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The ESCAPE (Environmental Sites CH4 Assessment Platform Europe) has the aim to develop an innovative environmental monitoring system based on a cloud-based online platform, combining ground and space-based datasets with AI-based solutions and algorithms for spotting emissions from landfill sites. This paper presents the research activities related to the selection of the sensors for the implementation of a portable sensor system for monitoring gaseous emissions over the landfill surface. Specifically, 6 gas sensors (2 MOX, 3 digital MOX and 1 NDIR) were selected based on a technology scouting involving the study of scientific literature and technical documentation, and then tested towards different concentrations (i.e., 10, 100, 1,000 and 10,000 ppm) of CH4 and CO2. Test results show that the MOX sensors TGS2611, SGP40 and BME688 are sensitive to CH4 at concentrations down to 10 ppm, and have no (or low) cross-sensitivity to CO2, making them suitable for the considered application. The NDIR sensor, despite being sensitive only to CH4 concentrations >1000 ppm, could be nonetheless included in the sensors toolbox because of its selectivity.
Introduction
The ESCAPE (Environmental Sites CH4 Assessment Platform Europe) project has the aim to develop an innovative environmental monitoring system based on a cloud-based online platform, combining ground and space-based datasets with AI-based solutions and algorithms for spotting emissions from landfill sites. 
Landfills are becoming more and more of interest for scientific communities, authorities and citizens because of their greenhouse gases (GHG) and pollutant volatile organic compounds (VOC) emissions. Measuring and estimating such gaseous emissions from landfills is particularly challenging due to their extended surface (often in the range of few tens of hectares) and the high temporal and spatial variability over the landfill surface. Different methods have been proposed especially for methane (CH4) emission monitoring over landfills, both quantitative and qualitative (Mønster et al., 2019). Quantitative methods are either rather complex and expensive (e.g., DIAL, eddy covariance, tracer gas dispersion, indirect micrometeorological methods) or they enable to obtain information over a limited portion of the surface (e.g., surface flux chambers), the latter resulting in an underestimation of emissions (Lotesoriere et al., 2022) (Mønster et al., 2019). On the other hand, qualitative methods have limited accuracy, and their deployment in non-favourable circumstances may lead to significant errors (Mønster et al., 2019). Therefore, there is still a need for low-cost methods and devices for monitoring landfill emissions.
In this context, the ESCAPE project aims at the combination of existing technologies (i.e., low-cost gas sensors and Earth Observation satellite products) to enable wider and deeper understanding of landfill sites behaviour over time. The power of complementary satellite instruments with different spatiotemporal coverage and resolution has already been demonstrated to detect, locate, and quantify methane emissions from strong methane sources around the world (Maasakers et al., 2017), and even from landfills (Maasakers et al., 2022). Thus, satellite measurements could be combined with ground-based measurements using low-cost sensor to develop a novel system for landfill emission monitoring.
Such novel monitoring tool to be used also by operators (and not by specialized external personnel) directly on the sites of interest may represent an interesting solution for the identification of the plant’s emission patterns or anomalies in the investigated areas, identifying the pollutant gases concentrations in ambient air during walkover surveys. This would contribute to providing a more accurate picture of the emissive scenario of such sites that, in general, are difficult to be characterized because of their extension. 
The ESCAPE project is structured in the following Work Packages (WP):
· WP1: Project Management and Ethics Management
· WP2: Remote Sensing Model; 	creation of analysis models of Earth Observation products based on machine/deep learning algorithms that allow the identification of features in the area of interest in order to identify, using only remote sensing tools, the sites where it is necessary to carry out field surveys using the Sensors Toolbox (developed in WP3)
· WP3: Field Gas Sensors Toolbox; realization of an embedded portable sensor device able to monitor fugitive emissions, collecting data during walkovers on landfill sites and providing it to a centralized digital platform that will deliver data intelligence to end-users in WP4
· WP4: Digital Platform Design and Development; design and realization of a digital platform that allows the Stakeholders to retrieve, interact with, explore, and visualize satellite and ground data
· WP5: Pilots Use Case; test of the developed tools in pilots use cases to validate their performance directly in the field prior to their refinement for the commercial exploitation phase
· WP6: Exploitation, Dissemination and Impact
This paper presents the outcomes of Task 3.1, dealing with the technology scouting and preliminary lab testing activities related to the selection of the sensors for the implementation of the portable Sensors Toolbox for the ground measurements over the landfill surface. Such activities included: (1) identification of environmentally relevant gases associated with landfill site surface emissions and their concentration ranges; (2) technology scouting of the commercial sensors available on the market and selection of a first set of gas sensors suitable for this application, which were evaluated based on their cost, power consumption, and detection range, as declared by the manufacturer and/or by the scientific literature; (3) preliminary lab testing with relevant gases of the sensors identified in (2) for a first screening and further selection of a subset of sensors to be effectively implemented in the first version of the Sensors Toolbox.
Identification of the gaseous compounds and concentrations of interest
Because landfills have been always considered environmentally impactful, due to their gaseous emissions, in terms of GHG, VOC, and odours, several papers have been published discussing GHG emission from landfills (Zhang et al., 2019) or trying to investigate the pollutant gaseous compounds present in landfill emissions to the atmosphere (Duan et al., 2021; Polvara et al., 2021). In particular, Polvara et al. (2021) identified ammonia, hydrogen sulphide and ethanol as the most abundant compounds that can be found over landfill surfaces, with concentrations ranging up to a maximum of the ppm level (ca. 5 ppm for ammonia, and 0.5 ppm for ethanol and hydrogen sulphide, respectively).
The main components of GHG released from landfills are CH4 (50-60%) and CO2 (40-50%) (Aghdam et al., 2019; Lucernoni et al., 2016). It should be considered that, on an equivalent mass basis, CH4 is 28 times more powerful than CO2 in terms of global warming potential (IPCC, 2013). Thus, considering CH4 emissions, literature studies report concentration ranging from few ppm (1-10) up to thousands of ppm, even within a few meters of the landfill surface (Gonzalez-Valencia et al., 2015; Kormi et al., 2018; Mosher et al. 1999).
Technology scouting and selection of a first set of gas sensors to be tested
Considering the outcomes of the bibliographic research study focused on the identification of the gaseous compounds in landfill surface emissions and their expected concentrations in ambient air over the landfill surface, we decided to focus on CH4 as main target compound to be detected, both because of its relative abundance (about 50% in landfill gas) and because of its high GH potential. Traditional methods for measuring CH4 emissions typically involve the use of complex and expensive instrumentation (e.g., Dengel et al., 2011; You et al., 2021), which are not suitable with the purposes of the ESCAPE project. Therefore, we focused our technology scouting on low-cost gas sensors. 
Commercial MOX sensors, despite being non-specific for CH4 detection, have been proven to be sensitive to CH4 at low concentrations. In particular, the Figaro TGS2611 has been tested by some researchers in laboratory and field conditions to CH4 concentrations in the order of 2-10 ppm, showing reproducible results by implementing software compensation for temperature and humidity interferences (e.g., van den Bossche et al., 2017). Based on the scientific literature, and by further looking at the datasheets of MOX sensors produced by Figaro and MQ, we decided to include the TGS2611 by Figaro and the MQ4 by Henan Hanwei Electronics Co. in our study (see Table 1), because of their high sensitivity to CH4.
Moreover, over the last years, despite being originally produced for indoor air quality monitoring, digital MOX sensors integrated on microhotplates are more and more frequently used in sensor systems for environmental air quality monitoring (e.g., Arroyo et al., 2020), because of their desirable properties of extremely low power consumption and reduced dimensions, making them suitable for portable devices. For this reason, we decided to include also three of these sensors in our study (i.e., BME688 by Bosch, ENS160 by Sciosense and SGP40 by Sensirion). Finally, we decided to include also one specific sensor for CH4 based on NDIR technology, i.e. the MH-441D by Winsen Electronics.
Table 1 summarizes the first set of sensors selected for the preliminary screening tests described in this study, together with their cost and main features, as per technical datasheet.
Table 1: List of 6 sensors selected for preliminary screening test; cost, main features, and sensitivity to CH4
	Technology
	Supplier
	Model
	Cost (ind.)
	Features
	Sensitivity to CH4

	MOX
	Figaro; Tokyo, Japan
	TGS2611-E00
	30 €
	Very high sensitivity to CH4. TGS2611-E00 uses filter material in its housing which eliminates the influence of interference gases, resulting in highly selective response to CH4.
	500-10,000 ppm

	MOX
	Henan Hanwei Electronics Co.; Zhengzhou, China
	MQ4
	3 €
	MQ4 has high sensitivity to CH4, also to Propane and Butane. It can be used to detect different combustible gas, especially CH4, low cost, and suitable for different applications.
	300-10,000 ppm

	Digital MOX
	ScioSense; Eindhoven, Netherlands
	ENS160
	10 €
	Integrated intelligent algorithms to process raw sensor measurements and implementing RH and T compensations on-chip.
4 gas sensor elements
Operating ranges:
T = -40 to 95°C
RH = 5 to 95%
	200-1,100 ppm

	Digital MOX
	Sensirion AG; Zurich, Switzerland
	SGP40
	10 €
	VOC sensor. On-chip RH compensation with current RH and T values (can be deactivated)
Operating ranges:
T = -20 to 55°C
RH = 0 to 90%
	Not specified.
Limit of detection to Ethanol: 50 ppb

	Digital MOX
	Bosch Sensortec; Reutlingen, Germany
	BME688
	10 €
	Integrated T and RH sensors
Operating ranges:
T = -40 to 85°C
RH = 10 to 95%
	Not specified.
Limits of detection to other compounds not specified.

	NDIR
	Winsen Electronics Technology Co.; Zhengzhou, China
	MH-441D
	90 €
	Intelligent infrared gas sensor to detect CH4 in air; it has the advantages of no oxygen dependence and good selectivity.
Operating ranges:
T = -20 to 60°C
RH = 0 to 95% (no condensation)
	100-100,000 ppm



Laboratory tests for preliminary sensors’ screening
Objectives
After selection of a first set of sensors based on their characteristics of sensitivity to CH4 and cost retrieved in the scientific literature and technical documentation, as described in the previous paragraph, we decided to carry out some preliminary tests in the lab to experimentally assess their response to CH4 under controlled conditions. Since the other main component of landfill gas is CO2, which is typically present in comparable concentrations as CH4 (Aghdam et al., 2019; IPCC, 2013; Lucernoni et al., 2016), we decided to include also CO2 in this preliminary testing phase.
Hardware
The 6 sensors selected (Table 1) were hosted in a custom-made 3D-printed parallelepipedal case together with a fan, which has the function of improving gas homogeneity within the case (Figure 1). A microcontroller (NUCLEO FE411RE by ST Microelectronics, Italy) was used to acquire the sensors synchronously and a Labview interface was developed to acquire and visualize data in real time.
[image: ]
Figure 1. Custom-made sensor chamber for the preliminary laboratory tests with CH4 and CO2
We also realized a dedicated sample delivery system enabling the alternate injection into the sensor chamber of the target gas sample and air at a controlled humidity level, avoiding any contact of the target gas samples with mechanical parts or pumps. The system consists of a sealed cylinder and an air line (Figure 2). The cylinder contains the target sample, which is stored in a NalophanTM bag. Compressed air is injected to pressurize the cylinder (in red in Figure 2) by opening valve V1, allowing for the release of the sample into the chamber. Before and after every injection of the sample, air is injected into the sensor chamber from the air line in parallel with the cylinder. The air from the air line can be deviated to a humidifier, thus ensuring that it is injected into the chamber at a constant value of the relative humidity, equal to those of the target sample.
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Figure 2. Sampling delivery system for the alternate injection of sample and air at controlled humidity
Tests with CH4 and CO2
Tests were carried out with five different concentrations (i.e., 10, 100, 1,000 and 10,000 ppm) of CH4 and CO2, respectively. Tests were conducted over several days while maintaining the absolute humidity of the samples at a constant value (10 g/m3 AH), to have consistency in the testing conditions.
As an example, Figure 3 shows some responses of the 5 MOX sensors (i.e., SGP40, BME688, ENS160, TGS2611 and MQ4) to 10 (Figure 3a), 100 (Figure 3b) and 1,000 ppm Figure 3c) of CH4 and CO2, respectively. The response curves relevant to the analysis of the CH4 and CO2 sample have been superimposed for the 3 different levels of concentration in order to compare the sensors’ sensitivity to the two compounds. In consideration of the final application, a reduced sensitivity towards the CO2 would ensure a better selectivity to the CH4, which is preferable, although not indispensable.
The MH441D responses are not shown, because this sensor turned out to be substantially insensitive to concentrations <1,000 ppm, despite the information contained in the sensor’s datasheet, claiming a lower detection threshold of 100 ppm.
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Figure 3. Example of response curves of the 5 MOX sensors to CH4 and CO2 at a) 10, b) 100 and c) 1’000 ppm, respectively
The results show that all sensors tested, except the MQ4, are sensitive to CH4 even at low concentrations i.e., 10 ppm. The TGS2611 is the sensor performing best, showing clear responses at all concentrations tested, with an increasing amplitude as a function of the CH4 concentration analysed, and substantially no response to the CO2. Among the digital MOX sensors, the SGP40 and the BME688 proved to be more sensitive to the CH4 and also less sensitive to the CO2 than the ENS160, making them more suitable for the final application, even though the SGP40 shows some cross-sensitivity to the CO2. Regarding the SGP40, it should be further considered that in these experiments the sensor was set to work with an internal humidity correction fixed at a constant RH of 50%. Future tests should optimise the sensor’s settings to apply the humidity correction at the actual RH value measured by a RH sensor placed inside the sensors’ chamber, which could potentially result in further improvement of the SGP40 sensitivity and selectivity.
Conclusions
Based on the results of the activities of technology scouting and preliminary lab testing, we were able to identify the subset of sensors to be considered for the development of the portable Sensors Toolbox to be used for CH4 emission monitoring over landfill surfaces, i.e., the TGS2611, the SGP40 and the BME688. Despite not being able to detect CH4 concentrations below 1,000 ppm, we decided to include also the optical sensor MH-441D in the sensor Toolbox, because it is the only sensor selective to CH4, making it useful in order to identify potential “false-positives” due to cross-sensitivities of the non-selective MOX sensors to other VOCs that might be present over the landfill surface. Moreover, because of its selectivity, the MH-441D could potentially be used as a reference for internal calibration and drift correction of the other sensors.
In the next future, as soon as a preliminary version of the sensor Toolbox hardware will be available, systematic laboratory tests will be carried out in order to assess the sensors’ performance in more complex environments, i.e., with varying RH and T conditions, as well as in presence of other interfering compounds, and thus consider the opportunity to develop suitable compensation algorithms.
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