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Indoor air quality (IAQ) has gained renewed importance in public awareness, especially in times of the corona pandemic. In classrooms in particular, regular ventilation is essential to keep the potential viral load in the air as low as possible and thus reduce the likelihood of infection with the corona virus. But also the concentration of other pollutants, such as particulate matter (PM) or volatile organic compounds (VOCs), which are responsible for symptoms such as concentration disorders, headaches and dizziness can be reduced. In addition to the direct measurement of VOC pollutants using metal oxide semiconductor (MOS) gas sensors, CO2 is also measured as an indicator gas for monitoring IAQ. However, young people in particular have only a diffuse idea of air pollutants. This can be explained by the fact that many of these air pollutants are both odorless and colorless and are only detectable using suitable sensors. In order to provide students with a comprehensive picture of the topic of air quality and thus strengthen their environmental awareness, declarative, conceptual and procedural knowledge needs to be combined. This includes knowledge about different sensor principles, pollutant types, their limits, health effects on humans and strategies to maintain good air quality, both indoors and outdoors. To ensure that this knowledge does not remain inert, authentic learning scenarios with a direct relevance to everyday life must be provided. Measuring pollutants in indoor air in particular offers the opportunity to apply what has been learned in a context-oriented manner. By linking the performance of measurements with sensors and the subsequent interpretation of measurement results, environmental awareness can be sharpened with regard to IAQ. This can be achieved by measuring pollutants with sensors and then interpreting and classifying the measurement results. In this paper, various student experiments with gas sensors are presented that introduce the function principles of different sensor types, record air quality data and provide meaningful interpretation. Based on these experiences, students are encouraged to develop their own research questions on air quality.

Keywords: air quality, high school students, education, environmental awareness, air pollution


INTRODUCTION

The environmental awareness for air pollution is still not very distinct in the general population and especially young people often have only a diffuse and abstract idea of air pollutants. This can be explained by the fact that many air pollutants are both odorless and colorless. Furthermore, the human nose cannot perceive a slow increase in the concentration of odorous pollutants indoors. The health consequences of bad indoor air quality (IAQ) range from fatigue to concentration problems (Chen et al., 2017) and headaches (Wolkoff et al., 2004) to sick building syndrome (US Environmental Protection Agency, 1991). In schools and classrooms, good IAQ is important in order to create optimal conditions for learning. In addition to avoiding high-emission everyday products, regular ventilation is the most effective way to ensure good IAQ. However, due to low outside temperatures in winter, ventilation is not frequent enough, in part because there is often a lack of objective feedback on air quality. One way to obtain immediate and objective feedback is to monitor indoor air via gas sensors. Their use can ensure that objective limit values are maintained above which ventilation becomes necessary.

To actively involve students in the process of maintaining good IAQ and to create acceptance for ventilation measures, the development of environmental awareness about pollutants and air quality is a basic requirement. According to modern concepts of environmental education, this includes environmental knowledge as well as aspects of environmental attitude and environmental behavior (de Haan and Kuckartz, 1996). It has been shown that the mere teaching of environmental knowledge in the form of information about pollutants and sensor principles is a basic prerequisite, but this alone is not sufficient to generate a change in environmental behavior (Szagun et al., 1994; Milton et al., 1995; Rode, 2001). Among other things, this can be attributed to the principle of “inert knowledge” (Renkl et al., 1996). The term refers to the deficient application of knowledge to complex or everyday situations. Accordingly, it is not sufficient to teach only factual knowledge about pollutants. For knowledge not to remain inert, it must be acquired in an active and problem-oriented manner and it needs to be taught in a way that is situated and related to everyday life. Situated learning describes the linking of learning and application processes, e.g., in the form of experiments (de Witt and Czerwionka, 2012), which creates a direct contextual reference (Bahr, 2013).

In addition, environmental knowledge itself can be categorized into declarative, conceptual, and procedural knowledge (Renkl et al., 1996). Declarative knowledge includes both pure factual knowledge, such as knowledge about the existence of pollutants, limit values, and health consequences for humans, as well as knowledge about complex correlations, such as sources of pollutants or underlying measurement principles. According to Anderson, conceptual knowledge is characterized by relationality (Anderson, 1996). This refers to the fact that knowledge about air quality can be abstracted and transferred to similar (everyday) situations. It is therefore the basis for substantive understanding (Schneider, 2006). The term procedural knowledge is defined as knowledge of action. It describes a system of rules for action (procedures) and forms the basis for how what is learned can be implemented in concrete terms in practice. This includes, e.g., strategies for maintaining good air quality, such as regular ventilation or the use of low-emission everyday products with an ecolabel, such as the “Blue Angel.”

In the following, various aspects of environmental knowledge related to IAQ—specifically air pollutants and sensor principles—are discussed. Next, experiments are presented that deal with the measurement of various pollutants, as well as the interpretation of measurement results. On this basis, students will be encouraged to develop their own questions and studies related to air quality, thus applying what they have learned in an explicit way. One example of this is the development of a CO2 traffic light in schools.



ENVIRONMENTAL KNOWLEDGE RELATED TO AIR QUALITY

In 2019, about 400,000 premature deaths in the European Union could be directly attributed to air pollution (European Environment Agency, 2019). However, health consequences of increased exposure to air pollutants often manifest years later, which is why young people in particular do not have intuitive access to the topic of air quality. Therefore, in the first step, it is crucial to provide declarative and conceptual knowledge about the existence of pollutants, their sources, limit values, health effects on humans, and main measurement principles for objective quantification of pollutants. The next step is to abstract what has been learned and apply it to the personal environment. This includes strategies for maintaining good IAQ and is part of the procedural knowledge.

The most common pollutants include volatile organic compounds (VOCs) and particulate matter (PM). Furthermore, indoor CO2 concentration can serve as an indicator of air quality, as it correlates with VOC concentration if humans are the primary source of pollutants through respiration. Different sensor principles are used to detect these pollutants. MOS gas sensors are used to measure VOCs. The measurement of CO2 is based on infrared absorption and particulate matter can be measured using the principle of light scattering.


Volatile Organic Compounds (VOCs)

VOCs are carbonaceous (organic) substances that evaporate even at low temperatures. According to the World Health Organization (WHO), these substances can be classified into four subcategories depending on their boiling point (BP) (World Health Organization, 2000):

1) Very volatile organic compounds (VVOC; BP: <5 to 50–100°C)

2) Volatile organic compounds (VOC, BP: 50–100 to 240–260°C)

3) Semivolatile organic compounds (SVOC, BP: 240–260 to 380–400°C)

4) Particulate organic matter (POM, BP: >380°C).

Examples of VOCs are various (aromatic) hydrocarbons (e.g., benzene), aldehydes (e.g., formaldehyde) and alcohols (e.g., isopropanol).


Sources, Limits, and Health Effects

Due to their chemical properties, VOCs are often used in industry as solvents, adhesives, plasticizers, and fragrances, which means that they are also contained in everyday objects such as furniture, paints, and toys (Guenther et al., 1995). As a result, they are also released into indoor air and can reach the human organism, e.g., through respiration. However, humans themselves also generate VOCs due to their metabolism, leading to an accumulation of VOCs in indoor spaces if ventilation is insufficient.

Different limit values apply depending on the substance. According to the WHO, e.g., there is no safe exposure limit for the carcinogenic benzene, which is why its concentration should be kept as low as possible (World Health Organization, 2010). Formaldehyde has a workplace exposure limit of 0.3 ppm, and toluene of 50 ppm (Bundesanstalt für Arbeitsschutz und Arbeitsmedizin, 2006). Due to the large number of different substances, the sum of VOCs is often given as total VOC (TVOC) value for the evaluation of IAQ. Besides CO2, this is now considered a standard indicator for determining IAQ, although this also repeatedly meets with criticism. For example, the different hazard potentials of different VOCs are not considered, which is why the informative value of the effect on health is limited and should only serve as a reference point for more detailed investigations (Sagunski and Heinzow, 2003).

The harmful health effects of VOCs on humans range from impairment of the nervous system, such as impaired concentration and fatigue, to the formation of allergies, asthma, and cancer. In addition, they are associated with sick building syndrome, which causes eye and nose irritation, headaches, and dizziness, among other symptoms (US Environmental Protection Agency, 1991; Wolkoff et al., 2004; Chen et al., 2017).



Simplified Sensor Principle

MOS gas sensors are often used to detect VOCs. Their function principle is based on the change of their electrical conductivity in the presence of a reducing or oxidizing gas. The theoretical description of the operation of MOS gas sensors is complex and the subject of current research. In order not to overwhelm students, it is therefore useful to convey only the basic principles of the sensor reaction using a simplified model, which is presented in the following. For a detailed description of the model, refer to Höfner et al. (2021).

Figure 1 shows the schematic structure of the simplified sensor model. Electrons, represented by gray dots, move according to the Drude model (Drude, 1900) due to a constant electric voltage U0 as free charge carriers within the sensor material. Their directional motion in the x-direction is indicated by arrows, with the arrow length proportional to their effective velocity. Above the sensor is the surrounding atmosphere, where oxygen is indicated by blue dots and reducing gas molecules by purple dots. An amperemeter is used to measure the current or electrical current and therefore the conductance. This is proportional to the number and effective velocity of the free charge carriers. The temperature of the sensor material is indicated by its color (blue = “cold,” yellow = “warm,” red = “hot”).


[image: Figure 1]
FIGURE 1. Schematic structure and components of a simplified model of MOS gas sensors.


The simplified model describes the dependence of the electrical conductance on the sensor temperature by the superposition of two opposite effects. On the one hand, the sensor is interpreted by the image of a thermistor with negative temperature coefficient (NTC semiconductor) (Feteira, 2009). In these the electrical conductance increases with increasing temperature. This behavior is caused by an increase of the effective velocity of the free charge carriers within the material when an external voltage is applied. On the other hand, with increasing temperature, more oxygen molecules adsorb on the sensor surface and capture an electron, thus reducing the number of free charge carriers—the electrical conductance decreases, see Figure 2.


[image: Figure 2]
FIGURE 2. Schematic representation of sensor behavior in an oxygen atmosphere with reducing gas at different temperature (blue = “cold,” yellow = “warm,” red = “hot”). On the one hand, the effective velocity of the free charge carriers increases with increasing temperature. On the other hand, fewer free charge carriers are available for charge transport.


Due to the superposition of both effects, a maximum conductance is formed at medium temperatures, see Figure 3. Reducing gases from the atmosphere can react with the oxygen bound on the surface reducing the oxygen coverage of the surface. This releases formerly bound charge carriers, which increases the conductance. This change in conductance depends on the reaction rate of the gas with the bound oxygen, the gas concentration, and the sensor temperature. Different gases can therefore be identified and quantified by measuring the conductance at different operating temperatures and interpreting the resulting pattern.


[image: Figure 3]
FIGURE 3. Conductance vs. temperature of a MOS sensor according to the simplified model in air (solid line) and in the presence of a reducing gas (dotted line).





Carbon Dioxide (CO2)

Carbon dioxide (CO2) is a naturally occurring molecule in the Earth's atmosphere that is both colorless and odorless. It is known to students primarily due to the climate change and its importance as greenhouse gas. Furthermore, although CO2 is not a pollutant with respect to health effects it is frequently used as an indicator gas to determine IAQ due to its correlation to VOCs indoors (von Pettenkofer, 1858). Figure 4 shows the course of the CO2 and TVOC concentrations in a closed room over a period of 8 h. After ~380 min, a window was opened, causing both concentrations to drop significantly.


[image: Figure 4]
FIGURE 4. Comparison of CO2 and TVOC concentrations in a closed indoor room over a period of 8 h. The courses of the concentrations correlate. After about 380 min, a window was opened and both concentrations dropped.



Sources, Limits, and Health Effects

Indoors, humans are the mainsource of CO2, as exhaled air has a CO2 concentration of about 4% or 40,000 ppm (Lang, 2016). Already in the 19th century, Pettenkofer recognized that the CO2 concentration could be used as an indicator for IAQ, since it correlates with the TVOC concentration if humans are the primary source of VOCs. While CO2 itself has adverse health effects on humans, including concentration disorders, shortness of breath and confusion (Lahrz et al., 2008), but only at concentrations above 5,000 ppm, increased ventilation is recommended indoors already if the concentration is above 1,000 ppm, which is known as the Pettenkofer limit (von Pettenkofer, 1858).



Simplified Sensor Principle

There are different methods for detecting CO2 based on chemical and physical processes. The most common method to determine the CO2 concentration in air is based on infrared absorption. Infrared light with a wavelength of ~4.3 μm is absorbed by CO2 molecules as molecule oscillations are excited. The intensity of the light after passing through the medium is measured with a detector (Budzier and Gerlach, 2010). The intensity of the absorption depends on the concentration of the CO2 molecules and can be described by Lambert-Beer's law (Demtröder, 2012).

The wavelength-dependent absorption can be made clear to students by performing a simple experiment. For this purpose, the students are given cuvettes with different dilutions of red food dye as well as a red and a blue LED. The light from the blue LED is absorbed when passing through the red liquid, whereas the light from the red LED is transmitted almost undisturbed. The intensity of the transmitted blue laser light decreases with increasing dye concentration following Lambert-Beer's law, see Figure 5. The molecules of the red food dye symbolize CO2 molecules. This experiment illustrates the selective absorption of infrared light by CO2 molecules.


[image: Figure 5]
FIGURE 5. Transmission of blue and red LEDs through water colored with red dye to demonstrate the function principle of wavelength dependent absorbance. Dye concentration can be determined from the relative intensities of both LEDs.





Particulate Matter (PM)

Particulate matter (PM) refers to solid or liquid particles in the air with an aerodynamic diameter smaller than 10 μm. They are often divided into the subgroups PM10, PM2.5, and PM1, where the index indicates the maximum aerodynamic diameter in μm.


Sources, Limits, and Health Effects

There are both natural sources of PM, such as forest fires, pollen, and soil erosion, as well as anthropogenic sources, such as power plants, motor vehicles, and incinerators. In cities, road traffic, especially diesel exhaust (soot), brake and tire abrasion, is the main source of PM (Stieß, 2009).

If PM enters the respiratory tract, it can cause damage. The depth of penetration depends on their size, with smaller particles being able to penetrate deeper into the human body and therefore being potentially more harmful. There is no threshold concentration below which no health damage occurs. Therefore, PM exposure should always be kept as low as possible (World Health Organization, 2013a; Umweltbundesamt, 2017). Since 2005, limit values for the various PM fractions have been established within the EU. Thus, the daily mean concentration of PM10 must not exceed the limit value of 50 μg/m3 more than 35 times per year. In addition, the annual mean value must not exceed 40 μg/m3. The limit value for the average PM2.5 concentration distributed over the year is 25 μg/m3 (World Health Organization, 2013a).

PM can accumulate heavy metals and polycyclic aromatic hydrocarbons on their surface, which are carcinogenic according to WHO and thus belong to Group 1 carcinogens (World Health Organization, 2013b). Diseases resulting from increased exposure to PM include deterioration of lung function, asthma, exacerbations in chronic obstructive pulmonary disease COPD, and cardiovascular disease (Schweisfurth, 2015).



Simplified Sensor Principle

There are several ways to measure PM. These include radiometric, cumulative, gravimetric, or non-optical methods based on the field disturbance principle. In addition, a distinction is made between continuous and discontinuous measurement methods, in which the analysis is performed either directly on site or in the laboratory. The most common particle measurement method in modern low-cost PM sensors is based on continuous optical methods using light scattering (Stieß, 2009). Based on the scattering intensity and pattern, conclusions can be drawn about the number of particles and their size distribution.

To familiarize students with the basic principle of a PM sensor based on light scattering, a simple experiment is suitable in which a laser pointer is used to shine through suspensions of different concentrations of silicate beads in water, see Figure 6. With the bare eye, it is difficult to observe any difference between the three samples. Only with the laser pointer shining through the cuvettes the densities of the different suspensions become visible as a result of light scattering.


[image: Figure 6]
FIGURE 6. Experiment demonstrating the principle of a PM sensor based on light scattering. Left: Three cuvettes with different suspensions consisting of water and different concentrations of silicate beads. Right: Demonstration of the principle of light scattering. The higher the concentration of the silicate beads, the more the light is scattered.






AUTHENTIC LEARNING EXPERIMENTS

In addition to teaching declarative and conceptual knowledge about pollutants and sensor principles, experiments with these sensors can enable authentic learning scenarios by having students perform exemplary measurements. These experiments should be related to everyday life so that findings from these measurements can be directly transferred to the students' personal environment. On this basis, various (introductory) experiments with VOC, CO2 and particulate matter sensors are presented below, giving students their first experience in using sensors and interpreting the results. Critical assessment of the measurement results helps students draw personal conclusions and thus teaches procedural knowledge. Each experiment has a different focus and shows the versatility of sensors. On this basis, students are encouraged to develop their own research questions according to their personal interests.

The experimental basis is a printed circuit board (PCB) equipped with a VOC sensor (SGP30; Sensirion, 2020a), an NDIR-CO2 sensor (SCD30; Sensirion, 2020b) and a PM sensor (SPS30; Sensirion, 2020c, all from Sensirion, CH), see Figure 7. The sensors are controlled and read out via an I2C interface with an ESP8266 NodeMCU v3 microcontroller (Lolin, 2015). Programming is done using the Arduino IDE with freely available libraries from Adafruit (2020a,b), Sensirion (2020d). A micro USB cable is used to transfer the data to a PC with measurement software and graphical user interface (GUI) developed as part of the project.


[image: Figure 7]
FIGURE 7. Sensor board for environmental measurements containing a MOS gas sensor for VOC measurements (SGP30), an CO2 sensor based on IR absorption (SCD30) and a PM sensor based on light scattering (SPS30, all from Sensirion, CH).



Nose vs. Sensor

In the first experiment, the students test how reliable their nose is. For this purpose, they are given five different dilutions of ethanol in water. At the beginning of the experiment, the samples are not labeled and the students are asked to sort them according to their ethanol concentration by smelling them. For the different dilutions, care was taken to ensure that the three lowest concentrations are below the human odor threshold, so students generally cannot distinguish between them. Once the students have submitted their guess, the samples are measured with the VOC sensor. The diluted samples are placed in a container with the sensor board on top. After a few seconds, the VOC sensor can reliably sort the samples based on their ethanol concentration, see Figure 8.


[image: Figure 8]
FIGURE 8. Left: Experimental setup to quantify VOC emissions from samples. Right: Sensor reaction.


This experiment creates awareness of the need for objective measurements of air pollutants since certain gases are not or at best only faintly perceived by the nose, even at high concentrations.



VOC Emissions From Everyday Products

In the second experiment with the VOC sensor, the students examine the VOC emissions of various everyday objects such as paints, felt-tip markers, adhesives, and floor coverings. In each case, they compare a conventional product with one that is explicitly labeled as “low-emission” and carries an ecolabel, e.g., the “Blue Angel.” Students assign points for odor intensity from 0 (“imperceptible”) to 6 (“very strong”) based on the guideline “VDI 3882 Part 1: Olfactometry Determination of Odor Intensity (1992)” (Verein deutscher Ingenieure e, 1992). Subsequently, the samples are measured with the VOC sensor and points are assigned based on its reading. For all examples used in the experiment, there are low-emission alternatives to the conventional products. Since the VOC sensor only indicates the total VOC value, the samples were additionally analyzed using gas chromatography-mass spectrometry (GC-MS) to determine the exact components and relative proportions of the total emission, see Figure 9. In this way, the students are sensitized to the pollutant content of everyday products and can draw their own personal conclusions about their future use of certain products.


[image: Figure 9]
FIGURE 9. GC-MS reference measurement of the head-space composition of conventional and VOC-free markers.




Walk-In Measurement Chamber—Simulated Interior

To demonstrate the degradation of IAQ in case of insufficient ventilation, a walk-in measurement chamber was constructed in which the VOC and CO2 concentration is measured and visualized in real time. Furthermore, the chamber is equipped with fans that can be switched on if desired. In this experiment, students first sit in the closed measurement chamber for about 3 min. Then they are encouraged to exercise for 3 min, e.g., with squats. Finally, the door of the measurement chamber is opened. The experiment is then repeated with the fans turned on, providing continuous circulation of the air. Example results of this measurement are shown in Figure 10. Both CO2 and TVOC concentrations increase significantly when the fans are turned off. However, the increase is much smaller with the fans turned on. This experiment has two goals. First, to show the students that CO2 and TVOC are correlated if humans are the primary source of VOCs. On the other hand, students will be made aware of the need for regular ventilation, as both CO2 and TVOC concentrations can be kept low. The fact that students themselves are part of this experiment provides a special authenticity. Procedural knowledge is imparted in the form of instructions for regular ventilation.


[image: Figure 10]
FIGURE 10. Exemplary results of the experiment with a simulated interior. CO2 (left) and TVOC (right) concentrations inside the measuring chamber over time. Solid lines indicate the chamber without ventilation, dotted lines with ventilation.




PM Emission

In this experiment, the students investigate the PM emission of school chalk when writing on and wiping off a blackboard. For this purpose, they are given a low-emission chalk pen (chalk A) and a piece of commercially available school chalk (chalk B). They are also provided with a blackboard, a wet and a dry sponge, see Figure 11, left.


[image: Figure 11]
FIGURE 11. Left: Experimental setup of the PM emission experiment. Right: Exemplary results of the PM emission of different chalk types (chalk A: low-emission chalk pen, chalk B: commercially available school chalk).


The measurement procedure consists of 4 phases, each lasting ~30 s:

1) Writing on the board

2) Cleaning the board with a dry sponge

3) Writing on the board again

4) Cleaning the board with a wet sponge.

The experiment is performed for both types of chalk. Both sponges are cleaned after one pass. It shows that the chalk pen produces significantly less PM than the conventional school chalk. The test setup and typical measurement results are shown in Figure 11, right. Shortly after starting to write on the blackboard with the conventional chalk, the PM2.5 concentration near the blackboard increases to ~50 μg/m3, which already represents an exceedance of the average limit value of 25 μg/m3. In contrast, the PM concentration does not change when writing with the low-emission chalk. As soon as the blackboard is wiped with a dry sponge, large quantities of PM are released, which is evident from the hugely increased measured values. In the second writing phase, the PM concentration drops again to a normal level. In the final wiping phase with a wet sponge, the PM concentration increases only minimally for chalk B, while no increase is detected with chalk A.

To realistically assess expected PM pollution in a classroom, the students are asked to critically question and interpret the measured values in a final task. For instance, although the PM load near the blackboard is increased for a short time, it can be assumed that only a small part of it is distributed in the room air. Regular ventilation can help keep the overall PM concentration below the limit value. Furthermore, the use of a low-emission chalk pen would be a suitable alternative to regular chalk.



Development of Own Experiments—Example: CO2 Traffic Light in Classrooms

Based on the knowledge gained by the students in the various experiments about gas sensors and air quality determination, they are encouraged to develop their own questions. They are supported by scientists from the Laboratory for Measurement Technology at Saarland University in Saarbruecken, Germany, as well as teachers and the Student Research Center in Saarlouis, Germany.

Due to the current corona pandemic and the requirement to ventilate classrooms regularly in order to keep the potential viral load in the air as low as possible, two students of the Albert Schweitzer Gymnasium in Dillingen/Saar, Germany, developed the idea of a CO2 traffic light, which should be installed in all classrooms. Their idea was that the measured CO2 value of the indoor air can also be used as a “corona indicator” as both CO2 and viral load are resulting from exhaled air. The objective measurement of the air quality can ensure on the one hand that the classroom is sufficiently ventilated by opening the windows and on the other hand that the classroom does not cool down unnecessarily due to too frequent or long ventilation.

For this purpose, they developed a circuit board integrating a CO2 sensor (SCD30) and a VOC sensor (SGP30) at the Student Research Center in Saarlouis, Germany, see Figure 12 left. Also integrated on the board are three LEDs similar to a traffic light as well as a buzzer generating an acoustic signal when a relevant threshold limit of the CO2 concentration is reached. The sensors are controlled with the internet-enabled microcontroller ESP32 D1 NodeMCU (AZ-Delivery, 2020). This sends the measurement data in anonymized form to an online database. In addition, the students defined the limits and recommended actions according to Table 1.


[image: Figure 12]
FIGURE 12. Left: CO2 traffic light consisting of internet-enabled microcontroller ESP32, CO2 sensor SCD30, TVOC sensor SGP30 as well as a buzzer and 3 LEDs for visualization of the current CO2 concentration. Right: 3D-printed housing.



Table 1. Defined limits, indicators, and recommendations for the CO2 traffic light.

[image: Table 1]

To protect the circuit board and sensors from external influences, a 3D printed housing was also designed and realized, see Figure 12, right.

After testing the first prototype, a total of 60 CO2 traffic lights have now been built by students of the Albert Schweitzer Gymnasium and installed in the school. The installation was accompanied scientifically by Saarland University. In the future, the measured sensor data will provide insights into ventilation behavior and air quality in classrooms. This will also allow comparing the situation in different rooms as well as different ventilation strategies, i.e., opening the windows for 5 min every 20 min vs. CO2-based ventilation.




CONCLUSION AND OUTLOOK

According to today's understanding, environmental awareness is composed of various factors and includes not only environmental knowledge but also aspects of environmental attitude and environmental behavior. While providing facts about environmental issues is a necessary first step in improving environmental awareness, it is not sufficient on its own to achieve sustainable change. The underlying principle of inert knowledge states that sustainable improvement can only be achieved if knowledge is also taught in an application-oriented manner and in authentic learning scenarios. Furthermore, environmental knowledge can also be divided into declarative, conceptual, and procedural knowledge. Related to the topic of air quality, declarative and conceptual knowledge include knowledge about the existence of pollutants, limit values, health hazards as well as sources and underlying measurement principles. In addition, procedural knowledge must be taught in the form of action knowledge.

An effective way to teach environmental knowledge about air quality in an authentic, situated, and application-oriented way is to conduct experiments with air quality sensors. The experiments presented in this contribution address MOS gas sensors, CO2 sensors based on infrared absorption and PM sensors based in light scattering. They combine both the transfer of knowledge about pollutants and knowledge about measurement principles. By independently measuring and interpreting measurement results in authentic and everyday learning scenarios, students gain knowledge that has a direct impact on their personal life situation. For example, students learn that gas sensors are more reliable than their nose or that regular ventilation is essential to maintain good indoor air quality. In addition, an awareness of the pollutant emissions of everyday products is created and alternatives are shown.

These experiments serve as a first introduction to working with air quality sensors and encourage students to develop their own questions. Students can decide for themselves which topic they want to work on, which guarantees motivation. Furthermore, the scientific supervision gives them an insight into scientific work. For example, two students were able to co-develop a CO2 traffic light with the help of scientific supervisors, which will be used at a school in the future and, in addition to providing a warning of poor air quality, will also provide new insights into ventilation behavior. Further student environmental studies developed in the context of this project were described in previous publications (Schütze et al., 2018; Höfner and Schütze, 2019; Höfner et al., 2019, 2020). These examples include the study of the air composition in beehives or the development of a pollutant map. All materials for replicating the experiments are publicly available and can be downloaded in the “Downloads” -section of the project website.1
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