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2 Introduction 

2.1 General information 
This report describes the field comparison of 5 types (Table 1) of low-cost NO2 sensors. Full 
details of the testing are provided in the test protocol (https://vaquums.eu/sensor-
db/tests/protocols/life-vaquums_testprotocol_final.pdf). 
 
Sensor units were co-located at the R801 urban background measurement site of VMM in 
Borgerhout, Antwerp (Belgium) for about 400 days (from February 23, 2019 until March 30 
2020). The NO2-sensors were compared to the reference method, i.e. the chemiluminescence 
analyser 42i of ThermoFisher Scientific measuring at a high time resolution (10 s) and 
operating according to standard EN14211. Sensors usually reported data per second (Envea 
Cairclip per 15 minutes) but these were aggregated as minute, 5 minute, hourly and daily 
averages. The hourly level was chosen as the main aggregation level for most analyses. 
 
Table 1: NO2-sensors that were tested in the VAQUUMS field campaign together with the abbreviation used in this report. 

 
 
  

Alphasense B43F NO2 

VQH 

 

Citytech 3E50 NO2 

VQI 

 

Membrapor C1 NO2 

VQK 

 

Membrapor C20 NO2 

VQL 

 

Envea Cairclip NO2 

VQS 

 

 

https://vaquums.eu/sensor-db/tests/protocols/life-vaquums_testprotocol_final.pdf
https://vaquums.eu/sensor-db/tests/protocols/life-vaquums_testprotocol_final.pdf


 

        
 

For each sensor type we discuss the following points: 
 

2.1.1 Validation and data coverage 

Specific issues with the validation of the sensors are mentioned here, in addition the number 
of available and not available minute and hourly data per validation code (0: valid, -1: 
suspicious, -2: invalid, 1: missing) are shown.  
 

2.1.2 Uncalibrated data and sensor data calibrated with parameters from linear regression 

2.1.2.1 Calibration parameters 

A calibration function was established by assuming linearity between the sensor data and 

the reference data. Orthogonal regression on the hourly data was used to establish the 

calibration function. The data from February 23, 2019 - March 31, 2019 were used to 

establish the calibration function. 

The evaluation of the sensors was done on the the data in the remaining period from April 1, 

2019 -March 30, 2020. 

For some sensor types we found almost no correlation (R2 < 0.1) between the uncalibrated 

sensor data and the reference NO2 data. In this case, the parameters of the linear regression 

are not well defined. Therefore, the parameters were not calculated nor used for these 

sensor types.  

 

2.1.2.2 Comparison of uncalibrated and calibrated sensor data with the reference data  

The comparison is presented as time plots and scatter plots. The ratio of the sensor data 

versus the reference data was calculated and presented as density plots.  

 

2.1.2.3 Influence of time, temperature, relative humidity and O3 on uncalibrated sensor data 

The ratio sensor data versus reference data is plotted in function of time, temperature, 

relative humidity and O3. Temperature, relative humidity and O3 are parameters with a 

known effect on (some) NO2 sensors. The scatter plot in function of time is used to evaluate 

possible drift of the sensor.  

 

2.1.2.4 Descriptive parameters 

R2, mean bias and the between sampler uncertainty (ubs) are presented. 

 

2.1.2.5 Relative expanded uncertainty 

Annex 1 of Directive 2008/50/EG gives data quality objectives for ambient air quality 

assessment. The maximum relative expanded uncertainty at the limit value (LV) for 

indicative measurements is 25 %, for objective estimation 75 %. The LV for hourly NO2 

concentrations is 200 µg/m3, not to be exceeded more than 18 times a year. The LV for a 

yearly average is 40 µg/m3. We use the LV for the yearly average for evaluating the relative 

expanded uncertainty of the daily (calibrated) sensor data.  



 

        
 

Additionally we evaluate the relative expanded uncertainty of the (calibrated) sensor data at 

the upper and lower assessment thresholds (UAT and LAT). 

 
The table below summarizes the LV and the assessment thresholds for NO2.  

 
Table 2: Limit value (LV), upper assessment threshold (UAT) and lower assessment threshold (LAT) for hourly and yearly NO2 
values. 

Averaging time LV UAT LAT 

1 hour 200 µg/m3 140 µg/m3 100 µg/m3 

1 year 40 µg/m3 32 µg/m3 26 µg/m3 

 
The relative expanded uncertainties of the (calibrated) sensor data are also calculated and 

plotted at NO2 hourly concentrations of 10 to 200 µg/m3 and at NO2 daily concentrations of 

10 to 100 µg/m3.  

 
¢ƘŜ ǊŜƭŀǘƛǾŜ ŜȄǇŀƴŘŜŘ ǳƴŎŜǊǘŀƛƴǘȅ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ΨDǳƛŘŜ ǘƻ ǘƘŜ 

ŘŜƳƻƴǎǘǊŀǘƛƻƴ ƻŦ ŜǉǳƛǾŀƭŜƴŎŜ ƻŦ ŀƳōƛŜƴǘ ŀƛǊ ƳƻƴƛǘƻǊƛƴƎ ƳŜǘƘƻŘǎΩΦ In case of low correlation 

(R2 < 0.1) between the sensor data and the reference data, the relative expanded 

uncertainty is not calculated. The parameters of the regression line are presented in a table.  

 

2.1.2.6  Conclusions 

The conclusions are based on tables and plots mentioned above.  

 

2.1.3 Sensor data calibrated with parameters from multiple linear regression (MLR) 

2.1.3.1 Calibration parameters 

Besides linear regression, multiple linear regression (MLR) is a widely used technique to 

calibrate sensor data against reference data1. MLR includes the use of more than one 

independent variable to improve the quality of the calibration.  

 
Two MLR calibration functions were calculated:  

¶ a MLR function using reference NO2, relative humidity and temperature as 

independent variables. This approach has the advantage that no reference data are 

needed for the calibration of the sensor data during the evaluation period, 

¶ a MLR calibration function using reference NO2, relative humidity, temperature and 

O3 as independent variables.  

 
MLR makes several assumptions regarding the variables. One of the assumptions is a linear 

relation between the dependent variable (the uncalibrated sensor data) and the 

 
1Karagulian, F., Gerboles, M., Barbiere, M., Kotsev, A., Lagler, F., Borowiak, A., Review of sensors for air quality monitoring, EUR 29826 EN, 

Publications Office of the European Union, Luxembourg, 2019, ISBN 978-92-76-09255-1, doi:10.2760/568261, JRC116534 



 

        
 

independent variables (reference NO2, relative humidity, temperature and O3). In annex 1 

correlation charts can be found for all sensors where this assumption can be checked. 

Another assumption of MLR is the independence of the independent variables. As expected 

correlation is noticed between the independent variables reference NO2, relative humidity, 

temperature and O3. The correlation coefficients are also shown in annex XX. 

 
Several approaches can be followed to select the most significant variables to include in the 

MLR function but the further elaboration of the MLR functions is considered to be outside 

the objective of the project.  

 

The same periods for calibration/evaluation are used for the multiple linear regression as for 

the linear regression. 

 

2.1.3.2 Comparison of the calibrated sensor data with the reference data  

As for the sensor data calibrated with the parameters of the linear regression, the 

comparison is presented as time plots, scatter plots and density plots of the ratios calibrated 

sensor data versus reference data. In case of almost no correlation (R2 < 0.1) between the 

calibrated sensor data and the reference data; the plots are not shown.  

 

2.1.3.3 Influence of time, temperature, relative humidity and O3 

As for the sensor data calibrated with the parameters of the linear regression, the ratio 

sensor/reference is plotted in function of time, temperature, relative humidity and O3. In 

case of low correlation (R2 < 0.1) between the calibrated sensor data and the reference data, 

the plots are not shown.  

 

2.1.3.4 Descriptive parameters 

R2, mean bias and the between sampler uncertainty (ubs) are presented for the calibrated 

sensor data.  

 

2.1.3.5 Relative expanded uncertainty 

The calculation and the evaluation is done as described in the previous section.  

 

2.1.3.6  Conclusions  

The conclusions are based on tables and plots mentioned above.  

 
 

  



 

        
 

2.2 Validation and calibration 

2.2.1 Validation 

The two main processes involved in the sensor evaluation are validation and calibration. 

Data validation was done on 15-minutes values for the Envea Cairclip sensors and on minute 

values for the other sensors. Both invalid and suspicious data were left out and only valid 

data are used for the evaluation of several characteristics (information on validation, see 

technical manual). The evaluation of the sensor characteristics is mainly done on hourly 

data.  

2.2.2 Calibration  

The evaluation of the performance is done on: 

¶ the uncalibrated sensor data NO2_s_2  

¶ the sensor data NO2_s_lab2: sensor data after calibration with the linear regression 

parameters from the laboratory study. This evaluation is included in the annexes. 

 

The calibration function is of the type:  

NO2_s_2 = a *NO2_ref + intercept  

The values for a and intercept can be found in the tables with the calibration parameters.  

The resulting function applied to the sensor data from February 23 2019 - March 30 2020 

is of the type: 

NO2_s_lab2 = (NO2_s_2 ς intercept) / a 

 

¶ the sensor data NO2_s_1mLR2 after calibration with the linear regression parameters. 

The field campaign data from February 23, 2019 - March 31, 2019 were used to 

establish the calibration function. 

 

The calibration function is of the type:  

NO2_s_2 = a *NO2_ref + intercept  

The values for a and intercept can be found in the tables with the calibration parameters.  

The resulting measurement function applied to the sensor data during the evaluation 

period is of the type: 

NO2_s_1mLR2 = (NO2_s_2 ς intercept) / a 

 

¶ the sensor data NO2_s_1mMLR2 after calibration with the parameters of the multiple 

linear regression (MLR) using reference NO2, relative humidity (RH) and temperature 

(T) as variables. The field campaign data from February 23, 2019 - March 31, 2019 

were used to establish the calibration function. 



 

        
 

 

The calibration function is of the type:  

NO2_s_2 = a *NO2_ref + c*T + d*RH + intercept  

The values for a, c ,d and intercept can be found in the tables with the calibration 

parameters.  

The resulting function applied to the sensor data during the evaluation period is of the 

type: 

NO2_s_1mMLR2 = (NO2_s_2 - c*T - d*RH - intercept) / a 

 

¶ the sensor data NO2_s_1mMLRext2 after calibration with the parameters of the 

multiple linear regression (MLR) using reference NO2, relative humidity, temperature 

and O3 as variables. The field campaign data from February 23, 2019 - March 31, 

2019 were used to establish the calibration function. 

 

The calibration function is of the type:  

NO2_s_2 = a *NO2_ref + b*O3 + c*T + d*RH + intercept  

The values for a, b, c ,d and intercept can be found in the tables with the calibration 

parameters.  

The resulting function applied to the sensor data during the measurement period is of 

the type: 

NO2_s_1mMLRext2 = (NO2_s_2 - b*O3 - c*T - d*RH ς intercept) / a 

 

  



 

        
 

2.3 Conditions during field campaign 
Figure 1 and 2 show the time plots of the hourly and daily NO2 values measured with the 

reference instrument. Figure 3 and 4 show the histograms of the hourly and daily NO2 

values. Most NO2 hourly values are below 100 µg/m3. No hourly values higher than 200 

µg/m3 occur. Most NO2 daily values are below 60 µg/m3. No daily values higher than 100 

µg/m3 occur. 

The data from February 23, 2019 - March 31, 2019 were used to establish the calibration 

function. The evalution of the sensors was done on the the data in the remaining period 

from April 1, 2019 -March 30, 2020. The average NO2-concentration during the field 

campaign was 29.3 µg/m3. During the calibration period the average NO2-concentration was 

somewhat higher (35.5 µg/m3) than during the evaluation period (28.6 µg/m3).  

 

 

Figure 1: Time plot of hourly NO2 values (µg/m³) measured with the reference instrument during the field campaign. 



 

        
 

 

Figure 2: Time plot of daily NO2 values (µg/m³) measured with the reference instrument during the field campaign. 

  

 

Figure 3: Histogram of hourly NO2 concentrations (µg/m³) measured with the reference instrument during the field 
campaign 

 



 

        
 

 
Figure 4: Histogram of daily NO2 concentrations (µg/m³) measured with the reference instrument during the field campaign 

 
Figure 5 shows the variation in hourly values of temperature and relative humidity during the 
field campaign. Figure 6 and 7 show the histogram of the hourly relative humidity and 
temperature.  
 
The average temperature and relative humidity in Borgerhout during the whole field 

campaign were 12.5 °C and 74% respectively. The average temperature and relative 

humidity were rather similar during the calibration period and validation period. During the 

calibration period the average temperature was 9.8 °C and the relative humidity was 72 %. 

During the evaluation period the average temperature was 12.8 °C and the relative humidity 

was 74 %. The winter 2019-2020 was warm: the minimum temperature was -1.2 °C in 

Borgerhout. During the calibration period the minimum temperature was 3.0°C. As a 

consequence the sensors are not tested at extreme negative temperatures during this field 

campaign.  

 

 

  



 

        
 

 

 

Figure 5: Time plot of hourly temperature (°C) and relative humidity (%) during the field campaign 

 
 

 

Figure 6: Histogram of hourly relative humidities (%) during the field campaign 

 










































































































































































































































































