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Abstract 

On the long term particulate matter can have a negative effect on our health when higher 

concentrations are inhaled. Particulate matter is divided in groups depending on their aerodynamic 

diameter. The smaller a particle the deeper the particles can penetrate the body. The health effects 

of particulate matter are worsened when the particles penetrate the body deeper. A shorter life 

expectancy and diseases like cancer and asthma can be a direct effect of being exposed to high 

concentrations of particulate matter.  

 

Utrecht is one of the larger cities in the Netherlands that has a history of relative high air 

pollutants. Complains were expressed by the workers of the municipality of Utrecht who work in 

the new city office building about the air quality. Therefore, this research has the following main 

question: To what extent does particulate matter infiltrate the city office building through the 

building envelope and the air handling unit?  

 

Since the smaller particles are most hazardous, these particles are measured during this research. 

Particulate matter with a maximum aerodynamic diameter of 2.5 μm and black carbon with a 

maximum aerodynamic diameter of around 1μm are measured.  

A total of four types of sensors are used during this research and are located on the roof, between 

the two towers, of the 11
th
 floor and the 13

th
 and 19

th
 floor of the North tower. The data of the 

measurement station at Griftpark in Utrecht is used to get the ambient background PM2,5 level.  

 

Measuring particulate matter can be quite difficult. Particulate matter unit is μg/m
3
, however most 

sensors measure particle numbers  #/m
3
 and use an algorithm to calculate the weight. This can 

result in inaccuracies, for example water drops can be detected and logged as particulate matter or 

the algorithm assumes a wrong density. Therefore, one of the research objectives is to verify the 

sensors that are used during this research.  

 

The indoor concentrations PM2.5 and BC are respectively 76% and 23% lower than the outdoor 

concentrations. The smaller BC particles penetrate the building easier than the larger PM2.5 

particles. The city office building does provide a better indoor air quality than the ambient air, 

when looking at PM2.5 and BC. A significant part of PM2.5 and BC infiltrate the city office building 

through the AHU when it is operational. However, the background concentration PM2.5 and BC 

penetrate through the façade of the building.  
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Abbreviations 

 

  

AHU  Air Handling Unit 

 

BAM  Beta Attenuation Monitors 

 

BC  Black Carbon 

 

EC  Elemental Carbon 

 

EPA  United States Environmental Protection Agency 

 

I/O ratio  Indoor outdoor ratio represents the relationship between indoor and 

outdoor particle concentrations. 

𝐼/𝑂 𝑟𝑎𝑡𝑖𝑜 =
𝐶𝑖𝑛

C𝑜𝑢𝑡
 

Where Cin and Cout are the indoor and outdoor particle concentrations, 

respectively. [1] 

 

PMx  Particulate matter, with the ‘x’ as the aerodynamic size of the particle in 

μm 

 

PPM  Parts Per Million 

 

WHO  World Health Organisation 
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1. Introduction 

Particulate air pollutants have very diverse chemical compositions that are highly dependent on 

their source. They are also diverse in terms of particle size. Atmospheric particulate matter, also 

known as particulate matter (PM) or particulates, are microscopic solid or liquid matter suspended 

in the Earth's atmosphere. Sources of particulate matter can be man-made or natural. They have 

impacts on climate and precipitation that adversely affect human health [2]. 

 

In the law of Environmental Management Act (Dutch: Wet milieubeheer) limited values are given 

for particulate matter [3]. These limit values are the same ones that are used in the European 

standards[4]. The World Health Organisation (WHO) has written a document where the limit 

values are even lower [5], and it is discussed that even these values are too high and still cause 

health risks [6][7].  

The limit values, however, are set for the ambient outdoor air, though most people spend more 

than 90% of their time indoors [8]. Research has shown there is a correlation between the amount 

of particulate matter in the outdoor and indoor air. Particulate matter infiltrates buildings through 

gaps, air handling unites (AHU) and even the building envelope [9]. 

 

The quality of air that is consumed is of great importance of our health. Particulate matter is 

divided in different sizes, how smaller the particles the more damage it can do to our health [10] 

[11]. Smaller particles can penetrate deeper into the body and even enter the bloodstream through 

our lungs with great effects [7][12]. The smaller particles will also stay airborne for a longer time 

and can therefore travel much greater distances [13].  

 

The number of affordable air pollutant sensors on the market grows. However, the accuracy for 

PM2,5 and black carbon sensors is questionable due to the measuring techniques. Many of the 

sensors do not actually weigh the particles but count the particles and depending on their size 

calculate the weight of particulate matter [14][15].   

The air quality in major cities in the Netherlands does not meet the EU requirements [16]. Due to 

this fact and most people spending most of their times indoors this research is conducted to see if 

there is a correlation between the indoor and outdoor PM2.5 and black carbon concentrations in a 

major city where a lot of people are present during the day. Measurements are done on different 

floor levels to see if the height difference plays a part in the indoor concentration. 

 

Utrecht is one of the major cities in the Netherlands with a history of air pollutants [17][18]. 

Utrecht has a new built city office building since October 2014 near the central train station, 

Utrecht Centraal. The office is surrounded by a busy car intersection, two bus stations and Utrecht 

central station. Due to the possible local pollutant sources around the building, the city office is an 

ideal case study. Particulate measurements inside and outside the city office building may 

conclude if there is a correlation between the indoor and outdoor air. 

Sets of four different sensors are placed in and around the city office building to see if there are 

correlations between the in- and outside concentrations [19]. The values of the sensors are 

compared to determine if an affordable setup can be made to measure PM2.5 or black carbon inside 

office buildings.  
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1.1 Objectives 

According to other studies [20] there could be a noticeable correlation between the amount of 

particulate matter inside the city office building and the ambient air. If a correlation is detected it 

could be assumed that particulate matter from outside enters the building. The goal of this research 

is to find out to what extent particulate matter infiltrates the city office building and which 

building aspects or other parameters have an effect on this. Possible entering points are through the 

building envelope and the AHU Based on the literature study hypotheses are made: 

 There is a correlation between the indoor and outdoor concentrations PM2.5 and BC; 

 There is an significant difference in the indoor concentration PM2.5 and BC between the 

operational hours and  non-operational hours of the air handling unit; 

 The PM2.5 and BC infiltration will increase due to the increase of wind speed at higher 

altitudes. 

 

Other objectives during this research that are related to the main goal are: 

 Measure if the concentrations are the same throughout a whole floor or building; 

 If an affordable setup can be made to measure the indoor air quality. 

1.2 Research Questions 

Main question:  

To what extent does particulate matter infiltrate the city office building through the building 

envelope and the air handling unit?  

 

Sub questions:   

 Is there a correlation between the particulate matter concentration inside and outside 

the city office Utrecht and which parameters have an impact on this? 

 Is there a significant difference between indoor and outdoor concentration during the 

operational and non-operational hours of the air handling unit?  

 Are there differences in PM and BC between the two floors (13 & 19) that can be 

related to the height differences and the (increasing) wind speed? 

 Are there differences in concentration in (ambient) air and infiltration of the city office 

building between particle sizes of PM2.5 and BC. 
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2. Theory 

The theoretical background for this research is presented in this chapter.  

2.1 Particulate Matter 

Particulate matter (PM) is a widespread air pollutant and can have a very diverse chemical 

composition that is highly dependent on its source. PM is divided in three groups according to 

their aerodynamic diameter; PM10, PM2.5 and PM1. The number gives the maximum size of 

aerodynamic diameter of the particulate matter. PM2,5, also fine PM, has a maximum aerodynamic 

diameter of 2.5μm. Figure 2.1 gives a schematic size range of PM and other major airborne 

pollutants [11][13]. PM is a mixture of physical and chemical characteristics varying by location. 

Common chemical constituents of PM include sulfates, nitrates, ammonium, other inorganic ions 

such as, ions of sodium, potassium, calcium, magnesium and chloride, organic and elemental 

carbon, crustal material, particle-bound water, metals (including cadmium, copper, nickel, 

vanadium and zinc) and polycyclic aromatic hydrocarbons (PAH). In addition, biological 

components such as allergens and microbial compounds are found in PM [4][11]. 
 

 
Figure 2.1. Size range of airborne particles, showing the health-related ultrafine, PM2.5 and PM10 fractions and the 

typical size range of some major components [21]. 

 

The length of atmospheric lifetime of PM depends on the size and weight of the particle. The 

smaller the aerodynamic diameter and the lower the weight of a particle, the longer their 

atmospheric lifetime is.  PM of 10μm or higher is often too heavy and will deposit relatively quick. 

However, PM2,5 can stay airborne three to ten days [13], depending on the air pressure and wind 

speed PM2,5 can travel 100km or more.  

PM can have a number of sources that are categorized in two major groups: anthropogenic or 

natural sources. The major anthropogenic PM sources are erosion of pavement by road traffic and 

abrasion of brakes and tyres, combustion engines which use fossil fuels and industrial activities 

(building construction, manufacture of cement, etc.). Natural PM sources are sea (salt), forest fires 

and volcanos, vegetation (pollen), soil, and dust resuspension [13][21]. 

There is a background concentration PM on a national scale, however local sources can have a 

substantial influence on the PM concentration.  
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2.2 Black Carbon 

Black carbon (BC) is an operationally defined term that describes carbon as measured by light 

absorption. As such, it is not the same as elemental carbon (EC), which is usually monitored with 

thermal optical methods [5][22]. The main sources of BC are combustion engines, residential 

burning of wood and coal, power stations using heavy oil or coal, field burning of agricultural 

wastes, as well as forest fires . Therefore, BC is a universal indicator of a variable mixture of 

particulate material from a large variety of combustion sources [22].  

2.3 Health 

Pollutant air is dangerous for our health. Humans consume an average of 11.000L air per day 

[23][24], when inhaling polluted air on a long-term this could have devastating effects. Areas 

where humans are exposed to more air pollution are associated with higher mortality rates and 

reduced life expectancy. Those who are already ill or have pre-existing medical conditions are 

more likely to be admitted to hospitals. Air pollutions like PM and BC can cause a variety of 

diseases like asthma reduce lung functions and cancer [6][15].  

The smaller the particle the more damage it can do to our health. While PM2.5 is a small particle, it 

can have a relative large surface area to which various toxic pollutions can be attached. PM2.5 and 

BC can penetrate deep into the lungs, irritate and corrode the alveolar wall and consequently 

impair lung function, or can even enter the bloodstream [6][14][16][17].  

2.4 Regulations  

Humans can be adversely affected by exposure to air pollutants in the ambient air, regulations are 

set to establish air quality. In the law of environmental conservation (Dutch: Wet milieubeheer) 

chapter 5, sub chapter 5.2 air quality standards (Dutch: luchtkwaliteitseisen) limit values are given 

for particulate matter [28]. These limit values are the same ones that are used in the European 

standards [4]. The WHO has published their own air quality demands, which are much stricter 

than the European standards. The WHO claims that these values are still too high and can have a 

negative effect on human health [5][26]. Both standards can be seen in table 2.1.  

 

Table 2.1. Air quality standards of particulate matter [3][17].  

European standards  WHO    

PM10 40 µg/m
3
 annual mean PM10 20 µg/m

3
 annual mean 

 50 µg/m
3
 24-hour mean   50 µg/m

3
 24-hour mean  

PM2.5  25 µg/m
3
 annual mean PM2.5 10 µg/m

3
 annual mean 

     25 µg/m
3
 24-hour mean  
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3. Method  

The research methods used in this research are explained in this chapter. For clarity a number of 

subchapters are summarized. More detailed information can be found in the references to the 

appendixes.  

3.1 City Office Utrecht 

Utrecht has a new city office building, figure 

3.1, which opened on 7 October 2014. 

Previous to the new city office building, 

several municipal organisations were spread 

out over the city. The new city office building 

now houses all municipal departments, all 

departments are under one roof.  

 

The city office building is located in the centre 

of Utrecht. The building is located next to the 

main station of Utrecht, two bus stops and a 

relative dense traffic, the Croeselaan and the 

Graad van Roggenweg, figure 3.2.  

The building has 25 floors in total and 21 

floors above ground level, 65.000m
2
 surface 

area and 2500 workplaces, most of them are 

open plan working spaces. The plinth of the 

building consists of 11 floors. Among these, 

the first 6 are open to the public. These floors 

have open working areas and several municipal 

departments. Parts of floor 6 and the floors 

above are only accessible with authorization. 

Above the 11
th
 floor there are two towers, the 

north and south tower. Floor 12 houses the 

technical rooms in both towers. From floor 13 

through 19 all floors have the same principle for the floorplan. These floors all have open office 

spaces and a few smaller one person sound proved concentration offices and meeting rooms. 

Located in the middle of the floorplan is a meeting area where people can take a break and relax. 

Floorplans and pictures are shown in Appendix I.  

 

The location of the city office building is in the centre of Utrecht near multiple possible air 

pollution sources. Data from Luchtmeetnet [30] shows relative high fluctuations in Utrecht. To 

conduct a research about the correlations between the indoor and outdoor concentrations of PM2,5 

and BC, it would be ideal to have fluctuations with a high range in PM2,5 and BC so trends can be 

detected more clearly.  

The city office building has 21 floors above ground level, from which floor 13 till 19 have an 

identical floorplan. This makes it ideal to compare measurement data from different floors with 

each other to see if there could be a possible difference in infiltration of PM2.5 and BC that could 

be due to the height difference.  

 
Figure 3.1. City office building Utrecht [29]. 

 

 
Figure 3.2.  Location City office building Utrecht.  
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3.1.1 Air Handling Unit 

The city office building in Utrecht has 7 different air handling units (AHU). The North tower, 

from the 13
th
 till the 21

st
 floor, has its own AHU that is positioned on the 12

th
 floor. In this report 

will only be referred to the AHU on the 12
th
 floor that covers the North tower of the city office 

building, since the measurements only took place in the North tower.  

The AHU has a F7 filter at the air supply and a M6 filter at the air extraction [25]. The filters are 

changed every year around may. The AHU service times are set specifically to each floor, time 

settings for the 13
th
 and 19

th
 floor can be found in table 3.1. The air supply is regulated by air 

pressure in the different floors. The precise amount of air supply from the AHU is not known. 

Therefore, this study assumes the AHU is on or off during the operational hours and non-

operational hours, specific air volumes are not taking into account. During the weekends the AHU 

is out of service.  

  

Table 3.1. Time settings for the AHU on floor 13 and 19 of the North tower of the city office building. 

 13
th

 floor 19
th

 floor 

 On Off  On Off 

Monday 06:15 19:30 06:15 21:15 

Tuesday 06:15 21:00 06:15 21:15 

Wednesday  06:15 19:30 06:15 21:15 

Thursday  06:15 21:00 06:15 21:15 

Friday  06:15 19:30 06:15 21:15 

Saturday  00:00 00:00 00:00 00:00 

Sunday 00:00 00:00 00:00 00:00 

3.2 Measurement Equipment  

Different types of measurement equipment with different measurement techniques are used for this 

research. None of the sensors that are placed in the city office building are measuring according 

NEN-EN 12341, however they are placed next  to validated sensors that are measuring according 

to NEN-EN 12341. Due to the costs, size and loudness of the verified sensor could not be used 

inside the city office building. Therefore, other sensors are chosen to measure PM2,5 and BC. The 

sensors in this research are chosen to investigate which sensors and which measurement technique 

give representative values for PM2.5 and BC. These sensors are validated during two 

measurements, before and after the measurements in the city office building more about these 

validations can be found in chapter 3.3.1. The data between the sensors are compared to check if 

there are differences or correlations between the three setups. 

Below there is a brief overview of the used sensors in this research. Appendix II gives a more 

detailed overview of the used equipment. The sensors used in this research are:  
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Airvisual Node Sensor 

Airvisual Node is a smart sensor which can compare measured data with weather stations near the 

placement of the sensor when connected to the WiFi. The PM2.5 is measured with a photometer 

detector. Each reading reported from the sensor is calibrated by a special algorithm which takes 

into account external temperature and humidity values. The specifications mention that the 

AirVisual can measure particles from 0.3μm to 2.5μm. 
 

 

Measurement  

technique:  

Optical particle counter 

Measures: PM2.5 [μg/m
3
] 

Resolution: 1 μg/m
3
  

Log interval: Max 3 min 

Maintenance: No maintenance and can be 

connected to WiFi 

Figure 3.3. Picture of a AirVisual Node sensor [31].   

 

pDR1500 Thermo sensor 

The pDR-1500 measures particulate matter using an Nephelometer. when measuring, it 

incorporates the relative humidity, temperature and the airflow. The sensor can pick up 1 μg/m
3
 to 

400 μg/m
3
, it should also be accurate when the surrounding air has a higher concentration of 

particles. 

 

Measurement  

technique:  

Nephelometer 

Measures: PM2.5 [μg/m
3
] 

Resolution: 0.01 μg/m
3
 

Log interval: Max 5 min 

Maintenance: No maintenance required  

Figure 3.4. Picture of a Thermo pDR1500 sensor 

[32]. 
  

 

MicroAeth AE51 sensor 

The MicroAeth AE51 is a black carbon aerosol monitor. The air sample is collected on T60 

(Teflon coated glass fibre) filter media. The microAeth AE51 determines the attenuation of the 

source light as the accumulated black carbon increases the optical density of the filter spot. After 

the optical density reaches a certain level, the filter strip must be replaced to maintain 

measurement integrity. 

 

Measurement  

technique:  

Aerosol monitor 

Measures: BC [ng/m
3
]; [μg/m

3
] 

Resolution: 1 ng/m
3
; 0.001 μg/m

3
 

Log interval: Max 5 min 

Maintenance: Filter has to be changed 

every 2 days  

Figure 3.5. Picture of a microAeth AE51 sensor [33].   
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TSI cpc 3007 sensor 

The TSI condensation particle counter 3007 detects air born particles between 0.01 to 1.0 

μm/cm
3
. The sensor consumes high-purity alcohol at a rate of 1ml/h. The alcohol is used to grow 

microscopic particles in the air into larger droplets that are easier to detect and count. 

 

Measurement  

technique:  

Condensation particle 

counter 

Measures: Particle size range 0.01 to 

>1.0 μm/cm
3
 

Resolution: 1 μm/cm
3
 

Log interval: Per second 

Maintenance: Alcohol reservoir has to be 

refilled every 8 hours 

Figure 3.6. Picture of a TSI cpc 3007 sensor [34].   

 

National database 

The database Luchtmeetnet [30] is an initiative from 

different, regional, government administrations who 

measures the outdoor air quality in the Netherlands. 

They measure a big variety of airborne particulate 

matter. Luchtmeetnet has created an national database 

where all data can be downloaded. Luchtmeetnet 

measures the air quality at over a hundred measurement 

locations throughout the Netherlands, with 51 of them 

measuring PM2.5 as can be seen in figure 3.7.  

All sensors are validated and they all measure according 

NEN-EN 12341. Data from 27-09-2017 to 13-11-2017 

from different locations in the Netherlands have been 

downloaded from Luchtmeetnet. 

This data will be used to make comparisons between 

locations throughout the Netherlands and the location 

nearest to the city office building at Utrecht Griftpark 

with the sensors located at the city office building.  

3.3 Measurements  

The measurements are conducted from 27
th
 of September till the 13

th
 of November 2017. 

According to a research which is conducted in a crowded classroom [35] the PM2.5 concentration 

is homogeneous throughout a room. Due to the open office situation and relative high traffic on 

the floors it is assumed the PM2.5 is also homogeneous divided at the floors of the city office 

building. This should mean that the position of the sensors does not matter where they are 

positioned in the room. Therefore, the sensors will be placed on an elevation of 40cm in the corner 

of the floors. The location in the corners is chosen because the traffic, and other activities that 

could disturb the measurements, is the least at this location.  

During this research the homogeneous is also measured throughout the measurement locations 

determine if the hypothesis of the homogeneous is correct.  

  

 
Figure 3.7. Map of the Netherlands where each 

dot resembles a PM2.5 measurement location. 

[30] 
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3.3.1 Verifying sensors 

As mentioned in chapter 3.2 the sensors do not measure according to the European standards and 

are not tested in different controlled setups to verify if the values given by the sensors are indeed 

the actual concentrations of particulate matter or black carbon in the surrounding air. To conduct 

this research, it is crucial to know what these sensors are exactly measuring so they are tested in 

two set-ups.  

 

The sensors are placed next to, NEN 12341 verified, BAM and MAAP sensors at the measurement 

station of GGD Amsterdam at the Vondelpark Amsterdam. The aim of this setup is that the 

measurement data of the test sensors could be compared with the data from the verified sensor 

which are placed inside the measurement station over relative high fluctuations. The air that is 

measured is sucked in from outside which has higher PM and black carbon fluctuations than 

average indoor air.  

Another verification measurement is performed inside city office building Utrecht, all the sensors 

are placed together during one week. This tests is done to see how the sensors react when inside 

and if they all measure the same values. The tests are done before and after the actual 

measurements to see if the sensors still function the same after the measurement period.  

Data from the inside and outdoor measurements will be compared with each other to check if there 

are differences between the verified sensor and the test sensors themselves. Due to these tests, the 

capability and accuracy of the sensors will be known.  

3.3.2 Measurement setup  

The measurements are performed with sets of four or three sensors in and around the city office 

building in Utrecht. One set of sensors is placed outside and two sets are placed inside the city 

office building. There are a total of 11 sensors for this research as follows: 

2 AirVisual Node 

2 TSI cpc 3007 

3 PDR1500 Thermo 

3 MicroAeth AE51 

Due to the lack of a heater near the inlet of the air supply of the PM2,5 sensors the data could get 

affected by the relative humidity in the air. Therefore, the set which is placed outside will not have 

an Air Visual node sensor as there are only two available. The set outside consist of, one PDR1500 

Thermo and one MicroAeth AE51. The sets that are placed inside will consists one of each sensor.  
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Outside Measurements 

On the 12
th
 floor of the city office building there is one 

technical room in both towers. The outside measurements are 

taken at the North tower of the city office building, as can be 

seen in figure 3.8 next to the technical room, marked in blue on 

figure 3.9, there is a covered hall. This hall is the entrance to 

the roof of the plinth of the building. The building envelope of 

this hall consists of metal louvres with wide spaces between 

them which causes that the outside air can freely enter the hall, 

figure 3.8 and 3.11. The red shaded part of figure 3.9 is a duct 

with the same building envelope and is connected with the hall. 

This duct is the air intake of the air handling unit in the 

technical room.  

The sensors are placed at the yellow circle in figure 3.9. Due to 

the louvres there is some reduction in airflow and wind driven 

rain, however the outdoor conditions still count in this area so 

the sensors are placed inside a weather resisted case. Air is 

sucked in through a tube which are shown in figures 3.11 and 3.12. 
 

 
Figure 3.9. Floorplan 12th floor of the North tower.  

 

 
Figure 3.8. Picture of the envelope 

louvres. 
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Figure 3.10. Covered hall next to the 

technical room (blue shaded in figure 

3.9.). 

Figure 3.11. Weather resistant box 

with the pDR 1500 and microAeth EA 

51 sensors inside. Plastic tubes are 

connected directly to the inlet of the 

sensors so they suck in outside air. 

Figure 3.12. The pDR 1500 and 

microAeth EA 51 sensors in the 

weather resistant box, and it shows 

that the plastic tubes are connected 

directly to the sensors air inlet. 
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Inside Measurement 

The sensor sets are placed on the 13
th
 and 19

th
 floor of the North 

tower, figure 3.13. The floorplans of both floors are mostly the 

same as can be seen in Appendix I. The set of sensors will be 

placed at the location of the yellow circle in figure 3.14 at the 

North tower. The sets will be placed at the same locations on 

each floorplan. Due to the presence of employees of the 

municipality Utrecht, warning signs are put near the sensors to 

inform the employees that they would not disturb the sensors.  

 

 
Figure 3.14. Floorplan 19th floor of the North tower. 

 

 

  

 
Figure 3.13. Setup sensors 19th floor. 
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Testing Homogeneous Particulate Matter 

As mentioned before, research [35] has shown that PM2,5 is often homogeneous throughout a 

room. With the TSI cpc 3007 the particulate matter through the floors will be measured. The 12
th
, 

13
th
 and 19

th
 floor are measured on two separate times to determine if the concentrations are 

homogenous. Before each measurement the two sensors are placed next to each other for 30 to 45 

minutes to compare the results with each other. This measurement is done to compare the values 

of the sensors with each other to check if the sensors measure the same values while next to each 

other and if the sensor data could be compared with each other.  

After the first measurement one TSI cpc 3007 sensor stayed on a fixed spot on the first 

measurement location while the other TSI cpc 3007 sensor was relocated to one of the nine (at 

floor 13 and 19) or three (at floor 12) fixed location which are shown in figure 3.15 and 3.16. At 

each point the TSI cpc 3007 sensor took measurements for 30 to 45 minutes before the sensors 

was relocated to the next measurement point. The time of the measurements is logged so the 

measurements can be located in the data files of the sensor.  

 

 
 

Figure 3.15. Floorplan 19th floor of the North tower with markings of 

the measurement points. 

Figure 3.16. Enhanced part of floor 12 (blue 

section of figure 3.8.) with markings of the 

measurement points.  
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3.3.3 Data Analyses  

The data output from the sensors is generated to TXT. files. Excel is used to organize all the data 

output from each sensor and make graphs and scatter diagrams to investigate similarities and 

differences.  

All data output from the sensors is loaded into excel per sensor type and number in a chronological 

order. The data output from the sensors contains data gaps. These gaps could be caused by a small 

error in the sensors or when the sensors where connected to the computer to download the data. To 

maintain a continuous data stream the gaps in the data and time where filled in manually. To 

compare the data of the same sensor type it is crucial that the date and time of each sensor was 

synchronised. The sensor log intervals are not equal too each other. When making comparisons 

between sensors the data is averaged over 1 hour.  

 

The statistical analyses is done in IBM SPSS statistics 23. 

The Pearson correlation is used to determine if, and how 

strong, correlations are between variables. Table 3.2 shows 

the correlation coefficients and the matching strength of 

relationship which is used during the statistical analysis.  

The statistically significant differences between two 

variables are done with the Wilcoxon test. Differences 

between variables are established for p<0.05. [37] 

 

 

 

 

  

Table 3.2. The strength of the correlation 

coefficient [36]. 
 

Correlation 

coefficient 

Strength of 

relationship 

0.00 – 0.19 Very weak 

0.20 – 0.39 Weak 

0.40 – 0.59 Moderate 

0.60 – 0.79 Strong 

0.80 – 1.00 Very strong 
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4. Results  

In this chapter all aggregated findings are presented. More detailed data can be found in the 

Appendices IV, V and VI. Firstly, the findings of the comparison of the used sensors are given 

and, secondly the data is presented per research question.  

4.1 Verifying Sensors 

The sensors are validated during two measurements, one indoor and one outdoor measurement. 

During the measurements the sensors where put close together to see if the sensors measured the 

same values. The graphs of the outdoor measurements are shown in figures 4.1, 4.2 and 4.3. The 

sensors are not calibrated using the BAM and MAAP regressions.  

 
Figure 4.1. Two Airvisual Node sensor, from which the data is averaged per hour instead of 3 minutes, compared with 

the verified BAM sensor from GGD Amsterdam during 13-11-2017 till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands. 

 

 
Figure 4.2. Three pDR 1500 sensors, from which the data is averaged per hour instead of 5 minutes, compared with the 

verified BAM sensor from GGD Amsterdam during 07-09-2017 till 11-09-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands. 

 

 
Figure 4.3. Three microAeth AE51 sensors, from which the data is averaged per hour instead of 5 minutes, compared 

with the verified MAAP sensor from GGD Amsterdam during 07-09-2017 till 11-09-2017 outside measurement at 
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Tables with the correlations between the sensor types themselves and with the sensor types and the 

verified BAM and MAAP sensor are shown in tables 4.1 – 4.6, these correlations are executed 

with a Pearson correlation in SPSS. 

 

Table 4.1. Correlations between the 

Airvisual Node sensors. 
Table 4.2. Correlations between the 

pDR 1500 sensors. 
 
 

Table 4.3. Correlations between the 

microAeth AE51 sensors. 
 

Airvisual 

Sensors AV2 

AV1 0.998* 

 

pDR 1500 

Sensors pDR2 pDR3 

pDR1 0.358* 0.977* 

pDR2  0.374* 
 

microAeth AE51 

Sensors MA2 MA3 

MA1 0.997* 0.996* 

MA2  0.995* 
* Correlation is significant at the 0,01 level (2-tailed). 
 

All data showed in tables 4.1 till 4.3 is significant at a < 0,01 level. However, table 4.2 shows that 

the pDR 2 does not correlate with the other pDR 1500 sensors. The deviation of the sensor is 

roughly 150 μg/m
3
 higher and therefore the sensor was removed during this research. All 

remaining sensor types have a minimum correlation of 99.5%. Therefore, the sensor types can be 

placed on different locations and be compared with each other.  

The outdoor measurement was also used to compare the data from the different sensors types with 

the verified sensors BAM and MAAP to investigate if the sensor types have a significant 

correlation with the verified data from an measurement station, the results are shown in tables 4.4-

4.6 executed with a Pearson correlation in SPSS. 

 

Table 4.4. Correlations between 

the Airvisual sensors compared 

with the BAM sensor. 
 

Table 4.5. Correlations between the 

pDR 1500 sensors compared with the 

BAM sensor. 

Table 4.6. Correlations between the 

microAeth EA51 sensors compared with the 

MAAP sensor. 

 

Airvisual 

Sensors AV1 AV2 

BAM 0.919*  0.926* 
 

pDR 1500  

Sensors pDR1 pDR2 pDR3 

BAM 0.121 0.160 0.182 
 

microAeth AE51  

Sensors MA1 MA2 MA3 

MAAP 0.903* 0.904* 0.912* 
* Correlation is significant at the 0,01 level (2-tailed) 
 

Figure 4.1. and table 4.6. show that the Airvisual Node sensor has an significant correlation with 

the BAM sensor. At the lower concentrations to 5 μg/m
3
 there are some deviations between the 

sensors, the BAM shows some small fluctuations that the Airvisual Node did not detect. Above 5 

μg/m
3
 the Airvisual is comparable with the absolute values of the BAM sensor. Figure 4.2. and 

table 4.7 show that there is no significant correlation between the pDR 1500 and the BAM. Table 

4.7 shows that the microAeth EA51 sensors have an significant correlation with the MAAP sensor 

although figure 4.3 shows that the sensors do follow the same trend the MAAP sensor is on 

average a factor 2 higher than the microAeth AE51 during the measured time (figures III.43 – 

III.45).  

 

The Airvisual Node can, when connected to WiFi, access data from a national measurement 

station. The background PM2.5 concentration in the province Utrecht is relative homogeneous 

(figure IV.2 and IV.3). Measurement station Griftpark is placed in a similar place as the city office 

building and the absolute values have a significant correlation. Therefore the data from the BAM 

sensor at Griftpark Utrecht is included in the graphs from the Airvisual Node, when comparing the 

indoor to the outdoor PM2.5 concentration. To make the data comparable, the data from the 

Airvisual Node is averaged per hour.  

The pDR 1500 and microAeth AE51 sensors are not compared with the measurement station at 

Griftpark. The correlation between the pDR 1500 sensors with the measurement station is very 

Vondelpark Amsterdam the Netherlands. 
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weak therefore, the data between the pDR 1500 sensors is compared with the indoor and outdoor 

measurements.  

The absolute deviation of the MAAP and the microAeth EA51 are relative high. The correlation 

between the microAeths AE51 is really strong and there are three sensors available. Therefore, the 

microAeth EA51 sensors are only compared with each other and the MAAP data from the 

measurement station is not used.  

Based on the results presented in this sub chapter the data from the Airvisual Node is used as 

representative PM2.5 concentration and the data of the microAeth AE51 is used for the BC 

concentration. More detailed figures and results can be found in Appendix III.  

4.2 Correlation Indoor and Outdoor  

The results for the sub question: “Is there a correlation between the particulate matter 

concentration inside and outside the city office Utrecht and which parameters have an impact on 

this?” will be presented in this sub chapter. Figures 4.4, 4.7 and  4.10 show graphs of, at least, one 

floor inside the city office building and the outdoor situation. The green line (figures 4.7 and 4.10) 

represents the outdoor measurement on the 12
th
 floor, the orange and blue lines represents the 

indoor measurements on the 13
th
 and 19

th
 floor respectively,  and the purple line represents an 

outdoor measurement taken from Griftpark Utrecht. The areas highlighted in grey in the graph 

represent weekends.  

 

Figure 4.4 and 4.6 clearly shows that the outdoor concentration PM2,5 is much higher than the 

indoor concentrations. The indoor concentration does follow the trend of the outdoor 

concentrations, this can clearly be seen at the peaks, for example from 18-10-2017 till 20-10-2017, 

as can be seen in figure 4.5. The outdoor concentration peaks to almost 35 μg/m
3
 and at the same 

time the indoor concentration rises from 1 μg/m
3
 to almost 13 μg/m

3
.  

The façade had panels that could be opened. The handlebars, where removed from the panels to 

prevent that the panels, could be opened during the time the measurements took place. This was 

done to prevent relative high infiltration. However, upon entering the 13
th
 floor on 15 October a 

panel was slightly open (red circle in figure 4.5). This could explain sudden increase of PM2.5 on 

the 13
th
 floor while the 19

th
 floor still stays the same. 

 

 
Figure 4.4. Graph with a comparison between indoor and outdoor PM2.5 using data from the averaged Airvisual Node 

sensors and the BAM sensor at Griftpark Utrecht during 04-10-2017 till 13-11-2017.   
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Figure 4.5. Graph with a comparison between indoor and 

outdoor PM2.5, detail of figure 4.4. from 13-10-2017 till 

20-10-2017. 

Figure 4.6. Scatter diagram with a comparison between the 

indoor and outdoor concentrations from the Airvisuals 

Node sensors and the BAM sensor from the measurement 

station Griftpark during 04-10-2017 till 13-11-2017. 
 

Table 4.7 shows the correlation between the 

outdoor and indoor concentrations measured 

with the BAM (ambient measurement) and the 

Airvisual Node sensors on the 13
th
 and 19

th
 

floor. The correlation is calculated with the  

Table 4.7. correlations between the indoor and outdoor 

concentrations measured with the BAM and Airvisual 

Node sensors. 

 13
th

 floor 19
th

 floor 

Bam (Ambient) 0.830* 0.789* 
* Correlation is significant at the 0,01 level (2-tailed) 

Pearson correlation in SPSS. Both floors have a high significant correlation with the outdoor 

concentration PM2.5 of a level < 0.01. 

 

Figure 4.7 shows the corrected indoor and outdoor measurements at the city office building. There 

was an absolute error in one of the pDR 1500 sensors which was corrected, more information 

about the correction can be found in Appendix V. The outdoor measurement is done on the 12
th
 

floor (green line in the graphs) and the indoor measurement is done at the 19
th
 floor (blue line in 

the graphs). Figures 4.7 and 4.9 show that the outdoor concentrations are a much higher than the 

indoor concentrations. The indoor concentrations are mainly between 0 μg/m
3
 and 5 μg/m

3
. When 

peaks occur at the outdoor measurements for a longer period of time the trend is visible in the 

indoor concentrations as well, figure 4.8, and the indoor concentration can rise up to 13 μg/m
3
.   

 

 
Figure 4.7. Graph with a comparison between indoor and outdoor values using pDR 1500 sensors. Floor 12 represents 

the outdoor measurement. The data from sensor pDR 1 has been corrected (Appendix IV). 
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Figure 4.8. Graph with a comparison between indoor and 

outdoor PM2.5, detail of figure 4.7. from 30-10-2017 till 

06-11-2017. 

Figure 4.9. Scatter diagram with a comparison between 

the indoor and outdoor concentrations from the pDR 1500 

sensors during 04-10-2017 till 13-11-2017. 

 

Table 4.8 shows the correlation between the 

outdoor and indoor concentrations measured 

with the pDR 1500 sensors on the 12
th
 floor 

(ambient) and the 19
th
 floor. The correlation is 

calculated with the Pearson correlation in  

Table 4.8. correlations between the indoor and outdoor 

concentrations measured with the pDR 1500 sensors. 

 19
th

 floor  

Floor 12 (Ambient) 0.488*  
* Correlation is significant at the 0,01 level (2-tailed). 

SPSS. The 19
th
 floor has a medium significant correlation with the outdoor concentration PM2,5 

with level < 0.01. 

 

A trend between the indoor and outdoor BC measurements is clearly visible in figure 4.10.Where 

figures 4.4 and 4.7 show a clear difference between the indoor and outdoor PM2.5 concentrations 

does figure 4.10 not give a clear difference between indoor and outdoor BC concentration. 

However, there is a significant difference between the indoor and outdoor concentration BC. The 

boxplots in figure 4.13 - 4.15 do show the outdoor concentration BC is around 23% higher than 

the indoor concentrations BC. The boxplots also show that the concentration on the 13
th
 and 19

th
 

floor have no significant difference.  

Figure 4.11, marked with the red circle, shows the day where the panel was open on arrival, just as 

in figure 4.2. A clear peak occurs outside and the BC concentration on floor 13 follows the same 

trend. Figure 4.8 and 4.9 also shows that the indoor concentrations BC fluctuate a lot more than 

PM2.5. Unlike PM2.5, the BC concentrations are sometimes even higher than the outdoor 

concentration. 
 

 
Figure 4.10. Graph with a comparison between indoor and outdoor BC using the microAeth AE51 sensors during 04-10-

2017 till 06-11-2017. Floor 12 represents the outdoor measurement.  
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Figure 4.11. Graph with a comparison between indoor and 

outdoor BC, detail of figure 4.10. from 12-10-2017 till 21-

10-2017. 

 

Figure 4.12. Scatter diagram with a comparison between 

the indoor and outdoor concentrations from the microAeth 

AE51 sensors during 04-10-2017 till 06-11-2017. 

   

Figure 4.13. Boxplot with al data 

from the microAeth AE51 sensor 

data placed on floor 12 during 04-10-

2017 till 13-11-2017 inside the North 

tower of the city office building 

located in Utrecht. 

 

Figure 4.14. Boxplot with al data 

from the microAeth AE51 sensor data 

placed on floor 13 during 04-10-2017 

till 13-11-2017 inside the North tower 

of the city office building located in 

Utrecht. 

Figure 4.15. Boxplot with al data from 

the microAeth AE51 sensor data 

placed on floor 19 during 04-10-2017 

till 13-11-2017 inside the North tower 

of the city office building located in 

Utrecht. 

Table 4.9 shows the correlation between the 

outdoor and indoor concentrations measured 

with microAeth AE51 sensors on the12
th
  

(ambient) 13
th
 and 19

th
 floor. The correlation is 

calculated with the Pearson correlation in  

Table 4.9. correlations between the indoor and outdoor 

concentrations measured with the microAeth AE51 

sensors. 

 13
th

 floor 19
th

 floor 

Floor 12 (Ambient) 0.832* 0.748* 
* Correlation is significant at the 0,01 level (2-tailed) 

SPSS. Both floors have a high significant correlation with the outdoor concentration BC of a 

level < 0,01. 

4.3 Influence of AHU  

The results for the sub question: “Is there a significant difference in the correlation between indoor 

and outdoor concentration during the operational and non-operational hours of the AHU?” will be 

presented in this sub chapter. A hypothesis in this research is that there is a significant difference 

in the indoor concentration PM2.5 and BC between the operational hours and off hours of the AHU. 

Due to the minimal differences between floor 19 and 13 only floor 13 is presented in this chapter.  

The AHU consists of a VAV system however, there is no data available how much air is supplied 

too each floor. Therefore it is assumed the AHU is on or off during the operation hours presented 

in table 3.1. Figures 4.13 - 4.16 present the indoor and outdoor concentrations PM2.5 and BC, 

where the grey highlighted areas in figures represent that the AHU is operational. Figure 4.14 and 
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4.15 show a 48 hour section of figures 4.13 and 4.16. Figure 4.14 shows that the PM2.5 reacts more 

on the outdoor concentration when the AHU is operational. The trend of the outdoor concentration 

is followed slightly better in the grey highlighted areas. This is even more clear in figure 4.15, 

from 19:00 on October 31
st
 the indoor concentration does not follow the trend of the peak at 00:00 

at the 1
st
 of November. When the AHU becomes operational the BC increases and follows clearly 

the trend of the outdoor conditions.  

Figures 4.14 and 4.15 both show a decrease in the indoor concentration PM2.5 and BC when the 

AHU is of on the 1
st
 of November. Les air is supplied in the city office building when the AHU is 

off. When the AHU is of  PM2.5 and BC only penetrate the building through infiltration via the 

building envelope. The decrease in concentration could be explained that the particles have more 

time to deposit in the building.   
 

 
Figure 4.13. Graph with the indoor and outdoor PM2.5 concentration measured with BAM and Airvisual Node with the 

operational hours of the AHU highlighted in grey on the 13th floor from 04-10-2017 till 13-11-2017. 

 

  
Figure 4.14. Graph with a comparison on the indoor PM2.5 

concentration, detail of figure 4.13 from 01-1-2017 till 03-

11-2017 

Figure 4.15. Graph with the indoor and outdoor BC 

concentration, detail of figure 4.16 from 31-10-2017 till 

02-11-2017 

 

 
Figure 4.16. Graph with the indoor and outdoor BC  concentration measured microAeth AE51 with the operational hours 

of the AHU highlighted in grey on the 13th floor from 04-10-2017 till 06-11-2017. 
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Figures 4.17 and 4.18 are scatter diagrams with the comparison between the operational hours of 

the AHU of the indoor and outdoor concentrations for PM2,5 and BC. The blue squares represents 

the hours that the AHU is on and the orange diamond shapes represent the hours the AHU is off. 

When the AHU is switched on or off the indoor concentration needs time to adapt to the new state 

of the environment. This development is not relevant for comparing data between operational 

hours and non-operational hours. Therefore, one hour just between the on/off switch periods of the 

AHU are excluded from the general data in figures 4.17 and 4.18. 
 

  
Figure 4.17. Scatter diagram with the comparison of the 

indoor and outdoor concentrations when the AHU is on 

and off, of PM2,5 measured with Airvisual with the AHU 

on and OF on the 13th floor. 

Figure 4.18. Scatter diagram with the comparison of the 

indoor and outdoor concentrations when the AHU is on 

and off, of BC measured with microAeth AE51 with the 

AHU on and OF on the 13th floor. 

 

Table 4.10 shows the significant level  

between the operational hours and non-

operational hours of the AHU for PM2.5 and 

BC on the 13
th
 and 19

th
 floor. The significant 

is calculated  with the Wilcoxon test in SPSS. 

Table 4.10. significant difference level between the 

operational hours and non-operational hours of the AHU  

 P 

(for PM2,5) 

P 

(for BC) 

13
th

 AHU on/off  < 0.01 < 0.01 

19
th

 AHU on/off < 0.01 < 0.01 

According to table 4.10, both floors have a significant difference between the operational hours 

and non-operational hours. The linear regression lines in figures 4.17 and 4.18 show the indoor 

concentration are lower when the AHU is non-operational compared to the outdoor concentration.  

4.4 Comparison PM2.5 and BC 

The results for the sub question: “Are there differences in concentration in (ambient) air and 

infiltration of the city office building between particle sizes of PM2.5 and BC?” will be presented in 

this sub chapter. To make the comparison between PM2.5 and BC, they are presented in μg/m
3 

and 

hourly averages are calculated and shown in figures 4.19 and 4.20 and table 4.11. 
 

 
Figure 4.19. Comparison between PM2,5 and BC on floor 13 during 04-10-2017 till 06-11-2017 both presented as μg/m3. 
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Figure 4.20. Comparison between PM2.5 and BC on floor 19 during 04-10-2017 till 04-11-2017 both presented as μg/m3. 
 

Figures 4.19 and 4.20 show the PM2.5 and BC over the whole measurement range. When looking 

at the higher peaks during the measurements between 14 till 20 October, 24 till 28 October and 1 

till 5 November, it seems when PM2.5 has a relative high concentration it mostly exist of particles 

of a larger aerodynamic diameter of 1 μm. When the PM2,5 is relative low, < 2 μg/m
3
, the 

percentage BC in PM2.5 is relative high. The BC curve follows the trend of the PM2.5 most of the 

time however it seems it has an maximum of 1.8 μg/m
3
. Looking at figures 4.4, 4.6, 4.7, 4.12, and 

table 4.11, it can clearly be seen that there is a larger difference between the indoor and outdoor 

concentrations PM2.5 than that of BC. The BC indoor-outdoor ratio (I/O ratio) is almost 3 times as 

large as PM2.5. BC particles are the smaller particles within PM2.5 and is therefore possible that the 

smaller particles penetrate easier through the air filter.  
 

Table 4.11. Average PM2.5 and BC outdoors and indoors and the percentage infiltration. 

 PM2,5   BC     

 Outdoor 13
th

 19
th

   Outdoor 13
th

 19
th

  

Average [μg/m
3
] 8.02 1.87 1.89  0.37 0.29 0.28 

I/O Ratio [%]  23.3 23.6   78.4 75.7 

Percentage BC in PM2,5 [%] 4.60 15.5 14.8     
 

4.5 Influence of Height Differences  

The results for the sub question: “Are there differences in PM and BC between the two floors (13 

& 19) that can be related to the height differences?” will be presented in this sub chapter. The 

assumption is made that the wind speed increases at higher altitudes. An hypothesis of this 

research was that the PM2.5 and BC infiltration would increase due to the increase of wind speed at 

higher altitudes.  Figure 4.21 shows the comparison of the indoor PM2.5 between the 13
th
 and 19

th
 

floor measured with the Airvisual Node on the whole range of the measurements. The wind speed 

[m/s] is downloaded from the Royal Netherlands Meteorological Institute (KNMI) and they 

provide their data averaged per hour in rounded numbers. Figures 4.22 and 4.23 are smaller 

detailed sections of figure 4.21.   

In figure 4.22, there are some deviations between the floors, from the 16
th
 of October till the 17

th
  

the 19
th
 floor has a slightly higher concentration. From the 18

th
 of October at 06:00 the indoor 

PM2,5 seems to increase faster than the 13
th
 floor. This could be due to the VAV system, that the 

13
th
 floor got a larger supply of fresh air than the 19

th
 floor. The opposite happens at figure 4.23, 

the 13
th
 floor has some peaks while the 19

th
 floor decreases. Figures 4.21, 4,22 and 4,23 show that 

the deviations between the two floors do not specifically occur with higher wind speeds.  
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Figure 4.21. Graph with a comparison of  between the 13th and 19th floor on the indoor PM2.5 concentration, from 04-10-

2017 till 13-11-2017 measured with Airvisual Node. 

 

  

Figure 4.22. Graph with a comparison on the indoor PM2.5 

concentration, detail of figure 4.20 from 15-10-2017 till 

20-10-2017 

 

Figure 4.23. Graph with a comparison on the indoor PM2.5 

concentration, detail of figure 4.20 from 06-11-2017 till 

12-11-2017 

Figure 4.24 shows a scatter diagram of the difference in PM2,5 of the indoor measurements on floor 

13 and 19 against the wind speed. Figure 4.24 shows that the difference between the floors does 

not increase with the increase of wind speed. The regression even shows the opposite happens, 

although the slope is not very steep with 0.0181. Table 4.12 shows the correlation between the 

wind speed and the PM2.5 concentrations on floors 13 and 19 calculated with Pearson correlation in 

SPSS. There is a significant correlation between wind speed and the indoor PM2.5 concentrations 

however, the correlation is very weak.  

Overall the data is overlapping most of the time. There are some deviations between the two 

floors. However, the infiltration PM2.5 on the 19
th
 floor is not significantly higher that on the 13

th
 

floor. Table 4.14 shows that the floors do not have a significant level lower than 0.05 therefore, the 

floors are not significant different from each other. The average PM2.5 on the 13
th
 floor is 1.88 

μg/m
3
 and on the 19

th
 floor 1.86 μg/m

3
.  
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Table 4.12. Correlations between the wind speed and 

indoor PM2,5 concentrations. 
 

 13
th

 floor 19
th

 floor 

Wind speed 0.211* 0.233*  
* Correlation is significant at the 0,01 level (2-tailed). 

 

Figure 4.24. Scatter diagram with the difference PM2,5 

between the 13th and 19th floor on the Y-axis and the wind 

speed on the X-axis. 

 

 

Figure 4.25 shows the comparison of wind speed and BC between the 13
th
 and 19

th
 floor measured 

with the mircoAeth AE51 on the whole range of the measurements. Figures 4.26 and 4.27 give a 

smaller detailed range of figure 4.25. The peak on 15 October in figure 4.26 is already explained in 

chapter 4.1, an open panel on the 13
th
 floor could have created the peak. After that the values on 

the 13
th
 floor seems overall slightly higher than on the 19

th
 floor. This could be an effect of the 

open window on October the 15
th
. 

 

 
Figure 4.25. Influence of the height differences on the indoor BC concentration, from 04-10-2017 till 13-11-2017 

 

  
Figure 4.26. Influence of the height differences on the 

indoor BC concentration, detail of figure 4.25. from 14-

10-2017 till 18-10-2017 

 

Figure 4.27. Influence of the height differences on the 

indoor BC concentration, detail of figure 4.25. from 22-

10-2017 till 27-10-2017 
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Figure 4.28 shows a scatter diagram of the difference in BC of the indoor measurements on floor 

13 and 19 against the wind speed. There is no clear higher difference between the floors with the 

increase of the wind speed. Again the regression shows the opposite happens, the difference is 

lower at a higher wind speed. The slope however, is also not very steep with 0.0178. Table 4.13 

shows the correlation between the wind speed and the BC concentrations on floors 13 and 19 

calculated with Pearson correlation in SPSS. The table shows that there is a significant correlation 

between wind speed and the indoor BC concentrations however, the correlation is very weak.  

Figure 4.25 shows some small deviations between the two floors. The peak on the October the 24
th
  

is higher on the 13
th
 floor and the overall concentration BC is slightly higher on the 13

th
 floor. 

Table 4.14 shows that the floors do not have a significant level lower than 0.05 therefore, the 

floors are not significant different from each other. The average BC concentration over the whole 

measurement range on the 13
th
 floor is 0.41 μg/m

3
 and 0.37 μg/m

3
 on the 19

th
 floor.  

 
 

 
 
 

Table 4.13. Correlations between the wind speed and 

indoor BC concentrations. 
 

 13
th

 floor 19
th

 floor 

Wind speed 0.279* 0.339*  
* Correlation is significant at the 0,01 level (2-tailed). 
 

 

Table 4.14. Significant differences level between floor 

13 and 19.  

 P 

(for PM2,5) 

P 

(BC) 

13
th

 and 19
th

 

floor 

 0.848 0.752 

Figure 4.28. Scatter diagram with the difference BC 

between the 13th and 19th floor on the Y-axis and the wind 

speed on the X-axis. 

 

4.6 Homogeneity of the Measurement Locations   

Measurements are done at the whole floor of the measurement locations to see if the particulate 

matter is homogenous. The measurement results are presented in figures 4.29 – 4.34. The blue 

column represents the TSI cpc 3007 that was on a fixed position on measurement location 1, the 

orange column represents the TSI cpc 3007 that is moved to each of the three or nine measurement 

locations, depending on the floor. The sensors are positioned for 30 to 55 minutes on each 

location, the data presented in the Column charts is averaged. Between measurements two minutes 

at the end and start of each measurement location is deleted in the data files due to the possibility 

the sensor was in motion during transportation between measurement positions.  
 

  
Figure 4.29. Column chart of the average amount of 

particles on each measurement location on the 12th floor 

(outdoor measurement) measured on 06-11-2017. 

Figure 4.30. Column chart of the average amount of 

particles on each measurement location on the 12th floor 

(outdoor measurement) measured on 10-11-2017. 
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Figure 4.31. Column chart of the average amount of 

particles on each measurement location on the 13th floor 

measured on 25-10-2017. 

 

Figure 4.32. Column chart of the average amount of 

particles on each measurement location on the 13th floor 

measured on 27-10-2017. 

  
Figure 4.33. Column chart of the average amount of 

particles on each measurement location on the 19th floor 

measured on 06-11-2017. 

Figure 4.34. Column chart of the average amount of 

particles on each measurement location on the 19th floor 

measured on 10-11-2017. 
 

The outdoor measurements have relative high concentrations when comparing to the indoor 

measurements. The two columns at figure 29 are very close to each other with a maximum 

difference of 3,3% between the two sensors. The absolute difference is largest at the second 

outdoor measurement however there is only a maximum difference of 5.6% between the sensors in 

figure 30.  

At the indoor measurements, in figures 4.31 – 4.34, the columns are close to each other with an 

average difference of 4.5% between the sensors. The largest deviation is at the first measurement 

at the 13
th
 floor, figure 4.31. Measurements 7, 8 and 9 have relative large deviations with the 

largest deviation up to 22.8%. When looking at the other measurements, which have a difference 

of just 4.5% , the deviations from figure 4.31 could have been caused by the sensor. The sensor 

data only gives the time and the number of particles therefore it is difficult to prove with the data. 

It could have been that the sensors alcohol reservoir was too low at the last three measurements on 

the 25
th
 of October and that has caused the deviations between the sensors.  
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5. Discussion 

In this chapter the results from chapter 4 are discussed in the same order the results are presented. 

The discussion is based on the findings of chapter 4. When using concentration without the 

supplemental PM2.5 or BC it refers to both PM2.5 and BC. 

5.1 Verifying Sensors 

This subchapter discusses the findings of chapter 4.1, and the experience with the handling and 

maintenance during the measurement period.  

 

The Arvisual Node proved to be a reliable sensor during this research. The sensors have little to no 

maintenance and the data can be accessed through the internet. The sensors have been proven to be 

reliable and when using more Airvisual Node sensors the data is comparable with each other. The 

data of the Airvisual does round off to zero decimals, when comparing this is important to 

consider that the Airvisual rounds off and this can leads to small differences in the data.   

When comparing to the BAM sensor the Airvisual Node is reliable above 5 μg/m
3
 where the data 

follows the same trend and overlaps most of the time. Under 5 μg/m
3
 the BAM shows some small 

fluctuations the Airvisual Node did not detect.  

 

The pDR 1500 that where tested during this research proved to be less reliable. The first sensor 

had a very large deviation and had to be returned after a few weeks into the research. pDR 1 got an 

absolute deviation within the first 24 hours, this deviation was relative easily corrected (Appendix 

III) however it was not known where the deviation came from. The remaining two pDR sensors 

proved to be comparable with each other and had a very strong correlation with each other with a 

R
2
 of 0.95. Figure 4.2 shows a completely different trend between the pDR 1500 and the BAM, 

this suggests that the pDR 1500 does not measure the absolute PM2.5 concentration. Table 4.5 

shows that the correlation between the pDR 1500 and the BAM is very weak with a R
2
 of 0.04. 

The pDR 1500 does not have a heater at its air inlet, the higher values could have been caused due 

a relative high humidity [38]. Real time monitors are known to overestimate concentrations 

relative to gravimetric measurements [39]. The pDR 1500 has been compared to gravimetric 

sensors in the past [40][41] where high correlations where found between the pDR and gravimetric 

measurements. However, these pDR 1500 sensors did not have the same results, this could have 

been due to an error in the calibration or pollutant filter.  

 

The microAeth AE51 sensors had a steady data output and had  a very strong correlation with each 

other with a minimum of R
2
 0.99. When compared with  the MAAP sensor, the microAeth EA51 

sensors had a very strong correlation of R
2
 of 0.82 which corresponds with other research [42][43]. 

The microAeth AE51 requires a relative large amount of maintenance, since the sensors use filters 

which have to be replaced when they are too polluted to provide accurate data, which was every 

one or two days during the measurement period. The filters cost €10 each, when using multiple 

sensors for a long measurement period, it can get relatively expensive.  

 

The TSI cpc 3007 is a reliable sensor, the correlation between the two sensors is very strong. Other 

studies have shown that the TSI cpc 3007 measures accurately according to the manufacturer’s 

specifications [44][45]. Due to the high correlation between the sensors the data of the two sensors 

could be compared with each other. The sensor is ideal for daily portable measurements due to its 
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battery life, relative small weight and size. However for longer measurement periods the 

maintenance to change the alcohol reservoir and batteries could become too high and costly.  

5.2 Correlation Indoor and Outdoor 

This subchapter discusses the findings of chapter 4.2.  

 

The pDR 1500 shows that there is a moderate correlation between the indoor and outdoor 

concentrations of PM2,5. However, the Airvisual Node and the microAeth AE51 show a very 

strong correlation between the indoor and outdoor concentrations. This could be due to the fact 

that the outdoor measurements have a very weak correlation with the BAM sensor (figure 4.2 and 

table 4.5). Therefore, it is possible that the outdoor measurements do not (only) measure PM2.5 and 

as a result the correlation between indoor and outdoor is just moderate.   

The data of the first outdoor comparison between the pDR 1500 and the BAM, before the 

measurements in the city office building, was not usable. The pDR 1500 sensors did not measure 

the outdoor concentrations because the air inlet to the sensors was blocked. According to literature 

[40][41] the pDR 1500 should be able to give representative outdoor PM2.5 measurements. 

Therefore the choice was made, when one of the pDR 1500 sensors was send back and two 

remained, to place one sensor outside and one inside to make a comparison between the two 

sensors during the measurements in the city office building. After the second outdoor comparison 

with the BAM it became clear that the pDR 1500 used in this research had a very weak correlation 

with the BAM sensor. Due to these results, the data from the Airvisual Node is used as 

representative PM2.5 concentration during this research. 

 

As mentioned before, the correlation of the indoor and outdoor concentrations PM2.5 and BC 

measured by the Airvisual Node and the microAeth AE51, respectively, are strong with a R
2
 of 

0.70. This was expected due to the findings in literature with comparable buildings [9][46][47]. 

There are some deviations between the strength of the correlation which can be caused by the 

airtightness of the building envelope of the filters used in the AHU [48][49]. Figure 4.4 and 4.10 

show that the indoor concentrations follow the same trend as the outdoor concentrations. When 

peaks in the outdoor concentration occur, peaks also occur at the indoor concentrations even 

though those are lower. When a window was opened on the 13
th
 floor at the 15

th
 of October a 

noticeable difference occurs between floor 13 and 19. This shows that the “leak” that is created by 

the open window causes the indoor concentrations to rise [50][51]. The infiltration coefficient of 

the city office building is relative low (0,17), when the AHU is non-operational, comparing with 

other buildings [19][52].  

When designing a building in a pollutant environment there are a couple of aspects that can help 

making the indoor environment even better. Figure 4.5 and 4.11 show that when a window is open 

the indoor concentration PM2.5 and BC immediately increases. The difference of indoor pollutants 

doubled between the floor where the windows where opened and closed. People like to open 

windows because of the supply of “fresh air” however, in major cities as Utrecht this works 

counterproductive due to the relative high background concentrations [30]. Therefore, buildings in 

polluted areas should make a larger effort to create an environment where people feel comfortable. 

If people do not feel comfortable they could take their own, short term measurements, to feel more 

comfortable at that moment. These measurements, like open windows, could have a great effect on 

the long term health of the people living or working in the building [2][10].  
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5.3 Influence of AHU 

This subchapter discusses the findings of chapter 4.3.  

 

There is a significant difference between the operational hours and non-operational hours of the 

AHU on both floors. When looking closely to the graphs and scatter diagrams in chapter 4.3, they 

show that the indoor concentration is lower  when the AHU is non-operational comparing to the  

operational hours of the AHU. A significant amount of the indoor concentration PM2.5 and BC 

infiltrate the building through the AHU when it is operational. Using the methods to calculate the 

infiltration coefficient  [48] figures 4.15, 4.17 and 4.18 show that the infiltration coefficient 

increases when the AHU is operational. With the PM2.5 it increases with 50% and with BC 233% 

comparing to the non-operational infiltration coefficient. Table 4.10 show that a significant part of 

the outdoor concentration infiltrates the building through the AHU.  

The hypotheses was that the AHU should have an significant difference in the indoor PM2.5 and 

BC concentrations, which was correct. However, the assumption was that the air quality would 

improve when the AHU is operational. As seen in other studies with similar AHU filters [9][19] 

the indoor concentrations reduce when the AHU is operational. Especially the BC concentration 

increases when the AHU is operational. The city office building AHU uses an F7 filter, it could be 

that a relative large amount of the smaller BC particles penetrates the F7 filter. The indoor air 

quality can be improved when installing a better filter like F8 or F9 [48]. Which, according to 

NEN-EN 779:2012, are respectively 20% to 35% more efficient in filtering <0.5μm particles.  

 

The measurements only took place from September till November however, using [48][53] the 

annual means can be calculated for PM2.5 and BC inside the city office building. Using an outdoor 

annual mean of 16 μg/m
3 

for PM2.5 and 1.2 μg/m
3
 for BC [53] the indoor annual mean in the city 

office building is shown in table 5.1. Although the indoor concentrations are still within the 

threshold of the WHO guidelines and a GES-score of 3 [54], the amount of BC in the city office 

building is relative high and on long term could be dangerous to the health [10][55].  
 

Table 5.1. Indoor annual mean PM2.5 and BC compared with the WHO guidelines [17].  

Annual mean  PM2.5 

[µg/m
3
]  

BC 

[µg/m
3
] 

  WHO    

AHU non-operational 2.7 0.3  PM2.5 10 µg/m
3
 annual mean 

AHU operational 4.3 1.1   25 µg/m
3
 24-hour mean 

 

There is a significant difference between the operational and non-operational hours of the AHU. 

However, the graphs in chapter 4.3 show that the air supply from the AHU is not the only source 

of PM2.5 and BC in the building. During the non-operational hours the air duct valves are closed 

which means no air  travels through the AHU to the floors. The PM2.5 and BC still infiltrate the 

building, which could mean the PM2.5 and BC particles penetrate through the building envelope 

into the building [52].  

The higher quality filter are designed to filter out the smaller particles and have a more efficient 

filter coefficient, combining with the relative air tight building envelope like the city office 

building (chapter 5.2). The combination of an air thigh building envelope and a high quality filter 

like the F9 should provide a healthier indoor environment in buildings in pollutant areas, 

especially when looking at air pollutants like PM2.5 and BC.   
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5.4 Comparison PM2.5 and BC 

This subchapter primarily discusses the findings of chapter 4.4 however, the findings in chapters 

4.2, 4.3 and appendix V and VI are also examined.  

 

The percentage of BC in PM2,5 is higher when the PM2.5 is below 2 μg/m
3
. The graphs in chapter 

4.4 show that the BC follows the same trend as PM2.5 however there is a maximum concentration 

BC. The concentrations do not rise above 1.8 μg/m
3 

even though the peaks of PM2.5 are over 7 

times higher.  

The graphs in chapters 4.2 and table 4.11 show that the difference between the indoor and outdoor 

concentration of PM2.5 is much higher than that of BC. Table 4.11 presents average concentrations 

during the measurements in numbers. The I/O ratio of BC is three times as high than PM2.5. The 

percentage BC in PM2.5 is also more than three times higher in the city office building than in the 

ambient air. Studies show that the smaller particles, BC and PM1, penetrate a building easier than 

the relative larger PM2.5 particles [52][56][57].    

The smaller the particles the deeper they can penetrate into the body and how deeper the particles 

penetrate the body the higher the health risks. Although there are no guidelines for a maximum 

amount of PM1, these are the most hazardous particles. When designing buildings in pollutant 

areas these relatively smaller particles should be the particles on which a design should be made.  

As mentioned in chapter 5.3 a better quality filter in the AHU should improve the indoor air 

quality, when examining PM2.5 and BC. A more air tight building envelope should significant 

decrease the indoor BC concentration [58]. The combination of both should provide a more 

healthier building in pollutant areas.  

5.5 Influence of Height Difference 

This subchapter discusses the findings of chapter 4.5.  

 

There is no significant difference between the PM2.5 and BC values between the 13
th
 and 19

th
 floor. 

Therefore, the hypothesis that the PM2.5 and BC infiltration would increase due to the increase of 

wind speed at higher altitudes is incorrect. The wind speed has a significant, although a very weak 

(maximum R
2
 of 0.11), correlation with the indoor concentration PM2. 5 and BC. Figure 4.24 and 

4.28 show scatter diagrams of the difference in PM2,5 and BC of the indoor measurements on floor 

13 and 19 against the wind speed. The difference between the floors does not increase with the 

increase of wind speed, the regression even shows that the opposite happens, although the slope is 

not very steep with 0.0181 and 0.0178 for PM2.5 and BC respectively. The graphs in chapter 5.5 

show that the data is overlapping most of the time. There are some deviations between the 

concentrations between the two floors however, the differences are not significant. Research 

shows that wind pressure does have a significant impact on the infiltration coefficient [59].  

It could be due to the fact that the height difference between the floors is insufficient, the height 

difference between the floors is 21.6 m. The measurement locations on the 13
th
 and 19

th
 floor were 

chosen because these floors have the same floorplan and the usage and occupancy of the floors is 

almost identical. The amount of different parameters as, floorplan, size, different AHU supply, 

connected to the atrium, kitchen, etc. would be too large to make a proper comparison between the 

floors.  
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5.6 Homogeneity of the Measurement Locations   

This subchapter discusses the findings of chapter 4.6.  

 

A hypothesis was that the particles where homogeneous divided just as shows in previous research 

[35]. The first measurement at each column chart shows that the sensors present similar values 

therefore the sensors can be compared with each other during the following measurements. The 

deviations at the outdoor measurements are higher than the indoor measurements. Due to the 

relative high amount of particles the sensors could cause the slight deviation between the TSI cpc 

3007 sensors [60].  

Overall, when comparing the fixed TSI cpc 3007 with the one that was placed at the three or nine 

measurement points the values of both sensors have an average difference of 4.5%, which means 

that the particles are homogeneous divided throughout the measurement location.   
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6. Conclusion  

In this chapter the conclusions of this research are presented. Firstly, the sensors are evaluated, 

secondly the research questions are hypotheses from the research questions are answered.  

 

During this research and under the circumstances the Airvisual Node performed good. The 

correlations between the Airvisuals was really strong with a R
2
 of 0.99 at the indoor measurements 

and really strong with the, NEN 12341 verified sensor, BAM with a R2 of 0.85 at the outdoor 

measurement.  The Airvisual Node is a practical sensor, especially when taking the costs into 

account. Some small deviations between Airvisual Node sensors, due to rounding off, and the 

BAM sensor can be detected however, these are relative small.  

The two remaining pDR 1500 sensors used in this research did have a very strong correlation with 

each other, with a R
2
 of 0.95. The correlation with the verified NEN 12341 sensor, BAM, was very 

weak with a R
2
 of 0.04. Due to the positioning of the sensors, one inside and one outside, and the 

low correlation at the outdoor measurements the data of the pDR 1500 could not be used for 

comparisons for the indoor and outdoor concentrations PM2.5. Literature does show a high 

correlation between the pDR 1500 and gravimetric measurements and the correlation between the 

sensors was really strong, it could have been that the sensors were not calibrated good enough.   

The correlation between the microAeth AE51 sensors is really strong with a R
2
 of 0.99. The 

correlation between the microAeth EA51 and the MAAP sensor is also really strong at a R
2
 of 

0.82. When using the sensors for a longer period the sensors can be expensive in usage due to the 

replacements of the filters. For this reason, it can also cost a lot of time if someone has to go to a 

measurement location just to change filters. 

The TSI cpc 3007 have a very strong correlation with each other. The weight, size and battery life 

(and usage of alkaline batteries) made it ideal for a daily measurement. Due to the alcohol 

reservoir the sensor is not suited for long period measurements however, for measurements < 

5hours the TSI cpc 3007 proved to be a reliable sensor.    

 

The hypothesis that the indoor concentrations PM2.5 and BC are correlated with the outdoor 

concentration is correct. The correlation between the indoor and outdoor concentration is strong 

for both floors with a R
2
 of 0.70. When the AHU is non-operational, the infiltration coefficient 

(0.17) and the correlation between the indoor and outdoor concentration of the city office building 

is lower than that of buildings in other studies. This could be because the city office building is a 

relative new building with a relative airtight composite façade.  

When the AHU is operational the infiltration coefficient increases 50% and 233% for PM2.5 and 

BC respectively. There is a significant difference between the operational hours and the non-

operational hours with a level of <0.01 for PM2.5 and BC on both floors. The indoor concentrations 

are significantly higher when the AHU is operational. A significant part of the relative small PM2.5 

and BC particles penetrate through the F7 filter of the city office building.  

The overall infiltration of BC is higher than that of PM2.5, the I/O ratio is over three times higher 

for the BC than the PM2.5. The indoor concentration PM2.5 consists of 15.3% BC. The main 

infiltration PM2.5 into the city office building is through the building envelope.  

 

The hypothesis that the PM2,5 and BC infiltration would increase due to the increase of wind speed 

at higher altitudes is incorrect. There is no significant difference between the PM2,5 and BC 

concentrations between the 13
th
 and 19

th
 floor. There is a significant, although very weak, 

correlation between the wind speed and the indoor concentration PM2,5 and BC.  
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7. Further research  

This study used four types of sensors, however the amount of affordable sensors that measure the 

particulate matter on the market grows. More (affordable) sensors, like the Airvisual Node, should 

be verified to see which (affordable) sensors could be used in daily use for offices and households.  

During this study the data of the precise air supply on the 13
th
 and 19

th
 floor were not known. A 

study where all variables are known  could provide a more detailed analysis of the influence of the 

AHU.  

 

The hypothesis that floors on a higher floor level have a greater infiltration PM2,5 and BC due to 

higher wind speeds was incorrect. This could have been due to the insufficient height difference 

between the 13
th
 and 19

th
 floor. A study where multiple floors, with a maximum height difference, 

in a high rise building will be measured could prove that the height difference can have a 

significant effect on the infiltration of PM2,5 and BC. 

 

People tend to think the outdoor air is cleaner than the air indoors. This could be true however, this 

study shows that the indoor air is cleaner than the outdoor air, when it comes to PM2,5 and BC in a 

relative pollutant area. When doing the measurements the workers at the municipality did not like 

it when the handlebars from the panels where removed because “they could not get any fresh air 

anymore”. When trying to explain the indoor air is cleaner than the outdoor air they had a hard 

time believing me, even when showing them the measured data. 

A future study can measure the indoor and outdoor air on more parameters to see what the 

differences are, and ask the users of building to fill in questionnaires how they experience the two 

environments for a longer period. This could show if it mostly psychological or if there really is a 

significant difference between parameters in the indoor and outdoor air which makes people 

consider it more “fresh”. When using the GES from GGD multiple parameters could be compared 

with each other.  
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Appendix I  Case Study Building: City Office Building Utrecht 

Utrecht has a new city office building opened 7 October 2014. The city office building is located 

in the centre of Utrecht. The building has 25 floors in total and 21 floors above ground level, 

65.000m
2
 surface area and over 2500 workplaces, most of them are open plan working spaces. The 

plinth of the building exists of 11 floors, from these 11 floors the first 6 are open to the public. 

These floors have open working areas and several municipal departments. Partial of floor 6 and the 

floors above are only accessible with authorization. Above the eleventh floor there are two towers, 

the North and South tower. Floor 12 houses the technical rooms in both towers. Floor 13 till 19 all 

have the same principle as floorplan. These floors all have open office spaces and a few sound 

proved one person concentration offices and meeting rooms. In the middle of the floorplan a 

gathering room is created where people can take a break in a more casual space.  

 

A floorplan of the 12
th
 floor can be seen in figure I.1. The corridor, highlighted in blue, functions 

as a path, figure I.2 and I,3, to the roof of the 11
th
 floor for (technical) maintenance and as air 

plenum for the inlet of the air handling unit. The façade of this corridor is made of louvres which 

stand approximately 7 cm from each other, figure I.4. Figure I.2 shows, in the left corner, that it is 

possible to look through the façade. The weather conditions inside this corridor are the same as the 

outside conditions. Due to the louvres there is some reduction in airflow and wind driven rain, 

however the outdoor conditions still count in the blue highlighted area. 

The roof consists of a sedum roof with a small path of concrete tiles. The façade consist of metal 

louvres with a smooth surface. The walls of the corridor, that connects to the technical room, is a 

concrete wall and the floor consist of a EPDM material of the surface with some water drainage 

holes in the middle of the path.  

 

As mentioned before, floors 13 till 19 have the same lay-out, figures I.5 and I.9 The floors consists 

mostly of work office spaces, figures I.6, I.8 and I.11, except for the two elevator and stair shafts 

and the common gathering space between the two shafts, figures I.7 and I.10 The façade is a 

curtain wall with the possibility to open small parts of the window. At the working office space the 

floor finish consists of carpet and the gathering room has a laminate flooring.  
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Figure I.1. Floorplan 12

th
 floor North tower, at a height of P+45000mm. 

   
Figure I.2. Corridor plenum 12

th
 floor 

taken from location 1 in figure IV.1. 

Figure I.3. Corridor plenum 

12
th

 floor taken from location 

2 in figure IV.1. 

Figure I.4. Façade with louvres 

12
th

 floor taken from location 3 

in figure IV.1. 
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Figure I.5. Floorplan 13
th

 floor North tower, at a height of P+48600mm. 

   
Figure I.6. Indication open 

workspace 13
th

 floor taken from 

location 1 in figure I.5. 

Figure I.7. Indication common 

gathering space 13
th

 floor taken 

from location 2 in figure I.5. 

Figure I.8. Indication open 

workspace corner, where the 

sensors are placed, 13
th

 floor 

taken from location 3 in figure 

I.5. 
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Figure I.9. Floorplan 19
th

 floor North tower, at a height of P+70200mm. 

  
Figure I.10. Indication open workspace 19

th
 floor 

taken from location 1 in figure I.9. 

Figure I.11. Indication of the gathering space with the 

connecting work office space 19
th

 floor taken from 

location 2 in figure I.9. 
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Appendix II  Specifications sensors 

Airvisual Node    

Air Visual is a smart sensor which can compare 

measured data with weather stations near the placement 

of the sensor when connected to the WiFi. The PM2,5 is 

measured due to a photometer detector. Each reading 

reported from the sensor is calibrated by a special 

algorithm which takes into account external temperature 

and humidity values.  

 
 

Size Weight Screen Costs 

7x8x18,2cm 670gr 5” LED wide screen 

800x480 pixels; true color 

€ 300,- 

 

Memory: 2GB SD card – sufficient for contiuous measurements for nearly 5 years 

Date/Time: dd-mm-yyyy   ss:mm:hh  24h 

Battery: 1900mAH  Rechargeable Lithium-lon battery 

Power supply 

adapter: 

100~240 VAC  

WiFi: Speed: 2,4ghz 

 Configuration: Configurable directly from the device or mobile app 
 

Measures:    

Measurement 

technique:  

Optical particle counter   

Particulate matter: PM2,5 [μg/m
3
]  Range: 0,3μm  to 2,5μm 

 PM10 [μg/m
3
]  Range: 2,5μm  to 10μm 

 Accuracy 10%   

 Precision 1 decimal   

 Reaction time Min: 5sec. 

Max: 3min 

 

Carbon Dioxide CO [PPM]  Range: 0,04% to 2% Volume CO21 

 Accuracy: 0,02% volume CO2 

  3 reading 

 Reaction time 5 sec.   

Temperature: T [ºC]  Range: -10ºC to 40ºC 

Relative humidity: RH [%]  Range 0% to 95%, non-condensing 
 

AQI (Air Quality Index)    

The Airvisual Node calculates a AQI combining all the measured parameters. AQI is a system for 

reporting he severity of air quality levels in relatable terms to the public. The index ranges from 0 

to 500, where higher index values indicate higher levels of air pollution and higher potential for 

adverse health effects. 
 

Optical particle counter: 

Particle measurements using optical instruments are based on the fact that when a particle passes 

through a beam of light, some of the light is scattered. Detection of this scattered light is the basis 

of all such instruments. Particle number can be determined simply by counting the pulses of 

scattered light reaching the detector. However, it is possible to obtain much more information 

using optical scattering techniques than just number. The intensity of scattered light is related to 

the size of the scattered particle and this relationship can be used to make measurements of particle 

size. Further the spatial scattering pattern is dependent on particle shape, so this is another 

parameter which can be measured with optical instruments.[61] 
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pDR-1500 Thermo scientific    [62] 

The pDR-1500 is a nephelometric monitor whose legacy 

light scattering sensing configuration has been optimized 

for the measurement of the respirable fraction of airborne 

dust, smoke, fumes and mists in industrial and other 

indoor and outdoor environments. The pDR-1500 

incorporates a temperature and relative humidity (RH) 

sensor to mitigate the positive bias with elevated ambient 

RH. Additionally, the flow control is truly volumetric 

and is maintained through digital feedback of the inboard 

barometric pressure sensor, temperature sensor, and 

calibrated differential pressure across a precision orifice.  

 

 

Size Weight Screen Costs 

18,1x14,3x8,4cm 1200gr LCD screen 

4mm in height with two lines of max 16 

characters  

€ 5000,- 

 

Memory: Total number of data points in memory: >500 000 

Date/Time: dd-mm-yyyy   ss:mm:hh  24h 

Battery: 4 AA alkaline Max runtime of 24h 

Power supply 

adapter: 

100~240 VAC  

WiFi: -  
 

Measures:    

Measurement 

technique:  

Nephelometer   

Particulate matter: PM2,5 [μg/m
3
]  Range: 0,1μm  to 2,5μm 

 PM10 [μg/m
3
]  Range: 2,5μm to 10 μm 

 Accuracy 5%   

 Precision 3 decimals   

 Reaction time Min: 1sec. 

Max: 60min 

 

Carbon Dioxide CO [PPM]  Range: 0,04% to 2% Volume CO21 

 Accuracy: 0,02% volume CO2 

  3 reading 

 Reaction time 1 sec.   

Temperature: T [ºC]  Range: -10ºC to 50ºC 

Relative humidity: RH [%]  Range 10% to 95%, non-condensing 

Barometric pressure: P [N/m
2
]   

 

Nephelometer: 

A nephelometer is an instrument for measuring concentration of suspended particulates in 

a liquid or gas colloid. A nephelometer measures suspended particulates by employing a light 

beam (source beam) and a light detector set to one side (often 90°) of the source beam. 

Particle density is then a function of the light reflected into the detector from the particles. To 

some extent, how much light reflects for a given density of particles is dependent upon properties 

of the particles such as their shape, color, and reflectivity.  

  

https://en.wikipedia.org/wiki/Suspension_(chemistry)
https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Colloid
https://en.wikipedia.org/wiki/Detector
https://en.wikipedia.org/wiki/Number_density
https://en.wikipedia.org/wiki/Reflection_(physics)
https://en.wikipedia.org/wiki/Color
https://en.wikipedia.org/wiki/Reflectivity
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MicroAeth AE51  [63] 

Real-time analysis of Black Carbon (BC) by measuring 

the rate of change in absorption of transmitted light due 

to continuous collection of aerosol deposit on filter. To 

maintain measurement integrity the filter has to be 

replaced when the optical density reaches a certain level, 

depending on the accuracy of the measurement. The time 

needed to reach this level depends on the air pollution of 

the measurement location.  
 

Size Weight Screen Costs  

11,7x6,6x3x3,8cm 280gr -  € 6000,- 

€ 10,- per filter (each one or two days) 
 

Memory: 4MB internal flash memory, providing a maximum storage for one month 

data 

Date/Time: dd-mm-yyyy   ss:mm:hh  24h 

Battery: Rechargeable lithium-ion battery Max runtime of 24h 

Power supply 

adapter: 

100~240 VAC  

 

Measures:    

Measurement 

technique:  

Aethalometer   

Black Carbon BC [ng/m
3
]  Range: 0,1μg  to 2,5μg 

 Accuracy 10%   

 Precision 3 decimals   

 Reaction 

time 

Min: 1sec. Max: 

5min 

 

Carbon Dioxide CO [PPM]  Range: 0,04% to 2% Volume CO21 

 Accuracy: 0,02% volume CO2 

  3 reading 

 Reaction 

time 

1 sec.   

Temperature: T [ºC]  Range: -10ºC to 50ºC 

Relative humidity: RH [%]  Range 10% to 95%, non-condensing 
 

Consumables: 

The microAeth AE51 uses a filter strip per sampling campaign. As the aerosol sample is drawn 

through the filter media by the instrument’s integrated, internal sample pump, the aerosol sample 

collects gradually on the filter medium to create a gray spot 3mm in diameter. The absorbance 

(Attenuation, ATN) of the spot is measured relative to an adjacent ‘Reference’ portion of the filter 

once per time base period. The filter has to be replaced when the ATN becomes too high.  

This study the filters where replaced after two days, or when the ATN value became higher than 

100, during the validation the values of the microAeth were still comparable with the MAAP 

sensor with a ATN of 100 (Appendix III.#.) 

Nephelometer: 

The microAeth AE51 draws an air sample at a flow rate of 50, 100, 150 or 200 ml/min through a 3 

mm diameter portion of a T60 Teflon-coated borosilicate glass fiber filter. Optical transmission 

through the ‘Sensing’ spot is measured by a stabilized 880 nm LED light source and photo diode 

detector. The gradual accumulation of optically-absorbing particles leads to a gradual increase in 

ATN from one period to the next. The air flow rate through the spot is measured by a mass flow 

sensor which is also used to stabilize the pump. The electronics and microprocessor measure and 

store the data each period to determine the increment during each time base. This is then converted 

to a mass concentration of BC expressed in nanograms per cubic meter [ng/m³] using the known 

optical absorbance per unit mass of Black Carbon material. 
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TSI cpc 3007  [64][65] 

The TSI condensation particle counter 3007 detects air 

born particles between 0,01 to 1,0 μm/cm
3
. The sensor 

consumes high-purity alcohol at a rate of 1ml/h. The 

alcohol is used to grow microscopic particles in the air 

into larger droplets that are easier to detect and count. 

  

 
Size Weight Screen Costs 

29,2x14x14cm 1,7 kg 4x10cm € 8500 
 

Memory: 256MB 

Date/Time: Start time and date   + ss:mm:hh  24h from start (00:00:00) 

Battery: 6 AA alkaline battery’s  Max runtime of 5h 

Power supply 

adapter: 

100~240 VAC  

 

Measures:    

Measurement 

technique:  

Condensing particle counter  

Particles pt [pt/cm
3
]  Range: 0,01 to 1,0 μm 

 Accuracy 20%  Range: 0 to 100 000 pt/cm
3 
 

 Precision 1 decimals   

 Reaction 

time 

Min: 1sec.   

Environmental Operation Conditions 

Temperature: T [ºC]  Range: 10ºC to 35ºC 
 

Consumables: 

The CPC consumes high-purity isopropyl alcohol at a rate of about 1 ml per hour. The alcohol is 

used to grow microscopic particles in the air into larger droplets that are easier to detect and count. 

The TSI cpc 3007 has a cartridge which needs a alcohol liquid with at least 99,5% reagent grade 

isopropyl.  

Conditional particle counter: 

In general, laminar-flow CPCs operate by drawing an aerosol sample continuously through a 

heated saturator, in which alcohol is vaporized and diffuses into the sample stream. Together,  the 

aerosol sample and alcohol vapor pass into a cooled condenser where the alcohol vapor becomes 

supersaturated and ready to condense. Particles present in the sample stream serve as condensation 

sites for the alcohol vapor. Once condensation begins, particles grow quickly into larger alcohol 

droplets and pass through an optical detector where they are counted easily. 
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Appendix III  Validation sensors 

This appendix shows the validation measurements results done during this research. The 

Validation results are presented in two main chapters; Setup and Results in order per sensor type.  

 

Part I: Setup  

The Sensors are validated during two measurements, one indoor- and one outdoor measurement. 

The indoor measurement was during 29-09-2017 till 04-10-2017, the sensors where positioned 

next to each other on one of the measurement points in the city office building at floor 19 of the 

North tower (more information at appendix I), figures III.1 to III.4.  

  
Figure III.1. Placement sensors during the validation 

measurement. Sensors are placed on two side tables 

on the North tower of the 19th floor of the city office 

building in Utrecht. 

Figure III.2. Overview of the 19th floor of the North tower of 

the city office building at Utrecht.  

 

The outdoor measurement was done during different times due the fact there was only one 

wheather resistant box available. The measurements where performed at the measurement station 

of GGD-Amsterdam at Vondelpark Amsterdam. The sensors where placed inside a weather 

resistant box next to the inlet of the BAM and MAAP sensor Figures III.5 to III.9.  

   
Figure III.5. Weather resistant box 

with two Airvisual Node sensors. 
Figure III.6. Weather resistant box 

with Airvisual Node sensors placed 

on top of the weather station next to 

the air inlet of the Bam sensor. 

Figure III.7. Weather resistant box with 

microAeth AE51 sensors placed on top 

of the weather station next to the air 

inlet of the MAAP sensor. 
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Figure III.8. Bam PM2,5 and PM10 sensors inside the 

measurement station Vondelpark Amsterdam. 
Figure III.9. Maap Black Carbon sensor inside the 

measurement station Vondelpark Amsterdam. 
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Part II  Measurement results 

Comparison between the two Airvisual Node sensors 

During the measurements both sensors have been programmed to log every 3 minutes and been 

placed as in figure III.10.  

 
Figure III.10. Two Airvisual Node sensor data compared with each other during 29-09-2017 till 04-10-2017 inside at the 

19th floor in the North tower of the city office building located in Utrecht. 

 

 

 

Figure III.11. Scatter diagram with linear equation and R2 

between two Airvisual Node sensors during 29-09-2017 till 

04-10-2017 inside at the 19th floor in the North tower of 

the city office building located in Utrecht. 

 

Figure III.12. SPSS Pearson correlation figure. 

The Airvisual Node sensor rounds the PM to whole numbers, this can also clearly be seen in the 

scatter diagram in figure III.11. This week the concentration PM2,5 was not very high and has 

minimum fluctuations. This is not an ideal week to validate the sensors and the R
2
 coming from 

the scatter diagram is only 76%. This inaccuracy could come because of the low concentration 

PM2,5. The concentration could be swinging between two values where the sensors both rounded 

differently.  

The lines follow the same trend and are equal to each other most of the time, when they differ 

from each other the differences are minimum. The largest difference is when the senor measures 

between 0 and 1.  
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The Airvisual hase been placed during 13-11-2017 till 22-11-2017 at the measurement station 

Vondelpark in Amsterdam of the GGD-Amsterdam. The sensor are placed in a weather resistant 

box near the inlet of the BAM PM2,5 sensor, figures III.5 till III.7. During the measurements both 

sensors have been programmed to log every 3 minutes. 

 
Figure III.13. two Airvisual Node sensor data compared with each other during 13-11-2017 till 22-11-2017 outside 

measurement at Vondelpark Amsterdam the Netherlands. 

 

 

 

Figure III.14. Scatter diagram with linear equation and R2 

between two Airvisual Node sensors during 13-11-2017 

till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 

Figure III.15. SPSS Pearson correlation figure 

 

During the time the sensors where placed outside there where some relative high fluctuations in 

the PM2,5 concentration. Due to the fluctuations the sensors can be compared over a higher range. 

According the scatter diagram and the R2 value the sensors are highly comparable. The lines in 

figure III.13 clearly follow the same trend and are overlapping most of the time.  
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Comparison between the three pDR 1500 sensors 

During the measurements both sensors have been programmed to log every 5 minutes and been 

placed as in figure III.1.  

 
Figure III.16. PDR sensor data of three sensors compared with each other during 29-09-2017 till 04-10-2017 inside at 

the 19th floor in the North tower of the city office building located in Utrecht 

 

 
Figure III.17. pDR sensor data of two sensors compared with each other during 29-09-2017 till 04-10-2017 inside at the 

19th floor in the North tower of the city office building located in Utrecht 

 

  
Figure III.18. Scatter diagram with linear equation and R2 

between PDR 2 and PDR 3 sensors during 29-09-2017 till 

04-10-2017 inside at the 19th floor in the North tower of 

the city office building located in Utrecht 

 

Figure III.19. SPSS correlation figure 

As can be seen in figure III.16. PDR 1 has a deviation of around 150 μg/m
3
. The deviation of PDR 

1 is to large therefore, figure III.17. only shows the values of PDR2 and PDR3.  

The graph in figure III.17. shows that the trend of both sensors is the same however, the lines start 

to deviate after the first day. It looks like an absolute deviation between the two sensors. 
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Comparison between the three MicroAeth AE51 sensors 

During the measurements both sensors have been programmed to log every 5 minutes and been 

placed as in figure III.1.  

 
Figure III.20. MicroAeth sensor data of three sensors compared with each other during 29-09-2017 till 04-10-2017 

inside at the 19th floor in the North tower of the city office building located in Utrecht 

 

  
Figure III.21. Scatter diagram with linear equation and R2 

between MA1 and MA2 sensors during 29-09-2017 till 

04-10-2017 inside at the 19th floor in the North tower of 

the city office building located in Utrecht 

Figure III.22. Scatter diagram with linear equation and R2 

between MA1 and MA3sensors during 29-09-2017 till 04-

10-2017 inside at the 19th floor in the North tower of the 

city office building located in Utrecht 

 

 

Figure III.23. Scatter diagram with linear equation and R2 

between MA2 and MA3 sensors during 29-09-2017 till 

04-10-2017 inside at the 19th floor in the North tower of 

the city office building located in Utrecht 

Figure III.24. SPSS Pearson correlation figure 

 

The graph in figure III.20. and the scatter diagrams in figures III.21-III.23 show that the alinement 

between the sensors is great on each part of the tested range.    
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Comparison with measurement station and the Airvisual Node sensors 

The Airvisual has been placed at the measurement station Vondelpark in Amsterdam of the GGD-

Amsterdam during 13-11-2017 till 22-11-2017. The sensor are placed in a weather resistant box 

near the inlet of the BAM PM2,5 sensor, figures III.5 till III.7. During the measurements both 

Airvisual Node sensors have been programmed to log every 3 minutes however figures III.25. and 

III.26, the data of the Airvisual Node sensors is averaged to 1 hour to make it comparable with the 

BAM sensor figures III.25 and III.26.  

 
Figure III.25. two Airvisual Node sensor data compared (log interval of 3 minutes) with each other during 13-11-2017 

till 22-11-2017 outside measurement at Vondelpark Amsterdam the Netherlands  

 

 
Figure III.26. two Airvisual Node sensor, from which the data is averaged per hour instead of 3 minutes, compared with 

the verified BAM sensor from GGD Amsterdam during 13-11-2017 till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 

 

  
Figure III.27. Scatter diagram with linear equation and R2 

between two Airvisual Node sensors during 13-11-2017 

till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 

Figure III.28. Scatter diagram with linear equation and R2 

of the two Airvisual Node sensors, from which the data is 

averaged per hour instead of 3 minutes, during 13-11-2017 

till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 
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Figure III.29. Scatter diagram with linear equation and R2 

of the Airvisual Node sensor “TNO3”, from which the 

data is averaged per hour instead of 3 minutes, and the 

verified BAM sensor from GGD Amsterdam during 13-

11-2017 till 22-11-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

 

Figure III.30. Scatter diagram with linear equation and R2 

of the Airvisual Node sensor “Piet”, from which the data is 

averaged per hour instead of 3 minutes, and the verified 

BAM sensor from GGD Amsterdam during 13-11-2017 

till 22-11-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 

 

  

 

 

 

 

Figure III.31. SPSS correlation figure between the 

airvisual node sensors 

 

 

During the time the sensors where placed outside there where some relative high fluctuations in 

the PM2,5 concentration. Due to the fluctuations the sensors can be compared over a higher range. 

According the scatter diagram and the R2 value the sensors are highly comparable. The lines in 

figure III.25. clearly follow the same trend and are overlapping most of the time.  

Due to the calculated 1 hour average data from the Airvisual Node sensors the data is even higher 

correlation. This is logical since the “extreme” values will be averaged out so the overlap will 

increase.  

 

The Airvisual Node sensors are comparable with the BAM PM2,5 sensor. In the relative higher 

range < 10μg/m
3
, the Airvisual Node sensors and the BAM PM2,5 sensor have a good overlap. 

From 13-11-2017 12:00 till 14-11-2017 06:00 and 17-11-2017 00:00 till 19-11-2017 00:00 the 

Airvisual Node and the BAM have the biggest deviation. The BAM PM2,5 sensor fluctuates 

between 0 and 10μg/m
3
 while the Airvisual fluctuates from 0 to 4 μg/m

3
. 
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Comparison with measurement station and the pDR 1500 sensors 

The pDR 1500 sensors are placed at the measurement station Vondelpark in Amsterdam of the 

GGD-Amsterdam during 05-12-2017 till 14-12-2017. The sensor are placed in a weather resistant 

box near the inlet of the BAM PM2,5 sensor.  The pDR 1500 sensors is averaged to 1 hour to make 

it comparable with the BAM sensor.  

pDR2 had an error around 13-12-2017 from where the data is lost therefore, the comparisons 

between the sensors are done till 13-12-2017. 

 
Figure III.32. two pDR 1500 sensors, from which the data is averaged per hour instead of 5 minutes, compared with the 

verified BAM sensor from GGD Amsterdam during 05-12-2017 till 14-12-2017 outside measurement at Vondelpark 

Amsterdam the Netherlands 

 

 
Figure III.33. two pDR 1500 sensors, from which the data is averaged per hour instead of 5 minutes and pDR1 a 

correction is applied, compared with the verified BAM sensor from GGD Amsterdam during 05-12-2017 till 14-12-2017 

outside measurement at Vondelpark Amsterdam the Netherlands 
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Figure III.34. Scatter diagram with linear equation and R2 of 

the two pDR 1500 sensors, from which the data is averaged 

per hour instead of 5 minutes, during 05-12-2017 till 14-12-

2017 outside measurement at Vondelpark Amsterdam the 

Netherlands 

Figure III.35. Scatter diagram with linear equation and 

R2 of the two pDR 1500 sensors, from which the data is 

averaged per hour instead of 5 minutes and pDR1 is 

corrected, during 05-12-2017 till 14-12-2017 outside 

measurement at Vondelpark Amsterdam the 

Netherlands 

   
Figure III.36. Scatter diagram with linear equation and R2 of 

the pDR 1500 sensor “pDR1”, from which the data is 

averaged per hour instead of 5 minutes, and the verified 

BAM sensor from GGD Amsterdam during 05-12-2017 till 

14-12-2017 outside measurement at Vondelpark Amsterdam 

the Netherlands 

 

Figure III.37. Scatter diagram with linear equation and 

R2 of the pDR 1500 sensor “pDR1”, from which the 

data is averaged per hour instead of 5 minutes, and the 

verified BAM sensor from GGD Amsterdam during 05-

12-2017 till 14-12-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

 

 
 

 

Figure III.38. SPSS correlation figure between the airvisual 

node sensors 

 

 

The range during 05-12-2017 till 14-12-2017 has a high enough fluctuation however, the peaks do 

are just for a relative small period of time. As shown in the scatter diagrams in figures III.34. and 

III.35 the values are comparable with each other. The Graph in figure III.33. shows a good overlap 

op the two pDR 1500 sensors.  

As shown in figures III.36, III.37 and III.38. the data output of the pDR 1500 and the BAM sensor 

do not have a lot in common. The pDR 1500 sensors do not follow the same trend, during the 7
th
 

and 8
th
 of December the pDR 1500 even peak while the BAM shows no to little PM2,5.   
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Comparison with measurement station and the microAeth AE51 sensors 

The microAeth AE51 sensors are placed at the measurement station Vondelpark in Amsterdam of 

the GGD-Amsterdam during 07-09-2017 till 11-09-2017. The sensor are placed in a weather 

resistant box near the inlet of the MAAP sensor.  The pDR 1500 sensors is averaged to 1 hour to 

make it comparable with the MAAP sensor.  

MA1 had an error  a few hours past the start time and has relative few data out put the data is lost 

therefore, the comparisons between MA1 and the other MA sensors are done till 13-12-2017. 

 
Figure III. 39. Three microAeth AE51 sensors, from which the data is averaged per hour instead of 5 minutes, compared 

with the verified MAAP sensor from GGD Amsterdam during 07-09-2017 till 11-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

  
Figure III.40. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensors  “MA1” and “MA2” from 

which the data is averaged per hour instead of 5 minutes, 

during 07-09-2017 till 08-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

Figure III.41. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensors  “MA1” and “MA3” from 

which the data is averaged per hour instead of 5 minutes, 

during 07-09-2017 till 08-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

 

  
Figure III.42. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensors  “MA2” and “MA3” from 

which the data is averaged per hour instead of 5 minutes, 

during 07-09-2017 till 08-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

 

Figure III.43. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensor “MA1” from which the 

data is averaged per hour instead of 5 minutes, and the 

verified MAAP sensor from GGD Amsterdam during 07-

09-2017 till 08-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 
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Figure III.44. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensor “MA2” from which the 

data is averaged per hour instead of 5 minutes, and the 

verified MAAP sensor from GGD Amsterdam during 07-

09-2017 till 11-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

Figure III.45. Scatter diagram with linear equation and R2 

of the microAeth AE51 sensor “MA3” from which the 

data is averaged per hour instead of 5 minutes, and the 

verified MAAP sensor from GGD Amsterdam during 07-

09-2017 till 11-09-2017 outside measurement at 

Vondelpark Amsterdam the Netherlands 

 

 

 

 

 

 

 

Figure III.46. SPSS correlation figure between the 

microAeth AE51 sensors 

 

 

The graph of figure III.39. and the scatter diagrams show that the microAeth AE51 are highly 

comparable, the data output is almost similar. The R2 and linear equation given by figures III.40. – 

IIII.41. give and even better values than III.21. – III.23.. This is possibly due to the fact that the 

data output is averaged per hour however, the fit of the microAeth AE51 is remarkably good.  

 

The Maap and the microAeth AE51 sensors do follow the same trend however, there is almost an 

absolute deviation of 20% between the sensors.  

The deviation between the MAAP and microAeth seems to get bigger when the concentration 

increases. During the peak the values deviate 109% while the slopes of the MAAP and the 

microAeth AE51 almost aline when they are under 0,5 μg/m
3
. 
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Appendix IV  Measurement station 

Appenxix III shows that the Airvisual Node is a sensor from which the data can be compared with 

a BAM sensor from a measurement station. The Airvisual Node does not have sensor positioned at 

the outdoor measurement location therefore, it is ideal to use one of the measurement stations.  

There are three measurement stations that measure 

PM2,5 relative close to the city office building. Figure 

IV.1. shows the three measurement stations and their 

average PM2,5 concentration between September and 

December 2017. The three measurement stations all 

have a different surrounding. 

 

Measurement station Kardinaal de Jongweg - Utrecht 

(red) is a measurement station located near a busy 

road. Luchtmeetnet states that the emission from the 

road traffic makes a significant part of the PM2,5 in this 

station. This station is marked as a “busy road-station” 

by Luchtmeetnet.  

Measurement station Griftpark – Utrecht (purple) is a 

measurement station located in the middle of the city. 

The roads are relative quiet and many people live near 

this station. This station is marked as a “city-

background station” by Luchtmeetnet. 

 
  Utrecht-de Jongweg 8,49 μg/m

3
 

  Utrecht-Griftpark 8,00 μg/m
3
 

  Cabauw-Wielsekade 6,85 μg/m
3
 

Figure IV.1. Location of the three measurement 

stations with their average PM2,5 during 

September till December 2017. [30]  

Measurement station Cabauw-Wielsekade (green) is a measurement station located in a relative 

green area. There are no busy roads or living areas in the area. This station is marked as a 

“countryside-background station” by Luchtmeetnet. 

 

Figure IV.2. and IV.3 shows the data from each measurement station during 27-09-2017 till 13-11-

2017, the same time as the measurements in the city office building took place.  

 

 
Figure IV.2. Location of the three measurement stations with their average 
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The data of all measurement stations overlaps most of the time. Figures IV.3. also show little 

differences throughout the range of the sensors. Cabauw-Wielsekade station is slightly lower 

overall than Kardinaal de Jongweg and Griftpark station. However the average difference is just 

1,5 μg/m
3
. This is a very small difference between a “busy road-station” and “countryside-

background station”.  

 

 

Figure IV.3. Boxplot from  the three measurement stations: Griftpark, Kardinaal de Jongweg and Cabauw-Wielsekade 

during 27-09-2017 till 13-11-2017 
 

All three data sets are more or less the same. However the location from Griftpark Utrecht is 

similar to the city office building therefore this data is used to compare with the Airvisual Node’s.   
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Appendix V Measurement data city office building 

 

This appendix shows the measurements results done during this research. The measurement results 

are presented per sensor type.   

 

Airvisual Node 

Figure V.1. shows the indoor measurements of the two Arivisual Node sensors. The Airvisual 

Node is placed on the 13
th
 and 19

th
 floor. Due to the correlation with the verified BAM sensor at 

Vondelpark Amsterdam and the relative even divide PM2,5 throughout the Netherlands (Appendix 

IV) the BAM sensor at Griftpark Utrecht is chosen to compare with the Airvisual Node sensors, 

seen in figure V.2.  

 
Figure V.1. Airvisual sensor data of two sensors, placed on floor 13 and 19 compared with each other during 04-10-2017 

till 13-11-2017 inside the North tower of the city office building located in Utrecht. 

 

 
Figure V.2. Airvisual sensor data of two sensors, placed on floor 13 and 19 compared the measurement station Griftpark 

Utrecht during 04-10-2017 till 13-11-2017 inside the North tower of the city office building located in Utrecht. 
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Figure V.3. Boxplot with al data 

from the Airvisual sensor data placed 

on floor 13 during 04-10-2017 till 

13-11-2017 inside the North tower of 

the city office building located in 

Utrecht. 

Figure V.4. Boxplot with al data from 

the Airvisual sensor data placed on 

floor 19 during 04-10-2017 till 13-11-

2017 inside the North tower of the 

city office building located in Utrecht. 

Figure V.5. Boxplot with al data from 

the measurement station Griftpark in 

Utrecht during 04-10-2017 till 13-11-

2017 inside the North tower of the city 

office building located in Utrecht. 
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pDR1500 

Figure V.6. shows that the pDR 1500 on floor 13(pDR 1) has a deviation of around 150 μg/m
3
, this 

sensor is returned to the GGD-Amsterdam so they could fix the sensor. Due to the high deviation 

the data of this sensor is removed from the graph, shown in figure V.7. 

The beginning was already shown in figure III.16. that pDR 2 has an absolute deviation. On the 

27
th
 of November the pDR 2 and pDR 3 switched locations, to investigate the environment where 

the sensor was placed could be the cause of the deviation. The red circle in figure V.7. shows the 

gap between the data. The absolute deviation is corrected in the Excel file, 7,08 μg/m
3 

is added to 

all the data from pDR 2. Figure V.8. shows the corrected data from pDR 2 and the original data of 

pDR 3.  

 

 
Figure V.6. PDR sensor data of three sensors, placed on floor 12, 13 and 19 compared with each other during 04-10-

2017 till 13-11-2017 inside the North tower of the city office building located in Utrecht. 

 

 
Figure V.7. PDR sensor data of two sensors, placed on floor 12 and 19 compared with each other during 04-10-2017 till 

13-11-2017 inside the North tower of the city office building located in Utrecht. 
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Figure V.9. PDR corrected sensor data of two sensors, placed on floor 12 and 19 compared with each other during 04-

10-2017 till 13-11-2017 inside the North tower of the city office building located in Utrecht. 
 

 

  
Figure V.10. Boxplot with al data from the PDR sensor 

data placed on floor 13 during 04-10-2017 till 13-11-2017 

inside the North tower of the city office building located in 

Utrecht. 

Figure V.11. Boxplot with al data from the PDR sensor 

data placed on floor 19 during 04-10-2017 till 13-11-2017 

inside the North tower of the city office building located in 

Utrecht. 
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Appendix VI  SPSS output 

This appendix shows all the raw output from SPSS. The data shown in these figures is placed in in 

another lay-out and presented in the report.  

 

Figures VI.1 – V.6 show the correlation between the sensor types for the indoor and, hourly 

averaged, outdoor measurements. Figures V.7 – V.9 show the correlation with the verified sensor 

at the measurement station at Vondelpark Amsterdam.  

  
Figure VI.1. Pearson correlation of the Airvisual Node 

sensors for the indoor measurement. 
Figure VI.2. Pearson correlation of the Airvisual Node 

sensors for the hourly averaged outdoor measurement. 

 

 

 

Figure VI.3. Pearson correlation of the pDR 1500 

sensors for the indoor measurement. 

 

Figure VI.4. Pearson correlation of the pDR 1500 sensors 

for the hourly averaged outdoor measurement. 
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Figure VI.5. Pearson correlation of the microAeth AE51 

sensors for the indoor measurement. 

 

Figure VI.6. Pearson correlation of the microAeth 

AE51sensors for the hourly averaged outdoor 

measurement. 

 

 
Figure VI.7. Pearson correlation of the Airvisual Node 

sensors and BAM sensor for the hourly averaged outdoor 

measurement. 

Figure VI.6. Pearson correlation of the pDR 1500 sensors 

and BAM sensor for the hourly averaged outdoor 

measurement. 

 

 

Figure VI.9. Pearson correlation of the microAeth AE51 

sensors and MAAP sensor for the hourly averaged 

outdoor measurement. 

 

 

Figures VI.10 and VI.11 show the significant differences, calculated with the Wilcoxon in SPSS, 

between the wind speed and the Airvisual Node sensors and the microAeth AE51 placed on the 

13
th
 and 19

th
 floor. The Airvisual Node and microAeth sensors represent the PM2,5 and BC on the 

13
th
 and 19

th
 floor. Differences between variables are established for p<0,05. 

  
 

Figure VI.10. Significant difference between wind speed 

and the Airvisual Node sensors on the 13th and 19th floor. 
Figure VI.11. Significant difference between wind speed 

and the microAeth AE51 sensors on the 13th and 19th floor. 
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Figures VI.12 and VI.13 show the significant differences, calculated with the Wilcoxon in SPSS, 

between the Airvisual Node sensors and the microAeth AE51 placed on the 13
th
 and 19

th
 floor. The 

Airvisual Node and microAeth sensors represent the PM2,5 and BC on the 13
th
 and 19

th
 floor. And 

thus the significant difference between the two floors will be calculated. Differences between 

variables are established for p<0,05. 

  
Figure VI.12. Significant difference between the Airvisual 

Node sensors on the 13th and 19th floor. 
Figure VI.13. Significant difference between the 

microAeth AE51 sensors on the 13th and 19th floor. 
 

Figures VI.14 - VI.17 show the significant differences, calculated with the Wilcoxon in SPSS, 

between the operational hours and non-operational hours of the AHU on the 13
th
 and 19

th
 floor 

floor PM2,5 and BC. The data from the Airvisual Node represents the concentration PM2,5 and the 

data from the microAeth AE51 represents the concentration BC.  

  
Figure VI.14. Significant difference between the 

operational and non-operational hours of the AHU 

measured with the Airvisual Node sensors on the 13th 

floor. 

Figure VI.15. Significant difference between the 

operational and non-operational hours of the AHU 

measured with the Airvisual Node sensors on the 19th 

floor. 

  
Figure VI.16. Significant difference between the 

operational and non-operational hours of the AHU 

measured with the mircoAeth EA51 sensors on the 13th 

floor. 

Figure VI.17. Significant difference between the 

operational and non-operational hours of the AHU 

measured with the mircoAeth EA51 sensors on the 19th 

floor. 

 


