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Abstract: The aim of this paper is to determine a thermally comfortable air temperature in an
automated living room. This calculated temperature should serve as input for a user-specific and
dynamic heating control in an automated living space. In addition to the usual physical factors (air
temperature, humidity, air velocity and radiation temperature), individual clothing and activity
should be taken into account. The calculation of such a temperature is based on different methods
and indices which are usually used for the evaluation of the thermal comfort. The thermal insulation
of the worn clothing is determined by 3 different methods. These is a radio frequency identification
system, a thermal imaging camera system and a theoretical calculation of the clothing likely to be
worn based on temperature data. The activity performed is only taken into account indirectly
through the generated heart rate. All these methods are ultimately very well suited for use in
temperature regulation in an automated home, but require further research and extensive
evaluation.
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1. Introduction

Buildings are built for people, so a central part of any building concept is knowing what people
find comfortable [1]. Thermal comfort is of decisive importance for the well-being inside a building
[2]. This is a subjective measure of sensation, because the state of thermal comfort can be understood
as satisfaction with the thermal environment [2,3]. This satisfaction means that a person in a room
does not want a change in physical parameters (air temperature, radiation temperature, air velocity
and humidity) and clothing for a given activity [2,4].

In the future the room air temperature should be regulated with the help of conventional heating
systems coupled to a Smart Home, such as underfloor heating systems, so that the occupant
experiences this feeling of satisfaction with the thermal environment for every given combination of
clothing and activity. A smart home is a home that is intelligent enough to provide the residents with
a comfortable life by means of technology. Such a home knows the needs of the users or can capture
them individually and react accordingly. Thus, the basic requirement for a smart home is the creation
of an interactive space in which all mechanical and digital devices are connected to communicate
with each other and with the user [5,6]. There are almost no limits to the possible applications for
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integrating any devices in a home into a building automation system. The most important functions
of an intelligent home can be summarized as follows:

e Comfort functions

e  Health functions

¢  Energy management functions
e  Multimedia functions

e  Safety functions

The regulation of the room climate and the associated feeling of thermal comfort combines
comfort functions with health functions and can make an additional contribution to energy
management functions through possible energy savings. In order to create an optimal indoor climate
for the occupant, all influencing variables relevant to the indoor climate must be recorded with
sensors inside the room. In addition, it must be possible to record the individual clothing as well as
the activity carried out at that particular moment.

1.1. State of the Art

The current handling of the thermal comfort, as well as the registration of the worn clothing and
the carried out activity in the automated living space takes place to a large extent on the basis of user
profiles. For example, the time of the day at which the user is at home and what temperature
preferences he has (preferably warmer or cooler) are recorded. By detecting all necessary physical
parameters in the room, the Smart Home can set a presumably comfortable temperature for the user.
If the user independently changes this temperature set by the system, the change is recorded and the
next time an adjusted temperature is set automatically. The system learns, based on habitual profiles,
which temperature range is thermally comfortable for an individual [7]. Such a user profile helps to
regulate the room climate in situations where a decision has to be made, for example whether the
current temperature is comfortable for the user in a specific room or not [8]. However, in this
procedure, neither the individually worn clothing nor the activity actually carried out is taken into
account.

Other approaches try to guess the respective activity by means of motion sensors. It can be
determined whether a person is currently moving in the room and the according energy consumption
can be calculated using the speed of movement. If the person detected by a sensor does not move in
a room for a long period of time, the energy consumption for the individual activity can be
determined on the basis of typical activities for this room using the energy consumption listed in ISO
8996 [9]. For example, if a person is in the bedroom at a certain time of day for a longer period of
time, the system can assume that the person in the room is sleeping and therefore has an energy
consumption of 0.8 met [10].

On the other hand, there is currently no approach that takes into account the clothing worn
individually by a person. This is only taken into account with seasonal averages, for example 0.5 clo
in summer and 0.8 clo in winter.

1.2. Aim and Objectives

The aim of this work is to determine a thermally comfortable room air temperature depending
on the individual clothing and activity. In the future, this determined room air temperature will
regulate the heating in a smart home. This should be user-specific and take into account not only
clothing and activity, but also temperature preferences, age, gender and weight. Furthermore, it
should be a dynamic system in which the room air temperature is adjusted immediately in the event
of any changes of relevant parameters. In order to achieve this objective, a new way of calculating a
thermally comfortable room air temperature must be found.

The focus lies on the room air temperature, since conventional controls for heating systems only
use this as a variable. In addition, the room air temperature can more or less be influenced by
controlling a heating system. Compared to radiation temperatures for example.
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In addition, a solution must be found to record correctly the individual clothing and the activity
of the person in the room without negatively affecting their well-being. That also includes the
integration of corresponding methods into a Smart Home System. In a first step, this was achieved
for a test apartment with only one person in it.

2. Methodology

The basic idea to achieve this goal is to select a suitable index whose function is to evaluate a
thermal environment and to determine a thermally comfortable air temperature with the help of a
mathematical reformulation of this index.

For this purpose, various indices were taken into consideration which allow a statement on
thermal comfort. Due to its high profile, the Predicted Mean Vote (PMV) process was ultimately
selected to calculate a thermally comfortable air temperature depending on the individual clothing
and activity. It should be noted that further indices have been identified which allow the calculation
of such an air temperature. Based on the different calculation methods, the automated living space
can be individualized by selecting a method that calculates air temperatures that correspond to the
user’s preferences. For example, if the user prefers a cooler indoor climate, the room air temperature
is calculated with an index that calculates lower temperatures than the others under the same
boundary conditions. The temperatures that can be determined with the various calculation methods
are shown for illustration in Figure 1 for a degree of clothing of 0.5 clo and different degrees of activity.

30 Subjective Temperature Qs-Index Thermal Strain Index

Relative Strain Index
PMVnew

25

20

comfortable air temperature [°C]

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5

metabolic rate [met]

Figure 1. The comfortable room air temperature as a function of the metabolic rate (1 met =58.2 W/m?)
and a clothing insulation of 0.5 clo.

The PMV process, originally developed by Fanger, is based on the energy balance equation of
the human body. The method was included in the ISO 7730 for the evaluation of a thermal
environment [11]. The PMV calculation allows the thermal environment to be evaluated on a scale

divided into 7 levels from hot through neutral to cold. If the climate is assessed as neutral, the PMV
is zero.

PMV = [0.303e(-0-036xM)  0,028][(M — W)
—3.05x 1073[5733 — 6.99(M — W) — p,] — 0.42[(M — W) — 58.15]
— 1.7 x 1075M(5867 — p,) — 0.0014M (34 — T,)
—3.96 X 1078y [(Ty + 273)* — (T, + 273)*] — fho(Ty — T,)]
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T, = 35.7 — 0.028(M — W)
— 14{3.96 X 1078, [(Ty + 273)* — (T, + 273)*] + fh. (T, — T)}

. {2.38|Tc1 — T,|2% if 2.38|Ty — T,|°2° > 12.1,/v,
° 12.1,/v, if 2.38|Ty — T,|°%5 < 12.1/v,

(- {1.00 +1.2901 if Iy < 0.078 m2K/W
<7 11.05 4 0.6451 if I > 0.078 m2K/W

energy turnover [W/m?]

effective mechanical power [W/m?]

Ia  clothing insulation [m2K/W]

fa  Clothing area factor [-]

Ta  air temperature [°C]

Tr mean radiant temperature [°C]

va relative air velocity [m/s]

pa partial water vapor pressure [Pa]

he  convective heat transfer coefficient [W/m?2K]
Ta Surface temperature of the garment [°C]

=£

Accordingly, the aim is to determine a room air temperature which, under the existing climatic
conditions of the room, as well as the consideration of clothing and activity, results in a PMV of zero.
The general PMV formula is rearranged so that a thermal comfortable air temperature can be
calculated under the condition that the PMV is zero. The condition that the PMV should be zero
results from the fact that the indoor climate is considered thermally neutral and therefore comfortable
when the PMV is zero. Since the air temperature is required to calculate the garment surface
temperature, the vapor pressure and the convective heat transfer coefficient, an iterative solution
process is used. For the first determination of these three variables, the current room air temperature
is used; thus, a first thermally comfortable air temperature can be calculated on the assumption that
the PMV equals 0. Then the convective heat transfer coefficient, the surface temperature and the
vapor pressure are recalculated with the determined temperature. Subsequently, the usual PMV
method is used to check whether the calculated air temperature, taking into account the climatic
parameters actually prevailing in the room, fulfils the following condition.

|[PMV| < 0.0001

The condition was chosen because Fanger (1970) stated that with a PMV of zero, only 5% of
people in a room consider the room climate to be thermally uncomfortable [12]. The Predicted
Percentage of Dissatisfied is calculated for this purpose. If this parameter is now calculated with a
PMV of 10.0001 !, the PPD is also 5%, so a better result cannot be achieved.

Figure 2 is designed to provide a better understanding of the calculation process.
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Figure 2. Process to calculate a thermally comfortable air temperature.

This calculation method can be easily programmed in Matlab and be used in a home automation
system. To do this, the current air temperature, relative humidity, radiation temperature and air
velocity in the room must be known. These values can be easily determined in a smart home by using
sensors. In addition, however, the clothing worn and the activity or energy consumption of the
person must be known. The calculation of a thermal comfortable air temperature on the basis of one
of the other calculation methods shown in Figure 1 is based on similar iterative calculation methods.
In the further course of the research, all methods will be weighed against each other and an attempt
will be made to work out preferred methods for different user types. As the PMV process is the best
known and covers a larger number of possible input variables, it was selected for the illustrative
purpose of the procedure and therefor presented in detail in this paper.

To determine the thermally comfortable air temperature, the thermal insulation and thus the clo
value of the worn clothing must be known. Clothing insulation is determined on the basis of a simple
model. This represents the body as heat producer and the clothing layer as insulation as well as the
boundary layer of the air on the clad body in the form of a heat transfer coefficient. Figure 3 shows
the simple thermal model with a layer of cladding insulation according to Parsons (2014) [13].

By applying an equilibrium condition, the continuous heat production of the body creates a
natural temperature gradient between the outside temperature of the clothing layers and the skin
surface temperature as well as the body’s core temperature.
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Figure 3. Simple thermal model with a layer of clothing insulation [13].

Three different methods were considered, which theoretically allow the determination of this
value in an automated living space. This involves a system that works with a Radio Frequency
Identification (RFID) technique, as well as a system with a thermal imaging camera and, as a last
method, the prediction of the clothing worn in the interior based on the outside air temperature data.

With the RFID technology, individual transponders and a reader communicate via radio waves.
The distance at which the two components can communicate with each other depends on the
frequency range of the respective system. A system that operates in the ultra-high frequency range
and that allows communication up to a distance of five meters was chosen to carry out this study.
The transponders, which are equipped with a chip and an antenna, can be sewn into the individual
garments. A receiver detects the transponders when a person, who is wearing the clothing equipped
with transponders, is walking past them. For example, each door that connects one room to another
can be fitted with such a reader, and the home automation system knows at all times what clothes
the person in the room is wearing. Each of these transponders is marked with a unique Electronic
Product Code (EPC). Each individual garment is recorded in a database, with the EPC assigned to a
clo value corresponding to the garment. These clo values, which can be taken from the ISO 9920 for
example, represent the specific thermal insulation of each garment (1 clo = 0.155 m2k/W) [14]. Based
on the individual clo values of each garment, the clo value of the entire garment combination (I.) can
now be calculated using a Matlab script stored on the server. This script includes the given formula
taken form the ISO 9920.

Iq =0.835 % Z Icl(clothing item) T 0.161

I =0.835 x (clol +clo2 + clo3 + 0.02 + 0.03) + 0.161
Several assumptions were made for the practical implementation.

a user always wears socks (0.02 clo)

a user always wears underwear (0.03 clo for men and 0.04 clo for women)

a user always wears 3 garments (trousers (clol), T-shirt (clo2), sweater (clo3)) in winter
a user always wears 2 pieces of clothing (trousers (clol), T-shirt (clo2)) in summer

LN

For the tests in the test apartment, 25 garments were equipped with RFID tags. Their clothing
type, EPC codes and clo values were read into a database, making it possible to read out the user’s
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clothing as he walked past the RFID antenna and to calculate the current clothing level according to
the above relationship.

A disadvantage of this method is that the RFID system does not differentiate whether a person
actually wears the clothes or only holds them in his or her hand. With the help of a thermal imaging
camera, both the skin temperature and the surface temperature of the garment could be determined.
These two parameters also theoretically allow the clo-value of the garment worn to be determined
[15]. Within the scope of this work, this method was not installed and tested in a test apartment, in
contrast to the determination of garment insulation with an RFID system. Only test trials were carried
out with individual garment combinations and individual persons.

355°C

350

32,5

30,0

27,5

25,0

25,0°C

Figure 4. Exemplary recording with the thermal imaging camera.

For this purpose, a thermal image, as shown in figure 4, was taken of several people. To
determine garment insulation using a thermal imaging camera, a number of formulas are required
that take into account both body temperature and garment surface temperature. These serve as input
variables for the following equation, which must eventually be fulfilled [15].

1

2 —_— —_——
030510% + la =~ 5oz —

{0( + Ia(corr,ia\ - Corr,tot)} =0 (1)

This equation can only be solved in an iterative process, for this purpose a Matlab script was
written which will run automatically on the server of the home automation system in the future. Both
the clothing temperature and the skin temperature were recorded with an ordinary thermal imaging
camera. In addition, the air temperature, the radiation temperature and the air velocity in the room
are also required for the calculation, these were recorded with sensors. Superficial tests have already
shown that the determination of the clo value with a thermal imaging camera does not always lead
to the correct result. Thus, the clo values calculated with the algorithm partly deviated widely from
those found in ISO 9920. The results of this test for 2 people are shown in Table 1.

Table 1. Results of thermal imaging insulation determination.

Person Clothing Temperature [°C] Skin Temperature [°C] clo-Value (Algorithm) clo-Value (I509920)
1 30.4 33.4 0.76 0.56
2 30.5 32.9 0.62 0.56
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For improved understanding, Person 1 was wearing a t-shirt and trousers made of certain
materials, the algorithm calculated a clo value of 0.76 for this clothing combination, while based on
the values found in ISO 9920 for these particular garments, a clo value of 0.56 is obtained.

The last method is based on a formula presented by Morgan and de Dear (2003). It allows the
calculation of the average clo value of clothing worn by people indoors on a given day. The
calculation takes into account the maximum outdoor air temperature predicted for the day in
question and the mean value of the outdoor air temperature of the previous day. [16]

clo(Mean Value) =1.15-0.0164 x Tg —0.0178 X Ty

Tc actually observed mean outdoor temperature of the day before [°C]
Tu predicted maximum outdoor temperature for the observation day [°C]

This connection is justified by the fact that people basically assume when choosing their clothes
that the outside temperature today will be similar to yesterday. In addition, people are influenced by
the weather forecast they hear on the radio or are told by their smartphone at the time when the dress
selection takes place. In the context of this work, the above formula was reviewed for 10 days with a
group of 10 people. However, the mean value of the outdoor air temperature over 24 h from the
previous day was not used but only the mean outdoor air temperature in the period from 7 a.m. until
7 p.m. This is justified by the fact that this is the period in which people are not at home and perceive
the outside air temperature. The results of this verification are shown in Figure 5.

1

0,9 R ° Y °
[} [ ] [}
08 ° ® ® [
® ° °
0,7 ® ° ® ]
®

0,6

0,5

Clothing insulation [clo]

0,4
0,3
0,2

0,1

Days

® clo (prediction)  ® clo (clothing worn)

Figure 5. Comparison of the calculated average clo value (12 h) with the average clo value of the
clothing worn.

Figure 5 shows a clear correlation between the clo value calculated on the basis of the outside
temperature and the clo value of the clothing actually worn. The lower the outside temperature, the
higher the clo value of the clothing worn. The clo value of the clothing actually worn is the mean
value of the clothing combinations worn by all persons involved in the study. It was clearly visible
that this relation between the two clo-values is greater for persons who can choose their clothing
individually than for people who have to wear certain clothing for their work and thus wear a suit 5
days a week, for example. Over the entire 10 test days the same formula was used to calculate the
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clo-values, that the values on day 9 and 10 are closer to each other has resulted by chance, an obvious
reason for this event has not yet been identified.

Finally, it can be said that the degree of clothing can be determined with the RFID system. In the
further process, however, the algorithm must be extended in such a way that more than 3 garments
are recognized and also less than 3 garments in winter lead to a calculation. The calculation using a
thermal imaging camera has proven to be too error-prone. For the future, a combination of the two
methods seems to make sense for a stable reliable operation of garment determination. In order to
obtain even more reliable results, the clo values which are calculated on the basis of the outdoor
temperature data could be calibrated with those determined by the other two systems.

In a final step, the metabolic rate required to calculate a thermally comfortable air temperature
is determined. The metabolic rate depends on the activity performed and is a measure of a person’s
energy consumption. The metabolic rate has always been assumed for previous calculations of
thermal comfort with standard values for single activities, which can be taken from the ISO 8996. In
contrast to this and because it is hardly possible to determine the exact activity of a person in a smart
home with motion sensors, the metabolic rate is not determined on the basis of the activity performed,
but with the help of the person’s heart rate. To use the heart rate dynamically, it is recommended to
utilize a smart wearable such as a smart watch or a fitness tracker that allows the heart rate to be
recorded and simultaneously feed it into a database on the home automation server. When carrying
out this work in a concrete test room, no solution could be found to feed the heart rate into the server
immediately after recording it with the Smart Wearable on the wrist. In the future, however, this will
certainly be possible with appropriate applications. In initial tests, the heart rate was transmitted to
the automation server via a Smart Blood Pressure Monitor. A program has been written that
determines the energy consumption of the person in question depending on the recorded heart rate,
gender, age and weight. This calculation method is based on a method described in the ISO 8996.

3. Conclusions and Future Work

The presented method allows to calculate a theoretically thermal comfortable air temperature
depending on the individual clothing and activity, as well as the physical boundary conditions
prevailing in the room (relative air humidity, radiation temperature, air velocity). It would be
conceivable to couple this temperature calculation to a motion sensor. If a sensor detects a movement
in the room, something may have changed in the person’s activity and the optimum room air
temperature must be recalculated. Next, the calculated room air temperature is compared with the
current temperature prevailing in the room and the heating or cooling can then be controlled to set
the appropriate temperature in the room. The same method could also be used to regulate the
ventilation in a room. In this case instead of calculating an air temperature with the PMV method, a
theoretically comfortable air velocity can be calculated.

Both the determination of the individually worn clothing and the metabolic rate require further
optimization. As far as clothing is concerned, a method should above all be found that allows the
insulation of clothing to be determined with sufficient certainty; this is not yet the case due to the fact
that the system cannot distinguish which garments are actually worn. When determining the
metabolic rate, a suitable interface solution must be found in the future to transfer the data directly
from the Smart Wearable to the server.

However, a precise evaluation of the entire process is still missing. An RFID system was installed
in the test apartment which worked for individual tests. In order to obtain statistically usable results,
this system would have to be tested with at least 12 persons. Each of these persons would have to
equip 25 to 30 garments with RFID tags. In addition, in order to test it under real conditions, several
apartments would have to be equipped with an RFID system as well as with the sensors for recording
the physical influencing variables. All this has not been feasible in the context of this work, both for
time and cost reasons. The same applies to a more precise examination of the determination of the
clo values with a thermal imaging camera. The long-term goal is to carry out this evaluation and to
use deep learning algorithms to control the heating and cooling system in an apartment without any
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intervention of the residents. To realize all this, long trial periods and a lot of user feedback to adjust
the deep learning algorithms would be needed.

The long-term goal is to carry out evaluations of the method with long-term test periods and
several users. In addition to measurement data, user feedback on thermal comfort will also be
recorded and the method will be improved with the help of deep learning algorithms to such an
extent that a concrete individual assessment of a user’s sense of comfort in the living space is possible
and, based on this, an individual temperature control of the living space can take place.

Furthermore, it will be necessary to check how far the new system can be used if there is more
than one person in the room under consideration.

Nevertheless, a method was found that allows a dynamic regulation of the room air temperature
in a Smart Home depending on the individual clothing and the respective activity.
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