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Abstract. A measurement procedure and system for the assessment of the temperature
and the humidity in indoor environment as well as inside buildings are reported this thesis.
The researches presented have been carried out in a European project: AXIOMA, whose
aim is to develop smart building materials that can provide a controlled release of biocides
at precise trigger points to prevent the growth of biological organisms.

It is possible that buildings can be affected by the presence of biological organisms (mostly
algae and fungi) which can cause aesthetic, structural and health problems.

Products containing biocide with uncontrolled release today are used to contrast the
growth of such biological organisms. The drawback is that high concentrations of biocides
can be dangerous for people’s health and for the environment.

A smart and controlled release of biocide process, which can increase the mean life of
buildings without health’s problems, is possible if the temperature and humidity conditions
are well know either in the indoor environment either into the materials.

This work, thanks to the studies of temperature and relative humidity carried out in stand-
ard indoor scenarios (a bathroom and a kitchen of a house where people live) and the use
of a specific measurement procedure, allows the identification of the areas where the con-
ditions for the mold’s growth are optimal. Such a large quantity of measured data (tempera-
ture and humidity) were not found in literature and it has been used in the AXIOMA pro-
ject to tune the models and the software tools under development for the preparation of
optimal smart materials.

A second important issue dealing with this thesis is the study of temperature and moisture
profiles inside the analyzed construction materials: paints, plaster and tiles.

The experimental data have been validated through two analytical models providing tem-
perature and the moisture values inside the materials, when the surface temperature and
relative humidity are known.
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1 Problem statement and objectives.

No one knows exactly how many homes have mold behind their walls, but according to
the best current estimate about 57 percent of European houses have problems of mold [1].
Mold can cause different troubles which can be summarized in three big categories: esthet-
ic, structural and health. The esthetic problem is undoubtedly the less important, however
when mold is present on the walls people have to redecorate often and this is surely a cost.
The structural damage that mold can lead to in the materials is, of course, more important
and lead to higher cost to recover, requiring not only the interview for the reconditioning
of the surfaces but also requiring a larger intervention addressed to the materials on which
the external materials (tiles, paints, plasters) are applied. But probably the most important
consequence of the presence of mold is surely the health problems it can cause. A total of
11% of the entire global burden of diseases has been attributed to unhealthy buildings.
While the indoor environment may contain numerous natural and man- made pollutants,
the allergenic impact of biocontaminants, such as dust mites and microfungi, has received
particular attention in recent years [1, 2]. The crucial factor for the growth of algae and

fungi is the existence of suitable environmental conditions [4], so their suppression must

,
involve the modification of the room temperature and humidity.
From all what just said the necessity to have building materials which can prevent the birth
of mold and consequently lengthen the structural properties of the same materials and im-
prove the quality of life of the occupants of the building is evident and can be considered
an issue of large interest in the materials and building research area.

The studies of this research have been incorporated in a European project denominated
AXIOMA (http://www.axioma-project.eu/) whose initial target was the creation of a

range of building products resistant to biological infestation by virtue of incorporating an

environmentally acceptable biocide in smart materials with a controlled release.

The experience brings to state that the rooms of the house in which mold is more often
present are: the bathroom and the kitchen. For this reason the first task of this research
was focused on the determination of the climatic conditions of these rooms during a ‘nor-
mal’ use which determinates cycles of temperature and relative humidity, important factor
for the growth of mold. The changes in temperature and humidity analyzed inside domestic
environments allows to identify the areas at risk of mold growth which could be covered
with materials enriched with biocides.

The second task of this work is the determination of temperature and moisture’s distribu-
tions inside the four different building materials selected: two types of paints (one for in-
door and one for outdoor use), a plaster coating and ceramic tiles. Such building materials
were placed in a climatic chamber which was able to reproduce the same temperature and
humidity conditions recorded in the bathroom during a shower of 15 minutes, allowing to
perform a sort of accelerated testing. The experimental data were validated by two mathe-
matical models relating sample depth and temperature and relative humidity. These rela-
tions are the ones needed into the AXIOMA project to be able to determinate the correct
value of trigger for the release of biocide which is encapsulated inside the smart materials.
The advantage is that with the selected release mechanisms we are aiming to obtain at least
a factor 5 increase in life time with respect to bio-resistivity (>10 years) to achieve the im-
pact required. Simultaneously we want to minimize the concentration of active agents in
the product formulation by a similar factor 5. The consequence is that actions can be taken
with a gain of money, security and health for the occupants of the rooms.
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2 Research planning and activities.

The physical quantities which are of main interest in the preparation of smart building ma-
terials able to realize a responsive release of biocide are:

e temperature (T)

e relative humidity (HR).
T and HR are in fact related to the rate of growth of microorganism, creating the ideal
conditions for birth and proliferation; in particular it must be reminded that the max
growth rate, in laboratory conditions, is obtained at 25 °C and 80-100% of relative humidi-
ty for fungi and at 15 °C and 100% of relative humidity for algae [15].
The first aim of this thesis is therefore to investigate which kind of transducers have to be
selected for direct measurement of these two quantities in indoor house spaces. The aimed
quantities — T and HR — will be measured either in air and at the surface of the materials
(ceramics or wall surface) and the measurement range of interest are: 0 — 40°C for tempera-
ture and 10-100% for relative humidity.
For the temperature thermocouples K are connected to a National Instrument system
board (NI USB-9213). This system was calibrate and its accuracy obtained is: 0.02°C in air
and 0.4 °C on the surface were the same installation create a lot mistakes of measurement.
For the humidity two different system are used: a thermohygrometer HD2101.2, with an
accuracy of £3% in the interval of 0-99%, and 4 capacitive sensors SHT75 , with an accu-
racy of £4% in the interval of 0-99%. The calibration of the device for the acquisition of
humidity is done of the factory of the instrumentations because in the university’s laborato-
ry is not possible to have a good calibration.
With these systems relations of temperature and humidity at the center of the room and on
the surface (points 1-2 in the fig.1) have been studied as well as the ones between the sur-
face and into the material (points 2-3 fig.1).
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Figure 1: A schematic representation of the relations studied.
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The environment analyzed are a bathroom and a kitchen where the sensors are placed in
strategic points where the variations of temperature and relative humidity are more signifi-
cant ( fig. 2).

Thermocouples on air
Thermocouples on surface
Capacitive sensors on the surface
Thermohygrometer on air

Figure 2: The position of the sensors in the two environments selected.

The variation of temperature and moisture are studied into: paint, plasters and tiles. The
samples of such materials were instrumented and were put into a climatic chamber, CH250
Angelantoni, which has run cycles of temperature and relative humidity equal replicating
the ones recorded in the bathroom. To reproduce a realistic situation the samples were iso-
lated on three side in order to receive the heat flux only from the top surface. In this way
the relation between temperature and relative humidity on the surface and a different depth
for the buildings material are studied.

3 Analysis and discussion of main results.

The first important activity was the definition of the measurement set-up and procedure to
be used for the data collection on the two selected environments; in particular such set-up
was required to guarantee adequate metrological characteristics (sensitivity, measurement
range, uncertainty, repeatability and robustness), but also to allow easy installing time (see
paragraphed 2).

It was decided to focus the attention on two specific indoor places: the bathroom and the
kitchen, where the presence of molds is most significant.

For these indoor ambient, a specific, intense and continuous experimental activity was im-
plemented in order to firstly collect significant data (temperature and relative humidity)
from the standard daily use of the two selected environments. The bathroom and the
kitchen are normally used by four people and in each of the two environments a significant
event has been chosen. In particular the event studied in the bathroom is a shower of 15
minutes while in the kitchen the event is to bring to the boil two liters of water for 5
minutes.

The data recorded are not present in the literature and are summarized in the table 1 for
the bathroom and table 2 for the kitchen:
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Table 1. Experimental data recorded in the bathroom where AT AHr are the variation of tempera-
ture and relative humidity recorded during the shower t. the time required to came back the initial
value.

Conditions Temperature Relative Humidity
N. AT te N. AHr te
Samples [°C] [s] Samples [%%0] [s]
Conditions of test 302400 0,4810.02 16941 58429  475%3 2418
Heating ON 113934 0,51£0.02 18989 2961 503 987
OFF 53997 0,39£0.02 17999 3369 60£3 1123
External August 370440 0,52+0.02 41160 - - -
Temperature November 166446 0,45£0.02 18494 - - -
Window Opens 22620 0,57£0.02 3770 14070 47,53 1055
Closes 113934 0,51£0.02 18989 102012 47,543 15557

Table 2: Experimental data recorded in the kitchen where AT AHr are the variation of tempera-
ture and relative humidity recorded during the shower tc the time required to came back the initial

value.
Conditions Temperature Relative Humidity
N. AT te N. AHr te
Samples [°C] [s] Samples [Yo] [s]
Conditions of test 64764 7.9910.02 2446 20832 2123 1256

From the data recorded the following important conclusions must be taken into considera-
tion:

e The larger temperature and relative humidity variations take place in the bathroom,
which should be considered the part of the indoor environment where the biologi-
cal growth can most probably take place;

e Differently from to the bathroom, the kitchen, is subjected to smaller temperature
and relative humidity variations, but locally, in particular in the area of the fire place
and over it, the temperature variations as well as the RH variations can be very
large;

e In both the indoor environments considered, the ideal temperature and RH values
at which the fungi and algae growth is maximized are reached during the repre-
sentative activities analyzed (a shower some water and the boiling); so during
events, in the kitchen as well as in the bathroom, algae and fungi are very likely to
grow;

e Absence of ventilation, wall height, as well the use of the central heating systems
are proved to be influencing parameters which in combination can create larger T
and RH variations, for longer time;

In the table 3 summarized the linear relations that are studied for the different points of
the bathroom, where the variations of temperature are more significant, with the center of
room and the surface (see fig.2)
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Table 3: linear relations studied for the different points of the bathroom, where the variations of tempera-

ture are more significant, with the center of room and the surface
Sensors placed in the top part of the room

Sensor The regression line
Number  Slope Intercept Mean Slope  Mean Intercept
0 0 22.94
2 0.69 7.00
.61+0. .81+0.01
7 0.84 3.45 0.61+0.05 8.81+0.0
14 0.91 1.84
Sensors placed in the mid part of the room
Sensor The regression line
Number  Slope Intercept Mean Slope  Mean Intercept
6 0.59 9.03
8 0.35 14.61 0.38%0.05 13.96+0.01
9 0.2 18.25
Sensors placed around the shower tap
Sensor The regression line
Number g
Slope Intercept Mean Slope Mean Intercepts
10 -0.3 24.52
11 -0.1 23.62
-0.2+0.4 23.88+0.01
12 -0.14 23.88
13 -0.25 24.15

For the humidity the relation between the air and the surface is a second grade curve:
f(x)=-0.01*x?+1.69*x-15.07.

How already said a study for temperature and humidity into the material was done.

To validate the experimental data recorded two are the models present in literature: one for
the temperature [34], and Hansen’s model for the moisture [35]. In literature, however,
there are not coefficient for the Hansen’s model for the relation of moisture with the
depth in the tiles. I elaborated these coefficients for the tiles and the equation of the model
is: moisture=49.5*abs(1-In(Rh)/4.8)1/22.2),

Then the validation of experimental temperature data a experimental model is elaborated to
find a relation between depth and temperature into the studied materials:
Taepth=a*x?+b*x+Tsuperficial, Where the parameters a and b change with the materials.

4 Conclusions

The first aim of this thesis was to obtain measurement data of indoor environmental con-
ditions for selected end-user application areas. In particular, for indoor environments,
where the smart materials developed in the AXIOMA project could be installed, it intend-
ed to determine what the typical thermal and humidity environment conditions are. Such
indoor conditions could be, in fact, the ones creating the potentially riskfull conditions and
consequently allow the growth of biological organisms.

From both the indoor environments explored, a bathroom and a kitchen, data have been
transferred (and will continue to be transferred during the following 6 months) in order to
support the modeling activities. In particular, for the analysis of the indoor environmental
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conditions the empirical relations between the temperature measured in different parts of
the room (center of the room) and the external surface of the smart materials (middle of
the wall) will be used for the construction of the software tool.

The second aim of this thesis is to develop a profile of temperature and moisture into the
buildings materials: two paints, a coating and the tiles.

Also in this case the first step was the individuation of the transducers and of the meas-
urement chain to be used during the accelerate test in the climatic chamber, and the under-
standing of how this new configuration can influence the precision of the measurement.
After the acquisition of the data of temperature and moisture, these are validated through
the model present in the literature. After the validation, which assures the goodness of the
data recorded, an empirical model between the depth and the temperature and moisture
recorded by the transducers placed at the different level into the material is developed. For
the tiles, in literature there is not a Hansen’s model to describe the moisture, so in this job I
elaborated and determinate the parameters of the equation.

These empirical relations allow to obtain the value of temperature and moisture at different
depths by knowing only the value on the surface of the building materials.

Also these relations have been transferred in order to support the development of the
software which in this way can model also the release of biocide after the activation of the
trigger.

Safely the measurements of the moisture into the materials need an postponement, in par-
ticular it is necessary to have more points of measurement in the thickness of materials. To
reach this aim smaller capacitive sensors are necessary for the moisture. At this time the
model can be modified and can better represent the real profile of the moisture in the ma-
terials.
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