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Abstract: The study investigates methods to enhance the reliability of NO2 monitoring using low-

cost electrochemical sensors to measure gaseous pollutants in air by addressing the impacts of 

temperature and relative humidity. The temperature within a plastic container was controlled using 

an internal mica heater, an external hot air blower or cooling packs, while relative humidity was 

adjusted using glycerin solutions. Findings indicated that the Auxiliary Electrode (AE) signal is 

susceptible to temperature and moderately affected by relative humidity. In contrast, the Working 

Electrode (WE) signal is less affected by temperature and relative humidity; however, adjustments 

are still required to determine gas concentrations accurately. Tests involving on/off cycles showed 

that the AE signal experiences exponential decay before stabilizing, requiring the exclusion of initial 

readings during monitoring activities. Additionally, calibration experiments in zero air allowed the 

determination of the compensation factor nT across different temperatures and humidity levels. 

These results highlight the importance of compensating for temperature and humidity effects to 

improve the accuracy and reliability of NO2 measurements using low-cost electrochemical sensors. 

This refinement makes the calibration applicable across a broader range of environmental 

conditions. However, the experiments also show a lack of repeatability of the zero calibration. 

Keywords: calibration; repeatability; NO2 monitoring; Low-cost sensors; temperature 

compensation; humidity effects 

 

1. Introduction 

According to the Environmental Protection Agency (EPA)’s 2017 National Emission Inventory, 

52% of nitrogen dioxide (NO₂) emissions originate from mobile sources such as cars, trucks, and 

planes, while 32% originate from stationary sources such as power plants or cement kilns [1] The 

transport sector produces NO₂ primarily through combustion engines, where nitrogen gas (N2) in the 

air is converted into oxides when fuel burns in excess of oxygen at temperatures exceeding 1300°C 

[2,3]. Unfortunately, NO₂ is a significant air pollutant that substantially impacts human health. The 

World Health Organization (WHO) has highlighted numerous health risks and fatalities associated 

with NO₂ exposure [4]. Research indicates that exposure to NO₂ can lead to premature death [5] from 

respiratory, cardiovascular [6–10] and circulatory illnesses, as well as the development of asthma [11] 

and bronchitis [12–15]. NO₂ is particularly concerning due to its role in increasing the risk of 

childhood asthma [16–19], a major global health issue. 
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Monitoring NO₂ typically involves continuous measurement techniques using the 

chemiluminescence method described in ISO standard 7996:1985 [20]. This method is considered the 

reference method for environmental regulatory monitoring. However, it is expensive to purchase, 

operate, and maintain. An alternative is the use of active samplers, which pump air through an azo-

dye-forming reagent to produce a pink color as detailed in ISO 6768:1998 [21]. Although this method 

is highly sensitive, it is also labor-intensive, requires skilled personnel, uses potentially harmful 

chemicals, and is unsuitable for sampling periods longer than 1-2 hours [22–24]. Passive samplers, 

where the pollutant diffuses toward the absorbent, offer an alternative by assessing ambient NO₂ 

levels without needing electric power at the deployment site [22,23,25–29]. However, these samplers 

provide only an average concentration over a week or longer, failing to capture daily variations in 

NO₂ concentrations and making them unsuitable for identifying short-term pollution events. 

Additionally, the collected samples must be analyzed in a laboratory, which is time-consuming and 

costly [30].  

Low-cost sensors can provide highly time-resolved data, enabling better identification of 

pollution variations and real-time data [12,31–36] without additional laboratory work [12]. Their 

affordability, compact size, and quick response times make them valuable for low-income countries 

[37]. However, the reliability of these devices is often questioned, especially when benchmarked 

against the gold standard. Issues such as cross-sensitivities, calibration drift over time, short life 

expectancies, low sensitivities, and variability due to environmental conditions challenge their 

accuracy [30,31,34,38–44]. Additionally, the performance of these sensors in tropical conditions, like 

those in Cuba where temperatures can exceed 30°C and relative humidity is often above 90%, remains 

uncertain.  

This study examines the potential for improving the calibration of the Alphasense NO2-A43F 

sensor [45]. Although the manufacturer provides a calibration document, its validity under 

conditions different from the original calibration environment remains uncertain. Various calibration 

methods have been proposed to enhance the data quality of low cost sensors, often involving complex 

laboratory setups, high-end reference instruments, or advanced mathematical techniques such as 

machine learning [31,34,36,46–54]. This study aims to improve the calibration method using low-cost 

setups and straightforward methods that can be implemented with commonly used software 

applications such as Microsoft Excel. This approach makes it feasible for low-income countries to 

conduct independent measurement campaigns with reasonable reliability. Specifically, the study will 

focus on the impact of temperature and relative humidity on the sensor’s calibration.  

2. Background 

Electrochemical four-electrode gas sensors, such as those from Alphasense, are widely used for 

air quality monitoring due to their good sensitivity and selectivity. In combination with the 

Alphasense Analog Front-End (AFE) sensor board, these sensors register voltages from the working 

electrode (WE) and the auxiliary electrode (AE). The WE electrode generates a signal proportional to 

the concentration of the target analyte, while the AE electrode, which is buried within the sensor, 

accounts for temperature and humidity changes. Despite the manufacturer’s calibration information, 

accurately calculating pollutant concentrations remains challenging. More accurate calibration 

requires a better understanding of the compensation factor nT, defined as the ratio WE/AE for zero 

air at the measurement’s temperature and relative humidity. The manufacturer provides different nT 

values and calculation formulas for determining the concentration of the target analyte across several 

documents [55–57], leading to confusion. Previous work described the basic formulas used to convert 

the WE signal generated by the target analyte into a concentration, considering nT as a constant [58]. 

The measured WE signal comprises a background component WEbackground not generated by the target 

analyte but that is affected by temperature and relative humidity, and a portion that is proportional 

to the concentration of the target analyte, WEgas. The variables used in eq. 1 and 2 are defined in Table 

1. 

𝑊𝐸𝑡𝑜𝑡 = WEbackground + WEgas  (1) 
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nT =
WE0

AE0
=

WEbackground

AE
⇔ WEbackground = nTAE           (2) 

Table 1. Overview of variables and their definitions. 

WE0 The value of the working electrode in air in total absence of the target analyte (i.e., 

zero air) under fixed conditions, as specified in the calibration certificate provided 

by Alphasense, which is measured at a pressure of 101 kPa, a temperature of 23 ± 

2°C, and a relative humidity of 40 ± 15%. 

AE0 The value of the auxiliary electrode in air in total absence of the target analyte (i.e., 

zero air) under fixed conditions, as specified in the calibration certificate provided 

by Alphasense, which is measured at a pressure of 101 kPa, a temperature of 23 ± 

2°C, and a relative humidity of 40 ± 15%. 

WEbackground The value of the working electrode in zero air at any given moment during the 

monitoring campaign. This value is partially determined by the instantaneous 

temperature and relative humidity. These conditions may be different from the 

ones at which WE0 is determined. 

AE The measured value of the auxiliary electrode at any given moment. This value 

depends partly on the instantaneous temperature and relative humidity but is 

supposed to be independent of the concentration of the target analyte, since the 

electrode is not in direct contact with the sampled gas. However, the measuring 

conditions may deviate from those at which AE0 was originally measured. 

WEgas A portion of the total measured value WEtot that is linearly dependent on the 

concentration of the target analyte. 

WEtot The total measured value of the working electrode in ambient air reflects the 

combined contributions from the specific concentration of the target analyte at a 

given temperature and relative humidity WEgas, and the background interference 

WEbackground. 

3. Materials and Methods 

3.1. Design of the Low-Cost Data Logger 

A low-cost, custom-built data logger uses the Arduino Mega 2560 microcontroller as its core 

component. To enhance its versatility and allow users to tailor it to their specific needs, a compact, 

custom-designed expansion shield has been developed [59–61]Haga clic o pulse aquí para escribir 

texto. No changes have been made to the hardware during this work. The expansion shield enables 

the connection of sensors to the data logger and converts sensor signals into a format that the 

microcontroller can interpret. In this setup, NO2 has been measured with the NO2-A43F sensor 

(Alphasense, United Kingdom). The gas sensor is integrated into an Alphasense AFE board (model 

810-0023-00), which is connected to the expansion shield via a flat cable and appropriate connectors. 

Temperature and relative humidity are measured using two sensors: the SCD30 (Sensirion, 

Switzerland) and the AM2315C (Asair, China).  

3.2. Sensor Calibration Experiments 

Calibration experiments were performed in a sealable plastic box equipped with various 

components to allow for the introduction and control of calibration gases. A syringe filled with 

calibration gas can be connected to the box through a valve mounted on its lid (3-Way Blue Sterile 

Stopcock for Intravenous Drips). Inside the box, a fan and a mica heater work together to ensure 

efficient mixing and precise temperature control. The wires powering these components were routed 

through a pre-drilled hole, which was securely resealed with hot glue to maintain an airtight seal. 

For certain experiments, the box was insulated with bubble wrap. Additionally, the side of the box 

includes two valves that can be coupled to a closed loop, allowing air to be pumped through a wash 
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bottle to effectively remove small concentrations of NO2 from the ambient air enclosed in the box. A 

similar setup was used in previous experiments [37,58,60]. 

The calibration gas is generated using the stoichiometric reactions R1 and R2 [65–67] with a set-

up described earlier [37,58]. One syringe of 6 mL contains 0.4 mL of 0.18 mol/L FeSO4.7H2O dissolved 

in 20 vol% HCl and the second syringe of 6 mL contains 0.2 mL of 1.31 mol/L NaNO2 solution. The 

reagents are brought together to generate 1.9 mL of NO gas in a third syringe (reaction R1). All 

syringes are connected using 3-way valves. To obtain NO₂ gas, it is necessary to aspirate 0.2 mL of 

air into the third syringe (reaction R2). The amount of NO2 inside the syringe is calculated using the 

ideal gas law as described earlier [58]Haga clic o pulse aquí para escribir texto..  

𝐹𝑒(𝑎𝑞)
2+ + 2𝐻3𝑂(𝑎𝑞)

+ + 𝑁𝑂2(𝑎𝑞)
− → 𝑁𝑂(𝑔) + 𝐹𝑒(𝑎𝑞)

3+ + 3𝐻2𝑂 (R1) 

2𝑁𝑂(𝑔) + 𝑂2(𝑔) → 2𝑁𝑂2(𝑔) (R2) 

The sealable calibration box, along with the setup designed to generate calibration gas in a 

syringe, has been utilized to conduct several calibration experiments. All experiments described in 

the list below have been performed within a period of 2 months. 

• Stability of the sensor signal during repeated on/off cycles of the system: To evaluate the 

stability and repeatability of the sensor signal under cyclic operational conditions, 

measurements were conducted in a closed box, where the system was repeatedly switched on 

and off. Two tests were performed, each with a 10-minute turn-on period. In the first test, the 

switch-off intervals were fixed at 5 minutes, whereas in the second test, the switch-off period 

was gradually increased from 1 to 5 minutes. Each cycle was repeated five times. For every cycle, 

the average and standard deviation of the signal during the final minute were calculated and 

compared across cycles. 

• Sensor shocks caused by temperature: The sensor was subjected to temperature shocks, with 

sudden temperature increases in the calibration box achieved through two methods: 1) an 

internal heating element (Mica Heating Pad, 80 W, 230 V AC, RS PRO) controlled externally via 

a digital regulator (Digital LED Thermostat Temperature Controller with Sensor Probe, 

MH1210A Mini, 12 VDC, Amazon), and 2) an external hair dryer directed towards the lid of the 

calibration box. 

• Sensor shocks caused by concentrations: During the experiment, excess NO₂ gas was injected 

into the calibration box through a valve mounted on the lid of the calibration box. 

• Evaluation of the impact of T on sensor signal: The impact of temperature on the NO2 sensor 

calibration has been assessed by analyzing the sensors in zero air. Zero air was generated by 

pumping the air from the sealed box through a gas wash bottle containing a saturated Ca(OH)₂ 

solution. This setup is followed by a second bottle designed to capture any small droplets and a 

tube filled with silica gel to maintain a constant relative humidity within the box. To lower the 

internal temperature below ambient conditions, cooling packs were applied to the exterior walls 

of the calibration box. The box and the cooling packs are insulated with bubble wrap. After the 

temperature stabilizes at approximately 14°C, the cooling packs are removed, allowing the 

system to gradually return to ambient temperature. Subsequently, a hair dryer is used to 

externally heat the calibration box lid until the temperature reaches 42°C. The system was then 

left to cool freely back to ambient temperature. Throughout the experiment, there was no control 

over relative humidity (RH) within the box to keep it constant. As a result, RH naturally 

increased during cooling and decreased during heating to some extent. This setup enabled the 

determination of the factor nT as a function of temperature. 

• Evaluation of the impact of RH on sensor signal: The impact of relative humidity on the NO2 

sensor signals is analyzed by measuring WE and AE signals over time in clean ambient air at 

room conditions (approximately 29°C and 30% RH). The experiment was conducted in 

laboratory ambient air conditions, as these conditions yield, WE_NO2 and AE_NO2 values that 

are comparable to those obtained when zero air is generated. To adjust the RH, the lid of the box 

was opened and a Petri dish containing 200 mL of a glycerine solution was introduced into the 

calibration box. The large-sized Petri dish with a diameter of 15 cm provides a large contact area 

between the solution and the air enclosed in the container. A fan is used to homogenize the air 

inside the box, ensuring an even distribution of humidity. During the experiment, the RH inside 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2024 doi:10.20944/preprints202410.0455.v1

https://doi.org/10.20944/preprints202410.0455.v1


 5 

 

the closed box gradually adjusts towards the new equilibrium. It is observed that the 

introduction of the Petri dish caused a sudden temperature drop of about 2°C in all experiments. 

The setup enabled the determination of the factor nT as a function of relative humidity with 

minor temperature changes. 

• Sensor response to the target analyte: The effect of the NO2 concentration on the gas sensor has 

been evaluated by introducing known amounts of NO2 gas inside the closed plastic box 

containing the NO2 gas sensor. Before the calibration test, the air is first purified using the same 

method described in the previous experiment. The cleaned air is used to determine WE and AE 

in zero air. Subsequently, controlled amounts of NO2 are generated as previously stated. The 

pure NO2 gas, held within a syringe, is first diluted by introducing the gas into a second plastic 

box for dilution (2 mL in a box of 6.1655 L). After approximately 20 minutes, a sequence of gas 

volumes (0.5, 1, 1.5, 2, and 2.5 mL) is taken from the dilution box and introduced into the 

calibration box. Each injection results in a calibration point where sensor signal WEgas and 

corresponding pollutant concentration is known. The sensor’s sensitivity is determined by 

performing a linear regression on these data points. The refined quantification method was 

assessed by processing conditions with known NO2 concentrations at different temperatures. 

4. Discussion 

4.1. Repeated On/Off Cycles of the System 

Figure 1 illustrates the behavior of the AE and WE signal of the NO2 sensor over time during 

on/off cycles. The most notable observation is the substantial difference between the two signals: (1) 

the WE signal remains stable over time, and (2) the AE signal is initially high when the system is 

switched on, but then drops exponentially until it stabilizes. This exponential decay pattern is 

observed in all cycles and takes about 4 minutes. This indicates that after switching on the system 

some time is needed to reach stabilization and this period should be disregarded from the monitoring 

campaign. The initial AE signal observed immediately after switching on the system increases as the 

off-period lengthens. This result is in line with those reported by other authors, who have found that, 

in addition to temperature, relative humidity and other compounds, the response of the sensor is 

influenced by its specific characteristics, such as heating time, electrical signal gain and the 

manufacturer’s initial calibration [36,50]. 

  

(a) (b) 

Figure 1. Sensor signal inside the calibration box during repeated system on/off cycles in ambient air. 

The experiments have been performed consecutively so that the environmental conditions of 29°C 

and 50% RH can be considered as constant; a) The periods that the sensor is off are always 5 minutes; 

b) The periods that the sensor is off gradually increases from 1 minute to 5 minutes. 

The repeatability of measurements under identical conditions is crucial for sensor reliability. 

Therefore, the values of the WE and AE after stabilization have been determined and compared with 

each other. Table 2 gives for both experiments an overview of the average values and their standard 

deviations of the last minute of each cycle. The values in all columns in Table 2 appear to slightly 
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drop over time, suggesting that stabilization requires more time. According to the t-test, the 

difference between the minimum and maximum values in each column is significant. Moreover, the 

variation of the signals within the stable parts of the cycles is smaller than the differences between 

the cycles. The experimental values for WE closely match the certified value (see section 4.7). 

However, the AE shows a significant deviation from the certified value, which may be due to the 

higher temperature at which the experiment is conducted. The experiments indicate adequate 

repeatability over short time periods, but this repeatability deteriorates as time progresses.  

Table 2. The average and standard deviation of WE and AE are calculated for the last minute of each 

cycle after stabilization. Both experiments are conducted at an average temperature of 29°C and 50% 

RH. The drop rate is determined by calculating the difference between the first and last 

measurements. 

Cycle nr. 

  

Experiment shown in Figure 1a Experiment shown in Figure 1b 

WE [mV] AE [mV] WE [mV] AE [mV] 

1 288.8 ± 1.2 420.5 ± 1.9 291.7 ± 1.3 432.6 ± 2.7 

2 288.4 ± 1.1 418.0 ± 2.1 290.5 ± 1.0 433.2 ± 1.7 

3 288.4 ± 1.2 417.2 ± 2.2 289.6 ± 1.1 428.5 ± 1.5 

4 288.1 ± 1.4 416.2 ± 2.0 289.2 ± 1.3 423.5 ± 1.9 

5 288.1 ± 1.3 415.9 ± 2.1 288.8 ± 1.2 420.3 ± 2.0 

6 - - 288.5 ± 1.1 417.8 ± 2.1 

Average 288 ± 1 418  3 290  2 426  6 

Drop [mV/h] 0.38 2.5 2.7 12.7 

4.2. Impact of Temperature Shocks on the Sensor 

Figure 2 illustrates the variation in the WE and AE signals from both the working and auxiliary 

electrodes as temperature increases. Figure 2a shows that when the mica heater is activated, the AE 

signal rapidly increases, reaching saturation at approximately 5000 mV, while the WE signal sharply 

decreases. Although the fan homogenizes the air inside the calibration box, it is possible that the air 

temperature at the top of the sensor is not identical to the air temperature measured by the 

temperature sensors about 10 cm away from the gas sensor. Additionally, the emission of thermal 

radiation by the mica heater and its impact on the sensor is not affected by the fan. The experiment 

shows that the change in the AE signal is not only determined by the temperature itself but also by 

the heating process itself. This can be seen by the difference in the AE signal behavior when using 

the internal heater (saturation of the AE signal in Figure 2a) and the external heater (small increase 

in signal shown in Figure 2b with a maximum value of 424 mV). In both cases the temperature is 

measured by the same sensor inside the box raised up to around 40°C. 
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(a) (b) 

Figure 2. WE and AE sensor signals of the NO2 sensor inside the calibration box in ambient air; a) 

Internal heater gradually increased above 50°C; a) External heater resulted in a slower increase in 

temperature above 40°C. 

In Figure 3a, the controller of the mica heater was used to increase the temperature inside the 

box in steps of 5°C. The experiment was started at a room temperature of around 25 °C, then the 

external heater was set to 30 °C for 2 hours and then to 35 °C for a further 2 hours. During this 

experiment, the AE signal did not reach saturation but showed unrealistically high values, which 

were never observed during monitoring campaigns in Belgium’s summer or in Cuba’s tropical 

climate. The WE signal showed small increases during the sudden temperature rise. It did not exhibit 

the drop as observed in Figure 2a. External heating of the air inside the calibration box appeared to 

be a better method with higher control. However, in Figure 3b, a sudden but slight drop in the AE 

signal can be observed for a brief period when the temperature started to rise. This suggests that 

temperature changes must be introduced carefully. A significant temperature shock causes the AE 

signal to rapidly increase and reach saturation, while a more gradual shock results in a sudden drop 

in the AE signal. Also, for WE an opposite behavior is observed. Any temperature shock results in a 

strong but erroneous sensor response.  

  

(a) (b) 

Figure 3. Two different experiments at which the temperature inside the calibrated box at ambient air 

was increased during heating; a) Temperature of the mica heater controller was increased in steps of 

1°C; b) The External heater caused a shock in the AE-signal despite the gradual increase in 

temperature. 

4.3. Concentration Shocks 

In Figure 4, 2.0 mL of pure NO2 gas are injected into the calibration box using a syringe. The WE-

signal rises sharply and reaches saturation. The sensor board is powered with 5000 mV and it cannot 
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generate a signal larger than the input voltage. In addition, the behavior of the AE-signal is supposed 

to be independent of the concentration of the target analyte but during these circumstances, the signal 

dropped to 0 mV. After saturation is reached, the calibration box is opened to reduce the NO2 

concentration and then closed to remove the remaining NO2 by bubbling the gas through a saturated 

Ca(OH)2 solution. In this way, the WE gradually decreased over time. After stabilization, The WE 

and AE-values before and after the concentration shock were significantly different (WE: 289 vs. 304 

mV; AE: 537 vs. 516 mV). This suggests that concentration shocks during a monitoring campaign can 

affect the calibration. Also, the constant nT is affected by the concentration shock (0.5382 vs. 0.5891).  

 

Figure 4. Sensor signal of the NO2 sensor when 2,0 mL of pure NO2 gas is injected in the calibration 

box at 29°C and 54% of RH. The experiment started and ended in zero air. 

4.4. Impact of Temperature on nT 

The time series collected during the experiment in Figure 5 indicates that the AE signal is 

significantly influenced by temperature. For the WE signal, the impact of temperature is weaker but 

still significant enough to necessitate compensation for accurate gas concentration calculations. The 

experimentally determined values for WE0 and AE0 at a temperature of 23 ± 2°C are 275.4 mV 

(Alphasense value: 281 mV) and 249.8 mV (Alphasense value: 290 mV) respectively. The WE-value 

appears to be closer to the certified value (a difference of 2%) but there is a larger difference for the 

AE-value (14%). 

Figure 5a shows the impact of temperature on nT in zero air. Initially, the temperature was 

dropped below room temperature by applying cooling packs around the box. Once the temperature 

reaches a constant value, the cooling packs are removed, allowing the temperature to increase 

naturally. It appears that nT follows a different path when cooling down and heating up. The 

hysteresis effect is also observed when the air inside the box is heated followed by natural cooling. 

To simplify the situation and suppress the hysteresis effect, the average nT value was calculated for 

temperature intervals of 0.5°C, covering the range from the minimum to the maximum temperature. 

This relationship can be described by linear regression with a coefficient of determination of 0.9247. 

It should be mentioned that the experimentally determined nT values do not correspond with the 

tabulated values reported in the Alphasense documentation. 
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(a) (b) 

Figure 5. Effect of Heating and cooling on nT in zero air; (a) Evolution of nT over time and the 

occurrence of hysteresis; (b) Average nT value for temperature intervals of 0.5°C for the temperature 

range between 14°C and 42°C. 

4.5. Impact of Relative Humidity on nT 

Figure 6 presents the results of two experiments designed to analyze the behavior of nT in 

response to variations in relative humidity (RH), which resulted in slight temperature changes. The 

experiments involved introducing of a glycerin solution at 97% (experiment 1) and pure water 

(experiment 2) to decrease and increase the relative humidity respectively. Notable alterations in 

relative humidity occur upon the introduction of the Petri dish containing the solutions, despite a 

relatively minor fluctuation in temperature, ranging from 26.5°C to 29.5°C in experiment 1. The rise 

in temperature is a direct result of the exothermic process of water absorption by glycerol.   

The abrupt alteration in the relative humidity results in an instantaneous variation in the 

electrical signals of the working electrode (WE) and the auxiliary electrode (AE) of the NO₂ sensor, 

which ultimately leads to a decline in the nT values. Following these transitions, nT tends to reach a 

state of stability around the initial value of 0.6, despite the markedly different RH values. After each 

experiment, experiment 1 exhibited a value of approximately 26%, while experiment 2 demonstrated 

a value of approximately 88%. 

Figure 6a illustrates a notable decline in nT with decreasing RH during the initial 2.5 hours. 

However, upon reaching an equilibrium state, nT tends to revert to its original value. Figure 6b 

illustrates that, throughout the two experiments, there is an inverse relationship between nT and T, 

which aligns with the relationship depicted between these variables in Figure 5b. These findings 

suggest that relative humidity (RH) influences  nT, but only during instances of abrupt changes 

caused by the Analyte Electrode’s (AE) response. Consequently, it is crucial to monitor and regulate 

relative humidity (RH) during field measurements, particularly in the first 25 minutes following 

abrupt changes, such as precipitation, to ensure accurate nT estimation. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2024 doi:10.20944/preprints202410.0455.v1

https://doi.org/10.20944/preprints202410.0455.v1


 10 

 

  

(a) (b) 

Figure 6. Effect of T and RH on nT as RH varies in the calibration box filled with clean ambient air; (a) 

Evolution of nT with RH; (b) Evolution of nT with T during RH variation. 

Two distinct experiments, conducted on separate days, utilizing an identical glycerine solution, 

also revealed a change in nT (see Table 3). At relative humidities of 27% and 89%, the nT values were 

observed to be 0.5615 and 0.6692, respectively. However, the temperature experiment, as illustrated 

in Figure 5, which encompasses a range from 14°C to 42°C, demonstrated that nT exhibited 

fluctuations between a minimum value of 0.6 and a maximum value of 1. This suggests that 

temperature exerts a considerably more pronounced influence on nT than relative humidity, although 

the impact of RH is more sustained over time. 

4.6. Impact of NO2 Gas on Sensor Signal 

Figure 7a illustrates the relationship between the sensor signals WE and AE and the NO₂ 

concentration. Initial measurements have been conducted in zero air to determine WE₀. In zero air at 

33 ± 0.1°C and 48 ± 1% RH, the average values of WE and AE are 290 ± 1 mV and 574 ± 3 mV, 

respectively, resulting in an average value of nT of 0.5065. Assuming that nT remains sufficiently 

constant over shorter periods during the experiment, the contribution of the gas to WE (WEgas) can 

be calculated using the formula WEtot – 0.5065 * AE, where WEtot and AE are the continuously 

measured signals over time. 

𝑊𝐸𝑔𝑎𝑠 =  𝑊𝐸𝑡𝑜𝑡(𝑇) − 𝑛𝑇𝐴𝐸(𝑇) 

Then, linear regression is determined through WEgas and the NO₂ concentration introduced in 

the calibration box (see Figure 7b). The slope describes the sensitivity of the sensor. The sensitivity of 

the low-cost calibration method of 0.3245 mV/ppb is close to the value reported in the calibration 

certificate (0.272 mV/ppb). 
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(a) (b) 

Figure 7. Effect of the injection of known amounts of NO2 (a) on the sensor signals; (b) on WEgas. 

4.7. Repeatability of nT Assessments 

During the experiments described in previous paragraphs, several sensor measurements in zero 

air have been conducted on different occasions over a period of two months, under varying 

temperatures and relative humidities. Table 3 summarizes all the zero air experiments. Given the 

impact of environmental parameters on the sensor signals WE and AE, differences in the reported nT 

values are to be expected. While the WE electrode is less affected by environmental conditions 

(relative standard deviation: 2%), the AE electrode shows greater variability (relative standard 

deviation = 20%) because this signal is designed to be more sensitive to environmental conditions. 

The zero air experiments summarized in Table 3 show that WEbackground vary over time, which could 

affect calibration if not properly corrected. The following list outlines the calculations of nT conducted 

throughout the experiments. 

• Certified values of Alphasense: According to the calibration certificate from Alphasense, the 

WE and AE readings in zero air at 23 ± 2 °C, 40 ± 15% RH, and 101 kPa are 289 mV and 290 mV, 

respectively; 

• Cycle on/off experiments, Figure 1: When using the linear regression shown in Figure 5b, a 

temperature of 29°C should result in nT = 0.7349. The WE values obtained during the cycle on/off 

experiments fall within the range given in Table 3. However, the AE values in Table 1 are 

systematically higher than the predicted value; 

• Temperature experiments, Figure 5: During this experiment, zero air has been obtained at a 

temperature of 31 °C and an RH of 44 %. The values of WE and AE are 288.0 mV and 385.1 mV, 

respectively. The value of nT derived from these data is 0.7479. However, when nT is calculated using 

the linear regression model illustrated in Figure 5, the resulting value is 0.7089. Additionally, the WE 

is close to the calibration value provided by Alphasense, while the AE value is higher than the value 

reported by Alphasense;  

• RH experiments, Figure 6: The experiments where a Petri dish with glycerine solution has been 

placed inside the plastic container started with a clean ambient air measurement to determine nT. 

Table 3 presents the results of experiments conducted with varying glycerol solutions on different 

days. Additionally, the nT values were calculated using the model illustrated in Figure 5b. The 

resulting values were 0.7362, 0.7414, 0.7609 and 0.7492, respectively. As can be observed, the values 

in question exhibit a discrepancy of between 10% and 35% when compared to those presented in 

Table 3 (nT = WE0/AE0). Moreover, the WE0 values are near the value referenced by Alphasense, 

whereas the AE values exhibit a divergence from it.  

• Concentration experiment, Figure 7:  To evaluate the sensor’s response to increasing amounts 

of NO₂, zero air was initially generated by bubbling it through a Ca(OH)₂ solution. Once the zero air 

had been obtained and the sensor signal had stabilized, the average values of WE and AE were found 

to be 290 and 574 mV, respectively, at a temperature of 33°C and a relative humidity of 48%. For these 

values, the nT was 0.5052. However, if the linear model illustrated in Figure 5 is applied, the value 
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would be 0.6829. Moreover, the WE value is analogous to those presented in Table 3, whereas the AE 

value is greater than the one referenced by Alphasense. 

Table 3. Results of zero air measurements from various experiments conducted under different 

ambient conditions and at different times, ranked from highest to lowest temperatures. 

Experiment T [°C] RH [%] WE [mV] AE [mV] nT 

Temperature 33 48 290 574 0.5065 

Cycle on/off 29 50 288 418 0.6890 

RH exp. 1 28.9 26.7 276.5 472.6 0.5851 

RH exp.1 28.5 89.0 292.9 437.7 0.6692 

RH exp.2 27.0 27.1 281.8 501.78 0.5615 

RH exp.2 27.9 88.1 294.7 505.0 0.5835 

Alphasense 23 ± 2 40 ± 15 289 290 0.9966 

Temperature is often stable over short time scales, which accounts for the stability of the AE 

signals observed in Figure 1. However, the experiments summarized in Table 3 indicate that nT is not 

constant and fluctuates with temperature. As temperature decreases, nT increases. A calibration 

function for nT over temperature, illustrated in Figure 5b, has been developed to describe this 

behavior. Despite this, the calculated theoretical nT values do not match the experimental results in 

Table 3, with discrepancies of up to 36%. Additionally, the measurements in Table 3 do not reveal a 

clear correlation between relative humidity and nT. The path taken to reach a particular value likely 

plays a role, as indicated by the hysteresis effect observed in Figure 5a. 

The sensor’s signal is not solely determined by environmental factors such as gas concentration, 

temperature, and relative humidity. It is also influenced by the sensor’s signal evolution, meaning 

the current value is impacted by prior responses. This suggests that the sensor’s behavior is shaped 

not only by immediate conditions but also by its response history, indicating a cumulative effect 

rather than a purely instantaneous reaction. 

The results from the relative humidity experiments in Table 3 reveal a difference in nT between 

an unexpectedly warm Belgian summer (at the start of the experiment) and a tropical climate in Cuba 

(at the experiment’s end). These differences suggest that a calibration performed under specific 

conditions cannot be directly extrapolated to another context without considering the local 

temperature and relative humidity at the measurement location. 

5. Conclusions 

The sensor strongly responds to shocks in temperature, relative humidity and concentration. 

Sudden temperature increases cause abrupt changes in AE signals, leading to erroneous readings and 

highlighting the need for careful temperature management during calibration. Similarly, a sudden 

influx of NO₂ can overwhelm the sensor, causing WE signal saturation and unexpected drops in AE 

signals, distorting the calibration curve. A sudden increase in RH causes an increase in WE and a 

drop in AE. Therefore, it is essential to avoid abrupt environmental changes and ensure gradual 

adjustments during calibration to maintain sensor accuracy and reliability. Due to a slow adjustment 

to a new situation, the current sensor value is also affected by its history. 

This study also demonstrates that the WE signal is fairly repeatable for zero measurements 

conducted across different experiments and remains close to the certified value provided by 

Alphasense. This is to be expected because it is less affected by temperature and relative humidity. 

The AE signal is affected by the temperature. The relative humidity has a limited effect on the AE. 

Besides the impact of shocks, the hysteresis effect indicates that the current electrode values are 

influenced not only by present environmental conditions but also by the path taken in the recent past. 

As a result of the effect of the path function, the measurements lack repeatability. The effect of the 
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recent past may be minimized by performing zero measurements on regular occasions during the 

monitoring campaign. 

The ambient conditions at which the calibration is performed significantly impact the calibration 

results. Therefore, it is not feasible to conduct a calibration in Belgium, ship the sensors to Cuba, and 

use the Belgian calibration information in a monitoring campaign there. This highlights the need for 

in situ zero calibrations to enhance the reliability and accuracy of monitoring campaigns, ensuring 

that the sensors are properly adjusted to local environmental conditions. 

These findings highlight the need to compensate for these environmental factors to accurately 

determine pollutant concentrations. The calibration method developed in this study, involving 

straightforward mathematical transformations and low-cost experimental setups, provides a viable 

approach for improving the accuracy of NO₂ measurements in various climates.  
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