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Abstract
Refurbishing old buildings to make them energy efficient often leaves them so tightly sealed that
indoor air quality suffers, with possible damaging consequences for human health and productivity.
The EU-funded Cetieb research project is working to solve this problem by developing innovative
ways of both monitoring and controlling the indoor environment in the most cost-effective ways
possible. The development includes a set of tools based on innovative sensors. The concept of those
tools was presented in a previous work.
This paper presents the results obtained from the field-testing in laboratory environment and real case
studies.
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1. Introduction
The refurbishing of old buildings to an energy efficient standard leads to tight
buildings and affects the indoor climate. This is a relevant problem given that people in
Europe spend more than 90% of their time indoors.
Improving the health and comfort of occupants consequently brings to a certain
number of advantages as increased productivity, reduced sick leave and medical costs, but
also by the prevention of potential liabilities. However, the actual monitoring and control
solutions are not able to take into account all the aspects related to the indoor air quality, or,
if able, they are too expensive. The FP7 European project called Cetieb is moving towards
this lack with a set of cost-effective tools specific for the measurement and control of the
indoor air quality.
2. Objectives
The main is scope of the Cetieb project is to develop a set of tools to monitor and
control the indoor air quality covering all the needed aspects. Cleaning the air with the
maximum efficiency requires first the measurement of several pollutant categories typical of
the indoor living spaces. This scope is addressed with a dedicated set of sensors developed
within the project.
The modular system for the monitoring has been developed in order to measure
several parameters such as VOC (Volatile Organic Compound), RGB (Red, Green and Blue),
CO2 luminance and thermal comfort using an innovative sensor for retrieving the PMV index
(Predicted Mean Vote). Concerning the control tools developed, the air quality is guaranteed
with active systems for actuating the mechanical ventilation, with or without bio-filters,
starting from the monitored variables. Moreover, the development of passive technologies
for the control of indoor environments completes the tools set with the use of photo-catalytic
plasters for the air cleaning or light materials with low thermal conductivity.
The aim of the paper is to present the results from the laboratory and real cases
concerning the monitoring technologies developed within the project and already presented
together with the other technologies in a previous work (Revel at al., 2013).
3. Materials and methods
3.1. Detection of VOC
The partners Fraunhofer IPM and InfraTec developed innovative sensor technologies
to monitor indoor air quality. The focus is on volatile organic compounds (VOCs) as
indicator for health influence situation in a room. The objectives of our VOC sensor
development are the qualitative and quantitative assessment of VOCs, while providing
affordable and small-sized systems for integration in smart sensor networks. Two different
concepts for VOC monitoring are considered: a spectroscopic VOC sensor to selectively
monitor typical indoor contaminants absorbing in the mid-IR range and a gas sensor array
consisting of four metal-oxide sensors.
Methane and acetaldehyde were used as test gases for indoor air quality assessment
with the spectroscopic system. Acetaldehyde (peak absorption at 3.65 µm) was measured
from 0-100 ppm in N2 in 10 ppm steps. The maximum allowable concentration (MAC) for
acetaldehyde is 50 ppm, so that this concentration needs to be reliably detected (Fig. 1). The
limit of detection (LOD) for acetaldehyde was determined to be lower than 10 ppm.
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Fig. 1. IR spectra of acetaldehyde in N2 from 0 – 25 ppm in 5 ppm steps measured with the
spectroscopic VOC sensor

4. Results and discussions
4.1. CO2 sensor performances
For the assessment of indoor air quality, CO2 is a crucial parameter since it directly
correlates with the number of people present. The atmospheric concentration is today around
390 ppm. For indoors, concentrations above 1000 ppm are known to cause fatigue, headache
and dizziness in people. The requirements for a suitable CO2 sensor include high long-term
stability, small size, and low production and maintenance costs. Therefore, our sensor
principle is based on the concept of filterphotometry, that makes use of the specific
absorption of infrared (IR) radiation of molecules. With the defined filter and absorption path,
we reach a measurement range from 0-20.000 ppm (0-2%).
The system was characterized in the laboratory with defined CO2 concentrations in N2.
Fig. 2 shows a measurement with CO2 concentrations from 0-20.000 ppm (blue). The red
curve shows the gas concentration vs time. The system was placed into a larger chamber of
about 1 dm³ volume to simulate its situation in an indoor environment. The test showed a
limit of detection of 20 ppm with an accuracy of about 50 ppm.
4.2. Illumination
The project includes the development of a low cost light sensor measuring the colour
temperature of light and the light intensity. The design and realization of this instrument
consists out of the identification of the sensor and the design of the casing respecting the
standards for reading of photonic data, the design of an interface transforming the raw sensor
data in significant values to be used later to drive an illumination system. As sensor, the TCS
3414 from TAOS has been selected. This sensor belongs to the class of RGB sensors, called
colorimeters, in contrast with the spectrophotometric sensors that are much more costly.
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Fig. 2. Sensor response (blue) vs time for CO2 concentrations from 0-20.000 ppm
The red curve gives the CO2 concentration in N2 in ppm

The calibration was done by associating the sensor to be calibrated with a reference
instrument (Minolta CL-500) on an optical bench in front of a given light source.
The values of the sensor are then being compared with the values of the reference
instrument for a sufficient number of light sources in order to cover the requested measuring
range. The result of the calibration can be seen in Fig. 3 from the confrontation of the
Correlated Colour Temperature (CCT) and the Lux of the light sources obtained respectively
from the sensor and from the reference instrument CL-500. The curves almost overlap and
the differences as shown below are inside the band ±5 K for the CCT and ±0.5 lux for the
illumination.

Fig. 3. Plot of the deviations between CL-500 and RGB sensor for 4 different light sources

4.3. Thermal comfort measurement
Università Politecnica delle Marche focused in the development of a low-cost
infrared system for real-time monitoring of human thermal comfort. The system measures
the indoor surfaces and environment to derive the PMV for several positions in the space.
The device working principle and its measuring performance are described in (Revel et al.,
2012 and 2014). The thermal comfort system was tested in a school in Madrid (Colegio El
Porvenir). The thermal comfort monitoring system was placed in the reference room
(9.4x5.0x2.8m) and integrated with the overall monitoring framework from Stuttgart TTI
(SmartMote). Fig. 4 shows the installation setup in the classroom.
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Five different positions were measured to see how students perceive the same
environment according to their relative position. The positions P1 and P2 correspond to
students nearby the glazed facades and thus subject to direct solar radiation.

Fig. 4. Colegio El Porvenir demo: installation of the IR scanning system and the other sensor nodes
(left). PMV profiles within the classroom according to the different positions (right)

Fig. 4 shows that all the positions follow a similar profile, with a positive comfort
deviation of 0.2 from P5 (farthest from windows) to P1 and P2 (near the windows). The
deviation increases when the solar radiation enters the room, with a peak of 0.7 (and a
resulting increase of 6°C in the mean radiant temperature).
3. Concluding remarks
This paper presents a set of tools developed for an improved building retrofitting,
which aims at optimal living environments with the lower energy consumption. The paper
presents the measurement characteristics of four sensors integrated with the sensor network
developed in the project.
The VOC and CO2 sensors are able to reproduce the performance of typical solutions
currently used, but with reduced cost and high integration capability. The thermal comfort
can be monitored for all the occupants with the IR-based sensor. The results from the school
in Madrid showed how the system is able to take into account the thermal requirements of
different occupants in the space. Finally, the RGB sensor is able to provide the measurement
of the light spectrum with a level of accuracy comparable to the expensive sensors present in
the market.
The complete monitoring solution is thus able to perform the accurate measurement
of the indoor air and environment quality with cheap tools embedded in a modular sensor
network. Further tests in other environments to test the monitoring technologies with the
active and passive control systems will show more results.
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