data, e.g. the appearance of respiratory diseases. In ex-
treme cases there is even the possibility of evaluating individual health
risks by comparison with health-related guideline values for indoor air
[114]. Insurance companies also have the opportunity of offering their
members reductions in premiums as motivation to voluntarily provide
air quality data. A similar development has been seen for some time in
relation to fitness tracking bracelets [115].

Seen as a whole, home networks are clearly more open to digital
attacks than professional systems. The required security tools are often
absent, in particular for networked household appliances and commu-
nications technology. In addition, the automated control of a smart
home often needs professional expertise, which may require networking
to the provider concerned. Users are often unaware of all the oppor-
tunities for abuse which exist when it comes to air quality data so that
before reaching a decision about the implementation of sensor net-
works in homes, it is essential to explain all of the risks.

9. Living behavior

Whether a house or apartment can be considered a smart home
depends primarily on the behavior of the occupants. Energy efficiency
for example can only follow if the occupants adapt their day-to-day
habits accordingly. With this in mind, there is a need to investigate the
intentions of occupants with regard to acquiring a smart home or
components of a smart home and the influence that smart home ser-
vices have on how the activities of occupants run on a day-to-day basis.

The continuing development of technologies as part of energy
conservation measures is leading to increasing heat insulation, air-
tightness and heat storage capacity. One of the consequences of this is
also an increasing demand for ventilation, and with it, for mechanical
ventilation systems.

As part of a thesis on the future development of smart homes in
Germany, Salthammer [116] designed a questionnaire using Lime-
Survey software, which was sent out online to 300 households. 94 re-
sponses were received and evaluated. Excerpts from the survey are
summarized in Table 4. Users often have reservations about acquiring a
mechanical ventilation system for reasons of habit and personal pre-
ference. This is frequently seen not as a necessity for the smart home
concept but as a comfort element [116]. The additional costs for
maintenance and repair are also factors for deciding against the in-
stallation of artificial ventilation. Nevertheless, living space ventilation
systems increasingly form part of the basic equipment of smart homes.
The survey of house occupants shows that in 60% (56 of 94) of the cases
houses possess a ventilation system. 48% of the houses (27 of 56)
possess sensors for measuring indoor air components. Artificial venti-
lation is not necessarily perceived as unpleasant (Question 1 in
Table 4), nevertheless the need to open a window still exists (Question 2
in Table 4). In regions with a temperate climate, people are generally
used to living with open windows and doors in the warmer seasons. It is
therefore reasonable to offer the possibility of separately switching off
any ventilation system. Comfort also plays a role in the decision to
ventilate living spaces. All of the 31 people who answered said that
artificial ventilation increased their living standard at least to some
extent (Question 3 in Table 4). Automation is rated particularly highly
(Question 4 in Table 4), as is the ability to operate a variety of
household components via smartphone or tablet (Question 5 in
Table 4). Lastly, increased quality of life also plays an important role in
the smart home according to the respondents (Question 6 in Table 4).
The results of the survey show that occupants do not focus only on
energy efficiency. Comfort is also a significant factor. An important
aspect here is thermal comfort. With regard to indoor climate, people
are not very adaptable as even minor temperature fluctuations and air
movement can cause them to feel uncomfortable.
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Table 4

Results of a questionnaire on living behavior in German homes (see [116] for details).
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Is your home equipped with a system for artificial ventilation?

N = 94 (100%)

Yes: 56 (60%)

Does your home concept consider indoor air quality?

N = 56 (100%)

Yes: 27 (48%)

No: 38 (40%)

No: 13 (23%)

Question N Fully agree agree partly agree hardly agree disagree
1 32 (100%) 0 (0%) 0 (0%) 3 (9%) 3 (9%) 26 (82%)
2 32 (100%) 5 (16%) 9 (28%) 12 (38%) 3 (9%) 3 (9%)
3 31 (100%) 7 (23%) 16 (52%) 8 (25%) 0 (0%) 0 (0%)
4 72 (100%) 23 (32%) 37 (51%) 9 (13%) 0 (0%) 3 (4%)
5 74 (100%) 20 (27%) 29 (40%) 24 (32%) 0 (0%) 1 (1%)
6 76 (100%) 25 (33%) 18 (23%) 25 (33%) 6 (8%) 2 (3%)
Question 1: I consider artificial ventilation as unpleasant.
Question 2: My home has artificial ventilation but I feel the desire to open the windows.

Question 3: Artificial ventilation increases my standard of living.
Question 4: A smart home requires automation.

Question 5: I consider remote control by smart phone or tablet as essential for a smart home.

Question 6: A smart home increases the quality of living.

Wallner et al. [117] performed a survey concerning health and well-
being of occupants in highly energy efficient buildings equipped with
mechanical ventilation in comparison to people living in conventional
houses with natural ventilation. Occupants of energy efficient buildings
rated the perceived indoor air quality better than inhabitants of con-
ventional buildings which more frequently expressed a negative per-
ception (e.g. stale, stuffy, bad smelling). Inhabitants of mechanically
ventilated homes associated the air quality with fresh, clean and plea-
sant. In addition, these occupants reported more often improvements
after living in their new houses for 15 months in comparison to those
living in conventional homes. Also the self-reported health improved
more frequently in mechanically ventilated homes. In contrast, the
occupants also reported dry eyes in comparison to the people living in
naturally ventilated houses due to low RH levels in mechanically ven-
tilated interiors.

Paetz et al. [13] investigated the influence of smart homes on their
occupants. The study did not look at people who actually lived in smart
homes but at people who were testing various smart home functions for
the study. The results showed a primarily positive reaction with regard
to individual components of a smart home system. In summary, Paetz
et al. [13] concluded that it is primarily cost savings on fuel which are
of interest when it comes to smart homes. Moreover, it became clear
that components of a smart home have a considerable influence on the
living habits of the occupants. For example, time-dependent variable
electricity tariffs mean that appliances are used at different times of day
or night. This may be effective for washing machines and dishwashers
but makes little sense when it comes for example to entertainment
electronics. Smart homes can however contribute to optimizing work
processes within the home through the networking of household ap-
pliances. On the other hand, decision-making processes are taken away
from the occupants.

The provision of sensor controlled functions to improve the personal
comfort can change habits, depending on the attitude of the individual.
Missaoui et al. [14] presented an interesting smart home concept based
on a Building Energy Management System (BEMS). This rests on the
premise that above a certain point additional comfort requires an ex-
cessively large proportion of the energy used. The authors present al-
gorithms for an acceptable compromise between comfort and cost
based on electricity prices.

The monitoring of air quality in private residences has hardly been
commonplace as yet. Accordingly, there are very few investigations into
the influence of air quality data on living behavior in smart homes. In
outdoor areas on the other hand, inexpensive sensors are increasingly
being used [50], often in connection with smartphones, for measuring
personal exposure [30]. There have been good experiences with regard
to indoor air quality in schools with the introduction of CO, traffic light
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systems. On the other hand, the buildings' energy usage was increased
[118]. It is difficult to estimate the level of acceptance of sensors in the
private sphere. With normal occupancy levels and the typical household
activities, air quality data could certainly be considered as suitable
manipulated variables for controlling ventilation systems. However,
things look different with high occupancy levels, the presence of com-
bustion processes (smoking, the burning of candles, use of fuels con-
taining ethanol etc.) and other events which lead to spikes in indoor air
concentrations of the target pollutants. In this case controlling the
ventilation system on the basis of guideline values may even be un-
desirable. This circumstance requires intelligent algorithms taking
current behavior at any moment into account.

10. Conclusions and future trends

Advanced sensor technology opens up great potential to ensure
living comfort and health for inhabitants and to assist elder and dis-
abled people with staying in their private homes [19,21]. However,
available hardware and software technologies do not yet fulfil all re-
quirements needed to be routinely integrated into daily life [18]. The
electronic detection of complex particle dynamics is also challenging,
especially, as specific transport mechanisms, penetration factors, de-
position rates and distribution ways as well as I/O-relationships are not
fully understood so far [95]. Smartphones can already be applied for
remote control. However, end users should be aware that the correct
setting of smart home technology is a sophisticated task. Inaccuracy
might not only lead to discomfort and health impairment, but might
also open up security gaps.

The future acceptance of smart home technology, in particular in
private households, will depend significantly on the climatic conditions
and the pollution level in the respective region, the building type and
the personal habits. Moreover, age, gender and socio-ethical back-
ground of the specific user group will play an important role. According
to a representative survey at UK homeowners, smart homes are pre-
dominantly accepted and evaluated as energy management systems to
minimize energy costs and time. Secondly, respondents also see the
benefit for making life at home more comfortable and perceive the
potential advantages in terms of saving energy [79]. Also another study
performed in Singapore outlined that smart home appliances are mostly
accepted by the occupants for cutting electricity costs. However, even
though there were more advantages than disadvantages, people found
it difficult to adapt their lifestyle to a smart home environment in order
to save money. Thus, the personal comfort has a higher priority. For a
successful integration and acceptance of smart home technology in
private homes, both current gaps in sensor systems and prejudices and
fears towards these new systems have to break down. Bhati et al. [119]
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see therefore as the main challenge for smart homes modules that the
technology has to seamlessly interact with the consumers behavior. At
the current state of the art, the maturity and design of the technology
does not consider the occupants behavior and perceptions. There is also
seen a great gap between the pure smart home technology and its fit
into the residences structure and contents in terms of integration in
order to be accepted and used by the occupants. Studies focusing on
social barriers for smart homes have highlighted the four main aspects,
which are: (i) losing control, (ii) reliability, (iii) exclusive or irrelevant
technology, and (iv) high installation costs [120,121]. In this regard,
smart home technology should also be an evolvable system.

Acknowledgements

The authors gratefully acknowledge the German Federal Ministry of
the Environment, Nature Conservation and Nuclear Safety (BMU) for
the financial support of this work. Special thanks are due to Dr. Birgit
Wolz and Jens Kiillmer for their continuous encouragement. The au-
thors are also grateful to Christian Fauck (Fraunhofer WKI) for de-
signing the graphical abstract.

References

[1]

[2]
[3]
[4]

[5]

[6]

[7

—

[8]

[91

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

IPCC International Panel on Climate Change. Climate change 2014: synthesis re-
port. In: Core Writing TeamPachauri RK, Meyer LA, editors. Contribution of
working groups I, II and III to the fifth assessment report of the intergovernmental
panel on climate change. Geneva: IPCC; 2014.

Brasseur G, Jacob D, Schuck-Zéller S. Klimawandel in Deutschland. Entwicklung,
Folgen, Risiken und Perspektiven. Berlin Heidelberg: Springer Spektrum; 2017.
Jacobsen MZ. Air pollution and global warming. New York: Cambridge University
Press; 2012.

Papanastasiou DK, Melas D, Kambezidis HD. Air quality and thermal comfort levels
under extreme hot weather. Atmos Res 2015;152:4-13.

Hamdy M, Carlucci S, Hoes P-J, Hensen JLM. The impact of climate change on the
overheating risk in dwellings—a Dutch case study. Build Environ
2017;122:307-23.

Baklanov A, Molina LT, Gauss M. Megacities, air quality and climate. Atmos
Environ 2016;126:235-49.

Almeida RMSF, Ramos NMM, de Freitas VP. Thermal comfort models and pupils’
perception in free-running school buildings of a mild climate country. Energy Build
2016;111:64-75.

IOM The Institute of Medicine. Climate change, the indoor environment, and
health. Washington D.C.: The National Academies Press; 2011.

Fisk WJ. Review of some effects of climate change on indoor environmental quality
and health and associated no-regrets mitigation measures. Build Environ
2015;86:70-80.

Nazaroff WW. Exploring the consequences of climate change for indoor air quality.
Environ Res Lett 2013;8.

Beaudin M, Zareipour H. Home energy management systems: a review of model-
ling and complexity. Renew Sustain Energy Rev 2015;45:318-35.

Zhou B, Li W, Chan KW, Cao Y, Kuang Y, Liu X, et al. Smart home energy man-
agement systems: concept, configurations, and scheduling strategies. Renew
Sustain Energy Rev 2016;61:30-40.

Paetz A-G, Diitschke E, Fichtner W. Smart homes as a means to sustainable energy
consumption: a study of consumer perceptions. J Consum Policy 2012;35:23-41.
Missaoui R, Joumaa H, Ploix S, Bacha S. Managing energy smart homes according
to energy prices: analysis of a building energy management system. Energy Build
2014;71:155-67.

Bauermann K. German Energiewende and the heating market — impact and limits
of policy. Energy Policy 2016;94:235-46.

Chenari B, Dias Carrilho J, Gameiro da Silva M. Towards sustainable, energy-ef-
ficient and healthy ventilation strategies in buildings: a review. Renew Sustain
Energy Rev 2016;59:1426-47.

Phillips TJ, Levin H. Indoor environmental quality research needs for low-energy
homes. Sci Technol Built Environ 2015;21:80-90.

Kumar P, Skouloudis AN, Bell M, Viana M, Carotta MC, Biskos G, et al. Real-time
sensors for indoor air monitoring and challenges ahead in deploying them to urban
buildings. Sci Total Environ 2016;560-561:150-9.

Gasparrini A, Guo Y, Hashizume M, Lavigne E, Zanobetti A, Schwartz J, et al.
Mortality risk attributable to high and low ambient temperature: a multicountry
observational study. Lancet 2015;386:369-75.

Lindemann U, Stotz A, Beyer N, Juha O, Skelton DA, Becker C, et al. Effect of
indoor temperature on physical performance in older adults during days with
normal temperature and heat waves. Int J Environ Res Public Health 2017;14.
Marques G, Pitarma R. An indoor monitoring system for ambient assisted living
based on internet of things architecture. Int J Environ Res Public Health
2016;13:1152.

Wilson C, Hargreaves T, Hauxwell-Baldwin R. Smart homes and their users: a
systematic analysis and key challenges. Pers Ubiquit Comput 2014;19:463-76.

716

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]

[55]

Renewable and Sustainable Energy Reviews 94 (2018) 705-718

Weber RH, Weber R. Internet of things. Legal perspectives. Berlin, Heidelberg:
Springer-Verlag; 2010.

Koponen IK, Alstrup Jensen K, Schneider T. Comparison of dust released from
sanding conventional and nanoparticle-doped wall and wood coatings. J Expo Sci
Environ Epidemiol 2011;21:408-18.

Quang T, He C, Morawska L, Knibbs L. Influence of ventilation and filtration on
indoor particle concentrations in urban office buildings. Atmos Environ
2013;79:41-52.

Kauneliené V, Prasauskas T, Krugly E, Stasiulaitiené I, Ciuzas D, Seduikyté L, et al.
Indoor air quality in low energy residential buildings in Lithuania. Build Environ
2016;108:63-72.

Derbez M, Berthineau B, Cochet V, Lethrosne M, Pignon C, Ribéron J, et al. Indoor
air quality and comfort in seven newly built, energy-efficient houses in France.
Build Environ 2014;72:173-87.

Mead MI, Popoola OAM, Stewart GB, Landshoff P, Calleja M, Hayes M, et al. The
use of electrochemical sensors for monitoring urban air quality in low-cost, high-
density networks. Atmos Environ 2013;70:186-203.

Schiitze A. Integrated sensor systems for indoor applications: ubiquitous mon-
itoring for improved health, comfort and safety. Procedia Eng 2015;120:492-5.
Su JG, Jerrett M, Meng Y-Y, Pickett M, Ritz B. Integrating smart-phone based
momentary location tracking with fixed site air quality monitoring for personal
exposure assessment. Sci Total Environ 2015;506-507:518-26.
Jovasevié-Stojanovi¢ M, Bartonova A, Topalovié¢ D, Lazovié I, Pokri¢ B, Ristovski Z.
On the use of small and cheaper sensors and devices for indicative citizen-based
monitoring of respirable particulate matter. Environ Pollut 2015;206:696-704.
Holstius DM, Pillarisetti A, Smith KR, Seto E. Field calibrations of a low-cost
aerosol sensor at a regulatory monitoring site in California. Atmos Meas Tech
2014;7:1121-31.

Jones AP. Indoor air quality and health. Atmos Environ 1999;33:4535-64.

WHO World Health Organization. Air quality guidelines - global update 2005.
Copenhagen: WHO Regional Office for Europe; 2006.

Stowell JD, Kim YM, Gao Y, Fu JS, Chang HH, Liu Y. The impact of climate change
and emissions control on future ozone levels: implications for human health.
Environ Int 2017;108:41-50.

Goyal R, Khare M, Kumar P. Indoor air quality: current status, missing links and
future road map for India. J Civil Environ Eng 2012;2:4. http://dx.doi.org/10.
4172/2165-784X.1000118.

Baek S, Kim YS, Perry R. Indoor air quality in homes, offices, and restaurants in
Korean urban areas indoor/ outdoor relationships. Atmos Environ
1997;31:529-44.

Wargocki P, Wyon DP. Providing better thermal and air quality conditions in
school classrooms would be cost-effective. Build Environ 2013;59:581-9.

Park JS, Yoon CH. The effects of outdoor air supply rate on work performance
during 8-h work period. Indoor Air 2011;21:284-90.

Schripp T, Salthammer T, Wientzek S, Wensing M. Chamber studies on nonvented
decorative fireplaces using liquid or gelled ethanol fuel. Environ Sci Technol
2014;48:3583-90.

Langer S, Beko G, Bloom E, Widheden A, Ekberg L. Indoor air quality in passive
and conventional new houses in Sweden. Build Environ 2015;93(Part 1):92-100.
Mahdavi A, Doppelbauer E-M. A performance comparison of passive and low-en-
ergy buildings. Energ Build 2010;42:1314-9.

Verriele M, Schoemaecker C, Hanoune B, Leclerc N, Germain S, Gaudion V, et al.
The MERMAID study: indoor and outdoor average pollutant concentrations in 10
low-energy school buildings in France. Indoor Air 2016;26:702-13.

Francisco PW, Jacobs DE, Targos L, Dixon SL, Breysse J, Rose W, et al. Ventilation,
indoor air quality, and health in homes undergoing weatherization. Indoor Air
2017;27:463-77.

ASHRAE American Society of Heating. Refrigerating and air-conditioning en-
gineers. Ventilation and acceptable indoor air quality in residential buildings.
Atlanta: American Society of Heating, Refrigerating and Air-Conditioning
Engineers; 2016.

Wallner P, Munoz U, Tappler P, Wanka A, Kundi M, Shelton J, et al. Indoor en-
vironmental quality in mechanically ventilated, energy-efficient buildings vs.
conventional buildings. Int J Environ Res Publ Health 2015;12:14132-47.

WHO World Health Organization. Indoor air quality: organic pollutants. EURO
reports and studies. 111. Copenhagen: WHO; 1989.

Kumar P, Martani C, Morawska L, Norford L, Choudhary R, Bell M, et al. Indoor air
quality and energy management through real-time sensing in commercial build-
ings. Energy Build 2016;111:145-53.

White RM, Paprotny I, Doering F, Cascio WE, Solomon PA, Gundel LA. Sensors and
‘apps’ for community-based atmospheric monitoring. J Air Waste Manag Assoc
2012;5:36-40.

Kumar P, Morawska L, Martani C, Biskos G, Neophytou M, Di Sabatino S, et al. The
rise of low-cost sensing for managing air pollution in cities. Environ Int
2015;75:199-205.

Snyder EG, Watkins T, Solomon PA, Thoma E, Williams R, Hagler G, et al. The
changing paradigm of air pollution monitoring. Environ Sci Technol
2013;47:11369-77.

Azad AM, Akbar SA, Mhaisalkar SG, Birkefeld LD, Goto KS. Solid-state gas sensors:
a review. J Electrochem Soc 1992;139:3690-704.

Williams R, Kilaru V, Snyder E, Kaufman A, Dye T, Rutter A. et al. Washington DC:
U.S. Environmental Protection Agency, EPA/600/R-14/159. June; 2014.
Leidinger M, Sauerwald T, Alépée C, Schiitze A. Miniaturized integrated gas sensor
systems combining metal oxide gas sensors and pre-concentrators. Procedia Eng
2016;168:293-6.

Nikzad N, Verma N, Ziftci C, Bales E, Quick N, Zappi P, et al. CitiSense: improving


http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref1
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref1
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref1
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref1
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref2
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref2
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref3
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref3
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref4
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref4
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref5
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref5
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref5
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref6
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref6
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref7
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref7
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref7
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref8
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref8
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref9
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref9
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref9
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref10
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref10
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref11
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref11
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref12
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref12
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref12
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref13
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref13
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref14
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref14
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref14
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref15
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref15
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref16
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref16
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref16
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref17
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref17
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref18
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref18
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref18
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref19
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref19
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref19
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref20
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref20
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref20
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref21
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref21
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref21
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref22
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref22
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref23
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref23
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref24
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref24
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref24
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref25
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref25
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref25
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref26
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref26
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref26
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref27
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref27
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref27
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref28
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref28
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref28
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref29
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref29
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref30
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref30
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref30
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref31
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref31
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref31
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref32
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref32
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref32
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref33
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref34
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref34
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref35
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref35
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref35
http://dx.doi.org/10.4172/2165-784X.1000118
http://dx.doi.org/10.4172/2165-784X.1000118
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref37
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref37
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref37
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref38
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref38
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref39
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref39
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref40
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref40
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref40
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref41
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref41
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref42
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref42
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref43
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref43
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref43
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref44
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref44
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref44
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref45
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref45
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref45
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref45
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref46
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref46
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref46
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref47
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref47
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref48
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref48
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref48
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref49
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref49
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref49
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref50
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref50
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref50
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref51
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref51
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref51
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref52
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref52
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref53
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref53
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref53

A. Schieweck et al.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[67]

[68]

[69]

[70]
[71]

[72]

[73]

[74]
[75]
[76]
[77]
[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

geospatial environmental assessment of air quality using a wireless personal ex-
posure monitoring system. In: WH’12 Proceedings of the conference on wireless
health. La Jolla, USA. New York: ACM; 2012, Oct 22-25.

Zappi P, Bales E, Park JH, Griswold W, Rosing TS. The CitiSense air quality
monitoring mobile sensor node. IPSN’12 workshop mobile sensing: from smart-
phone and wearable to big data. Beijing, China: ACM; 2012.

Rai AC, Kumar P, Pilla F, Skouloudis AN, Di Sabatino S, Ratti C, et al. End-user
perspective of low-cost sensors for outdoor air pollution monitoring. Environ Sci
Technol 2017;607-608:691-705.

Moltchanov S, Levy I, Etzion Y, Lerner U, Broday DM, Fishbain B. On the feasibility
of measuring urban air pollution by wireless distributed sensor networks. Sci Total
Environ 2015;502:537-47.

Abraham S, Li X. A cost-effective wireless sensor network system for indoor air
quality monitoring applications. Procedia Comput Sci 2014;34:165-71.
Leidinger M, Sauerwald T, Reimringer W, Ventura G, Schiitze A. Selective detec-
tion of hazardous VOCs for indoor air quality applications using a virtual gas
sensor array. J Sens Sens Syst 2014;3:253-63.

Penza M, Suriano D, Cassano G, Pfister V, Amodio M, Trizio L, et al. A case-study of
microsensors for landfill air-pollution monitoring applications. Urban Clim
2015;14(Part 3):351-69.

Hori H, Ishimatsu S, Fueta Y, Hinoue M, Ishidao T. Comparison of sensor char-
acteristics of three real-time monitors for organic vapors. J Occup Health
2015;57:13-9.

Herberger S, Herold M, Ulmer H, Burdack-Freitag A, Mayer F. Detection of human
effluents by a MOS gas sensor in correlation to VOC quantification by GC/MS.
Build Environ 2010;45:2430-9.

Wolfrum EJ, Meglen RM, Peterson D, Sluiter J. Metal oxide sensor arrays for the
detection, differentiation, and quantification of volatile organic compounds at sub-
parts-per-million concentration levels. Sens Actuator B Chem 2006;115:322-9.
Arshak K, Moore E, Lyons GM, Harris J, Clifford S. A review of gas sensors em-
ployed in electronic nose applications. Sens Rev 2004;24:181-98.

Pedersen TH, Nielsen KU, Petersen S. Method for room occupancy detection based
on trajectory of indoor climate sensor data. Build Environ 2017;115:147-56.

Ye W, Won D, Zhang X. A simple VOC prioritization method to determine venti-
lation rate for indoor environment based on building material emissions. Procedia
Eng 2015;121:1697-704.

EN ISO 7730. Ergonomics of the thermal environment - analytical determination
and interpretation of thermal comfort using calculation of the PMV and PPD in-
dices and local thermal comfort criteria. Berlin: Beuth Verlag; 2005.

Fabbri K. Indoor thermal comfort perception - a questionnaire approach focusing
on children. Heidelberg: Springer; 2015.

Parsons K. Human thermal environments. Boca Raton: CRC Press; 2002.

Zhu 'Y, Ouyang Q, Cao B, Zhou X, Yu J. Dynamic thermal environment and thermal
comfort. Indoor Air 2016;26:125-37.

Puteh M, Ibrahim MH, Adnan M, Che’Ahmad CN, Noh NM. Thermal comfort in
Classroom: constraints and issues. Procedia Soc Behav Sci 2012;46:1834-8.
Zhang N, Cao B, Wang Z, Zhu Y, Lin B. A comparison of winter indoor thermal
environment and thermal comfort between regions in Europe, North America, and
Asia. Build Environ 2017;117:208-17.

Jiao Y, Yu H, Wang T, An Y, Yu Y. Thermal comfort and adaptation of the elderly
in free-running environments in Shanghai, China. Build Environ 2017;118:259-72.
Djamila H. Indoor thermal comfort predictions: selected issues and trends. Renew
Sustain Energy Rev 2017;74:569-80.

Wyon DP. The effects of indoor air quality on performance and productivity.
Indoor Air 2014;14:92-101.

Kumar P, Imam B. Footprints of air pollution and changing environment on the
sustainability of built infrastructure. Sci Total Environ 2013;444:85-101.

Kumar P, Morawska L. Energy-Pollution nexus for urban buildings. Environ Sci
Tech 2013;47:7591-2.

ASHRAE American Society of Heating. Refrigerating, and air-conditioning en-
gineers. ASHRAE Standard 55. Thermal environmental conditions for human oc-
cupancy. Atlanta, USA: American Society of Heating, Refrigerating, and Air-
Conditioning Engineers; 2013.

Umweltbundesamt. Gesundheitliche Bewertung von Kohlendioxid in der
Innenraumluft. Bundesgesundheitsblatt - Gesundh — Gesundh 2008:1358-69.
Salthammer T, Uhde E, Schripp T, Schieweck A, Morawska L, Mazaheri M, et al.
Children's well-being at schools: impact of climatic conditions and air pollution.
Environ Int 2016;94:196-210.

Wang Y, Kuckelkorn J, Zhao F-Y, Spliethoff H, Lang W. A state of art of review on
interactions between energy performance and indoor environment quality in
Passive House buildings. Renew Sustain Energy Rev 2017;72:1303-19.

Cetin KS, Manuel L, Novoselac A. Effect of technology-enabled time-of-use energy
pricing on thermal comfort and energy use in mechanically-conditioned residential
buildings in cooling dominated climates. Build Environ 2016;96:118-30.

Wilson C, Hargreaves T, Hauxwell-Baldwin R. Benefits and risks of smart home
technologies. Energy Pol 2017;103:72-83.

Xiang Y, Piedrahita R, Dick RP, Hannigan MLQ, Shang L A hybrid sensor system for
indoor air quality monitoring. In: Proceedings of the IEEE international conference
distributed computing in sensor systems. Cambridge, UK; 2013, May 21-23. p.
96-104.

Ho GW. Gas sensor with nanostructured oxide semiconductor materials. Sci
Technol Adv Mater 2011;3:150-68.

Isaac NA, Ngene P, Westerwaal RJ, Gaury J, Dam B, Schmidt-Ott A, et al. Optical
hydrogen sensing with nanoparticulate Pd-Au films produced by spark ablation.
Sens Actuator B Chem 2015;221:290-6.

Caron A, Redon N, Thevenet F, Hanoune B, Coddeville P. Performances and

717

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]
[108]
[109]
[110]
[111]
[112]

[113]

[114]
[115]
[116]

[117]

[118]
[119]

[120]

Renewable and Sustainable Energy Reviews 94 (2018) 705-718

limitations of electronic gas sensors to investigate an indoor air quality event.
Build Environ 2016;107:19-28.

Mardare D, Cornei N, Mita C, Florea D, Stancu A, Tiron V, et al. Low temperature
TiO, based gas sensors for CO,. Ceram Int 2016:7353-9.

Newsham GR, Bowker BG. The effect of utility time-varying pricing and load
control strategies on residential summer peak electricity use: a review. Energy Pol
2010;38:3289-96.

Vanus J, Martinek R, Bilik P, Zidek J, Skotnicova I. Evaluation of thermal comfort
of the international environment in smart home using objective and subjective
factors. In: Proceedings of the 17th international scientific conference on electric
power engineering. Prague, Czech Republic; 2016 May 16-18.

Prasauskas T, Martuzevicius D, Kalamees T, Kuusk K, Leivo V, Haverinen-
Shaughnessy U. Effects of energy retrofits on indoor air quality in three northern
european countries. Energy Procedia 2016;96:253-9.

De Silva LC, Morikawa C, Petra IM. State of the art of smart homes. Eng Appl Artif
Intel 2012;25:1313-21.

Forouzanfar MH, Alexander L, Anderson HR, Bachman VF, Biryukov S, Brauer M,
et al. Global, regional, and national comparative risk assessment of 79 beha-
vioural, environmental and occupational, and metabolic risks or clusters of risks in
188 countries, 1990-2013: a systematic analysis for the global burden of disease
study 2013. Lancet 2016;386:2287-323.

Chen C, Zhao B. Review of relationship between indoor and outdoor particles: /O
ratio, infiltration factor and penetration factor. Atmos Environ 2011;45:275-88.
Austin E, Novosselov 1, Seto E, Yost MG. Laboratory evaluation of the Shinyei
PPD42NS low-cost particulate matter sensor. PLoS One 2015;10(10):e0137789.
http://dx.doi.org/10.1371/journal.pone.0137789.

Gao M, Cao J, Seto E. A distributed network of low-cost continuous reading sensors
to measure spatiotemporal variations of PM2.5 in Xi'an, China. Environ Pollut
2015;199:56-65.

Wang Y, Li J, Jing H, Zhang Q, Jiang J, Biswas P. Laboratory evaluation and ca-
libration of three low-cost particle sensors for particulate matter measurement.
Aerosol Sci Tech 2015;49:1063-77.

Sousan S, Koehler K, Thomas G, Park JH, Hillman M, Halterman A, et al. Inter-
comparison of low-cost sensors for measuring the mass concentration of occupa-
tional aerosols. Aerosol Sci Technol 2016;50:462-73.

Spinelle L, Gerboles M, Villani MG, Aleixandre M, Bonavitacola F. Field calibration
of a cluster of low-cost available sensors for air quality monitoring. Part A: ozone
and nitrogen dioxide. Sens Actuator B Chem 2015;215:249-57.

Spinelle L, Gerboles M, Villani MG, Aleixandre M, Bonavitacola F. Field calibration
of a cluster of low-cost commercially available sensors for air quality monitoring.
Part B: NO, CO and CO,. Sens Actuator B Chem 2017;238:706-15.

De Vito S, Piga M, Martinotto L, Di Francia G. CO, NO, and NOy urban pollution
monitoring with on-field calibrated electronic nose by automatic bayesian reg-
ularization. Sens Actuators B: Chem 2009;143:182-91.

De Vito S, Massera E, Piga M, Martinotto L, Di Francia G. On field calibration of an
electronic nose for benzene estimation in an urban pollution monitoring scenario.
Sens Actuator B Chem 2008;129:750-7.

De Vito S, Veneri PD, Esposito E, Salvato M, Bright V, Jones R., et al. Dynamic
multivariate regression for on-field calibration of high speed air quality chemical
multi-sensor systems. In: Proceedings of the XVIII AISEM Annual Conference.
Trento, Italy; 2015, Feb 3-5. p. 1-3.

Esposito E, De Vito S, Salvato M, Bright V, Jones RL, Popoola O. Dynamic neural
network architectures for on field stochastic calibration of indicative low cost air
quality sensing systems. Sens Actuator B Chem 2016;231:701-13.

Kim J-Y, Chu C-H, Shin S-M. ISSAQ: an Integrated Sensing Systems for Real-Time
Indoor Air Quality Monitoring. IEEE Sens J 2014;14:4230-44.

Khadem MI, Sgarciu V. Smart sensor nodes for airborne particulate concentration
detection. UPB Sci Bull Ser C 2014;76:2286-3540.

Siano P. Demand response and smart grids—a survey. Renew Sustain Energy Rev
2014;30:461-78.

Deen MJ. Information and communications technologies for elderly ubiquitous
healthcare in a smart home. Personal Ubiquitous Comput 2015;19:573-99.
Jacobsson A, Boldt M, Carlsson B. A risk analysis of a smart home automation
system. Future Gener Comput Syst 2016;56:719-33.

Kirkham T, Armstrong D, Djemame K, Jiang M. Risk driven Smart Home resource
management using cloud services. Future Gener Comput Syst 2014;38:13-22.
Luor T, Lu H-P, Yu H, Lu Y. Exploring the critical quality attributes and models of
smart homes. Maturitas 2015;82:377-86.

Wang Y, Shao L. Understanding occupancy pattern and improving building energy
efficiency through Wi-Fi based indoor positioning. Build Environ
2017;114:106-17.

Salthammer T. Critical evaluation of approaches in setting indoor air quality
guidelines and reference values. Chemosphere 2011;82:1507-17.

Higgins JP. Smartphone applications for patients' health and fitness. Am J Med
2016;129:11-9.

Salthammer LC. Mogliche Chancen und Grenzen von Smart Homes im Rahmen der
Energiewende. Liineburg: Leuphana Universitit; 2016.

Wallner P, Tappler P, Munoz U, Damberger B, Wanka A, Kundi M, et al. Health and
wellbeing of occupants in highly energy efficient buildings: a field study. Int J
Environ Res Public Health 2017;14:314.

Wargocki P, Da Silva NAF. Use of visual CO, feedback as a retrofit solution for
improving classroom air quality. Indoor Air 2015;25:105-14.

Bhati A, Hansen M, Chan CM. Energy conservation through smart homes in a
smart city: a lesson for Singapore households. Energy Pol 2017;104:230-9.

Fabi V, Spigliantini G, Corgnati SP. Insights on smart home concept and occupants’
interaction with building controls. Energy Procedia 2017;111:759-69.


http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref54
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref54
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref54
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref55
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref55
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref55
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref56
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref56
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref56
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref57
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref57
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref58
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref58
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref58
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref59
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref59
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref59
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref60
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref60
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref60
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref61
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref61
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref61
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref62
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref62
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref62
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref63
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref63
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref64
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref64
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref65
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref65
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref65
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref66
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref66
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref66
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref67
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref67
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref68
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref69
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref69
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref70
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref70
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref71
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref71
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref71
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref72
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref72
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref73
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref73
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref74
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref74
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref75
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref75
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref76
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref76
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref77
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref77
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref77
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref77
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref78
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref78
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref79
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref79
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref79
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref80
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref80
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref80
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref81
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref81
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref81
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref82
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref82
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref83
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref83
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref84
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref84
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref84
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref85
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref85
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref85
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref86
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref86
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref87
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref87
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref87
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref88
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref88
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref88
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref89
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref89
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref90
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref90
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref90
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref90
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref90
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref91
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref91
http://dx.doi.org/10.1371/journal.pone.0137789
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref93
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref93
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref93
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref94
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref94
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref94
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref95
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref95
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref95
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref96
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref96
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref96
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref97
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref97
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref97
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref98
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref98
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref98
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref99
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref99
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref99
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref100
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref100
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref100
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref101
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref101
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref102
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref102
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref103
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref103
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref104
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref104
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref105
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref105
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref106
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref106
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref107
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref107
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref108
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref108
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref108
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref109
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref109
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref110
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref110
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref111
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref111
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref112
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref112
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref112
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref113
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref113
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref114
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref114
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref115
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref115

A. Schieweck et al.

[121]
[122]
[123]
[124]
[125]

[126]

Balta-Ozkan N, Davidson R, Bicket M, Whitmarsh L. Social barriers to the adoption
of smart homes. Energy Pol 2013;63:363-74.

Less B, Mullen N, Singer B, Walker I. Indoor air quality in 24 California residences
designed as high-performance homes. Sci Technol Built Environ 2015;21:14-24.
WHO World Health Organization. WHO guidelines for indoor air quality: selected
pollutants. Copenhagen: WHO Regional Office for Europe; 2010.

Ad hoc AG. Beurteilung von Innenraumluftkontaminationen mittels Referenz- und
Richtwerten. Bundesgesundheitsblatt 2007;50:990-1005.

Ad hoc AG. Gesundheitliche Bedeutung von Feinstaub in der Innenraumluft.
Bundesgesundheitsblatt 2008;51:1370-8.

WHO World Health Organization. Air quality guidelines - global update 2005.

718

[127]

[128]

B

and Si

X

ble Energy Reviews 94 (2018) 705-718

Copenhagen: WHO Regional Office for Europe; 2006.

ISO 16000-6. Indoor air - Part 6: determination of volatile organic compounds in
indoor air and test chamber air by active sampling on Tenax TA sorbent, thermal
desorption and gas chromatography using MS or MS/FID. Berlin: Beuth Verlag;
2011.

IPCC International Panel on Climate Change. Climate change 2013: the physical
science basis. In: Stocker TF, Qin D, Plattner G-K, MMB Tignor, Allen SK, Boschung
J, editors. Contribution of working group I to the fifth assessment report of the
intergovernmental panel on climate change. Cambridge: Cambridge University
Press; 2013.


http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref116
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref116
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref117
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref117
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref118
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref118
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref119
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref119
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref120
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref120
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref121
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref121
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref122
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref122
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref122
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref122
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref123
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref123
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref123
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref123
http://refhub.elsevier.com/S1364-0321(18)30404-0/sbref123

