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A B S T R A C T   

Instruments which are designed to measure multiple gases are widely used across several industries with a 
common focus on environmental gas sampling. Reliable instrumentation and gas sensors are therefore vital for 
the monitoring of air quality in cities and in more challenging scenarios, for example volcanic gas release. 
However, such instrumentation is commonly expensive and can be difficult to deploy, meaning that large in-
strument networks - needed to assess spatial air quality differences - is inhibitive. A bespoke do-it-yourself 
approach can therefore be beneficial. Here, we detail a new instrument, the PiGas, which is modelled on the 
successful “Multi-GAS” technique (Shinohara, 2005; Aiuppa et al. 2005) for the measurement of carbon dioxide 
(CO2), sulphur dioxide (SO2), hydrogen sulphide (H2S), and water vapour (H2O). Indeed, CO2 is a common gas of 
interest yet its measurement at high accuracy can be expensive. We demonstrate a cost reduction to <£500 by 
adapting parts used from non-air sampling specific industries and through use of a lower-cost and lower-power 
requirement CO2 sensor (the CozIR A-H). We demonstrate the versatility of the PiGas for monitoring indoor and 
outdoor air quality as a diffuse and pumped sensor. We also test the instrument in two extreme volcanic envi-
ronments at the high altitude Alitar and Volcán Lastarria (Chile). Overall, the instrumentation shows potential 
for more widespread co-ordinated use to improve spatial sampling distributions in low concentration scenarios as 
a supplement to higher accuracy and higher precision instruments in volcanic environments.   

1. Introduction 

The ability to detect levels of specific gases in the atmosphere is 
important for a range of scenarios from air pollution (Chan et al., 2021; 
Vallero, 2014) and its potential health effects (Brunekreef and Holgate, 
2002; Kampa and Castanas, 2008; Tainio et al., 2021), through to vol-
canic gas sampling (Aiuppa et al., 2005; Edmonds, 2008) and its role in 
eruption forecasting (Aiuppa et al., 2007). However, the instrumenta-
tion to conduct such measurements is often expensive and therefore 
prohibitive, meaning that large instrument networks are difficult to 
deploy. 

One solution is a do-it-yourself approach to instrument construction 
which is becoming more common with the accessibility of components. 
Recent advances have made use of an Internet of Things (IOT) approach 
(Saini et al., 2021; Unera et al., 2021), and lower-cost off-the-shelf 
instrumentation such as the Raspberry Pi microcomputer (Sajjan and 
Sharma, 2021; Zhang et al., 2021) to begin to solve these issues. Despite 
these advances such sensors come either uncalibrated or with lower 
accuracy and precision (Gamboa et al., 2023). Recent usage has even 

incorporated instrumentation onto Unoccupied Aerial Systems (UAS) for 
air pollution (Villa et al., 2016) and volcanic scenarios (James et al., 
2020) particularly given the need to sample at remote locations, often at 
altitude (Liu et al., 2019, 2020; Pering et al., 2020; Rüdiger et al., 2018; 
Stix et al., 2018; Wood et al., 2020). 

Commonly, such air quality measurements are made passively, also 
referred to as “direct”. There are many advantages to this approach, 
including the generally low power requirements, and the ability to 
synchronously measure multiple gases or pollutants. Alternatively, a 
pumped approach, whereby air is drawn across sensors, can be prefer-
able in environments with pollutants that can change proportions 
rapidly as this allows the sample to be drawn across the sensor directly 
rather than through diffusion (Pering et al., 2014). There are two core 
groups of sensors: electrochemical sensors and spectroscopy-based 
sensors. Electrochemical sensors have a broad range of applications, 
including the food and medical industries (Mishra et al., 2018; Wang 
et al., 2008), a wide range of target gases and are commonly cheaper 
than the alternative spectroscopic approach. Their operation is based on 
the production of an electronic signal which is directly proportional to 
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the amount of the target gas. One of the drawbacks of this approach is 
that sensor response times (the T90, time taken for the sensor to register 
90% of the real value) can be slow. The spectroscopic approach tends to 
be faster (commonly non-dispersive infrared – NDIR), given that it is 
based on characteristic absorption patterns of gas within infrared 
wavelengths, although this is dependent on exact instrumental setup. 
Spectroscopic sensors generally come with added cost and is only 
applicable to gases which absorb in those wavelengths, e.g., carbon di-
oxide (CO2). 

Here, we test and deploy a new instrument called the “PiGas”, which 
combines the use of the Raspberry Pi microcomputer and gas sensors, at 
a cost of <£500. It is designed for use in a range of scenarios, with 
application to air quality and volcanic gas sampling: direct, pumped, 
and given low weight (<0.5 kg) could be adapted for UAS mounted 
sampling. Our approach is modelled after the development of the Multi- 
GAS analyser, a generally lightweight (<3 kg) and high temporal reso-
lution (~1 Hz) instrument (Aiuppa et al., 2005; Roberts et al., 2012; 
Shinohara, 2005) which has led to a revolution in the measurement of 
volcanic gas emissions, but with instrumentation that could be more 
broadly applied to other scenarios (Kern et al., 2022). Typically, gases 
measured by Multi-GAS instruments include H2O (water), CO2 (carbon 
dioxide), SO2 (sulphur dioxide), H2S (hydrogen sulphide), and CO 
(carbon monoxide). Multi-GAS instruments can come in two forms, one 
through use of an air pump (pumped) and the other through direct 
exposure (Roberts et al., 2017; Roberts et al., 2012). There are many 
major benefits of the Multi-GAS approach including that it is a safer 
technique to use at logistically challenging sites where access to sources 
of gas presents hazards, but also that a bespoke approach to the study 

scenario can be used, although, individual components and construction 
can be costly meaning that widespread usage is prohibited. In this paper, 
we detail the construction and testing of the PiGas: an accessible, 
transferable, and low-cost alternative incorporating the Raspberry Pi. 
We subsequently evaluate its performance for measuring air quality in 
Sheffield (UK) and at Alitar and Lastarria volcanoes (northern Chile). 

2. PiGas instrument overview 

Two different setups were configured for the PiGas. Fig. 1 shows the 
setup of the ruggedised pumped PiGas (PiGas-Pumped), designed for 
handheld use traversing fumaroles or in a fixed position, either tempo-
rarily or permanently, the model shown was used for measurements at 
Lastarria, measurements at Alitar also incorporated a H2S sensor. The 
final configuration was a direct exposure PiGas, i.e., with no pump 
(PiGas-Direct). Combining all the elements of the PiGas versions the total 
cost does not exceed £500 at the time of writing, in each case. See 
Table 1 for an overview of the parts list. 

All versions were controlled by a Raspberry Pi micro-computer, with 
micro-SD running the operating system, which operated the acquisition 
code and communication with all sensors. The PiGas-Direct and Pi-Gas 
Pumped both used the Raspberry Pi 3B+. Connection to the PiGas in-
struments was achieved through wireless protocols and custom written 
code in Python and MATLAB®. The attached PiJuice HAT (https://gith 
ub.com/PiSupply/PiJuice) acts as an uninterruptible and regulated 
power supply which allows the operation of the units from installed 
batteries (see Fig. 1), it is also possible to directly power the units using 
USB input, e.g., from a portable power bank, simple USB phone charger 
(supplying at least 5 V, 1A), or a solar panel. The gas sensors are then 
powered directly from the GPIO (General-Purpose Input-Output) pins on 
the PiJuice. The 12V air pump (flow rate of 2–3.2 l per minute) was 
controlled by the Raspberry Pi (on and off) and either powered by a 5V 
GPIO pin or separate battery power, with subsequent voltage conversion 
using a custom circuit. The PiGas-Direct and PiGas-Pumped had a 
12,000 mAh 3.7V LiPo battery attached to the PiJuice. The chosen target 
gases for the PiGas were CO2, SO2, H2S, and H2O, as they are pertinent to 
both environmental and volcanological monitoring. 

2.1. CozIR CO2 sensor 

CO2 is a key gas of interest in several applications, including indoor 
air quality (Ahmed Abdul-Wahab et al., 2015; Zhang and Srinivasan, 
2020), for atmospheric composition monitoring (Keeling et al., 2005), 
and in certain pollution scenarios, e.g., volcanic emissions (Werner 
et al., 2019). Measurement of CO2 levels is therefore of particular in-
terest. High precision and accuracy instruments are preferable but not 
always feasible in terms of cost, e.g., a common sensor used is the 

Fig. 1. A schematic of the Pumped PiGas. ISB is Individual Sensor Board. ADC 
is Analog to Digital Convertor. 

Table 1 
An itemised list of key components for the construction of the PiGas-Pumped. 
The PiGas-Direct includes all components except the air pump but included 
both SO2 and H2S. Note that costs don’t include additional peripherals such as 
wiring and fixing screws. *Note that the H2S-B4 was incorporated into the 
PiGas-Pumped for tests at Alitar only.  

Item PiGas-Pumped Cost 
Controller Raspberry Pi 3B+ £30 
SO2 + ISB SO2-B4 £100 
H2S + ISB H2S-B4* N/A 
CO2, H, T CozIR® A-H 5000 £120 
Pressure ICP-10125 £15 
ADC ADS1015 £15 
Pump 12 V Air Pump £12 
Power PiJuice HAT £50 
Battery 12,000 mAh £30 
Casing Nanuk 904 £50 
Misc. Various N/A 
Totals  £423  
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Edinburgh Sensors Gascard NG 0–5000 ppm which costs >£800 (per-
sonal quotation from Edinburgh Sensors), higher than the total proposed 
cost of the PiGas system. 

Here we use the CozIR® A-H 5000 (Gas Sensing Solutions) or CozIR® 
A-H 10000 (these are identical except maximum CO2, 5000 ppm and 
10,000 ppm respectively) which connects to the Raspberry Pi via Serial 
UART (Universal Asynchronous Receiver/Transmitter). Their lower 
powering requirements, 3.3–5.5V (<1.5 mA at 3.3V), make them perfect 
for use with the Raspberry Pi, with readings possible at 1 Hz. The 
CozIR® A-H sensors also incorporate temperature (T◦C) and relative 
humidity (RH) allowing the calculation of H2O. 

Where the sensor may be moving, particularly with altitude, a 
pressure correction should be applied, which involves the incorporation 
of a separate pressure sensor, here we use the ICP-10125 Air Pressure 
Sensor (manufactured by Pimoroni). This can then be incorporated as 
per Roberts et al. (2018) where P is pressure in hPa: 

[

H2O(g)

]

= 6.1121×
(

1.0007+ 3.46× 10
−6 ×P

)

×Exp

[

17.502 × T

240.97 + T

]

× 10
4 ×RH ×P−1 

All CO2 measurements were compensated for altitude, where appli-
cable, using the following: 

CO2 corrected =
CO2 original

1 + Y(1013 − P)

where Y is the correction factor − 0.000987. 
The CozIR® sensors use NDIR and come with manufacturer cali-

bration. The sensor also incorporates in-built autocalibration (with 
alterable properties) based on exposure to fresh air at 400 ppmv, how-
ever, there are also functions which allow user-defined CO2 values, ideal 
for calibration using known values or adjustment using current atmo-
spheric CO2 levels. Detailed sensor specifications and response charac-
teristics are available on the manufacturer’s website (www.gassensing. 
co.uk). Relative humidity has a range and accuracy of 0–95% and 
±5%, respectively. Temperature has a range and accuracy of 0 to 55◦C 
and ±1◦C, respectively. For CO2 the sensor has a manufacturer quoted 
accuracy of ±50 ppm (±3%) with a resolution of 1 ppm, and operating 
conditions of 0–50◦C, 0–95% RH, and 50–4000 kPa. By default, the 
sensor outputs a digitally filtered signal (low pass filter, 4 s), however, 
raw data can also be accessed. Increasing the length of the filter effects 
the T90 (time to 90% of actual CO2 level) and hence would dampen any 
rapid peaks in CO2. However, given the level of sensor noise, a digital 
filter is required and can be applied post data collection (parameters 

Table 2 
Manufacturer quoted performance of the SO2-B4 and H2S-B4 sensors.  

Performance Characteristic SO2-B4 H2S-B4 
T90, 0 to 2 ppm <60 s <60 s 
Noise 5 ppb 1 ppb 
Zero drift <±20 ppb/year <±100 ppb/year 
Sensitivity drift <±15% year <20% year 
Sensitivity of 2 ppm at −20◦C 70–90% of output 77–90% of output 
Sensitivity of 2 ppm at 50◦C 90–110% of output 100–110% of output  

Fig. 2. The results of a test of the PiGas-Direct across four days, data gaps are where instruments were turned off. There are clear periods on 24/03/21 of elevated 
pollution across Sheffield. 
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dependent on the installation setting). 

2.2. Alphasense SO2 and H2S electrochemical sensors 

SO2 and H2S and were measured using Alphasense SO2-B4 and H2S- 
B4 electrochemical sensors. Each gas sensor was attached to an ISB 
(Individual Sensor Board). The ISB supplies power to the sensor via the 
Raspberry Pi (3.5–6.4V at 1 mA) ideal for low power applications. Given 
that the PiJuice regulates powering of the Raspberry Pi, the ISB is pro-
vided with stable input providing low noise in the measured signal 
(manufacturer quoted 5 ppb). The voltage output of the ISB is then 
passed to an Analog-Digital convertor (ADS1015) which is then read via 
I2C (Inter-Integrated Circuit) communication on the Raspberry Pi. 
General operating conditions of both H2S and SO2 sensors are: temper-
atures −30-50◦C, relative humidity 15–90%, and pressure 80–120 kPa, 
although with the latter there are no known issues down to 70 kPa 
(Roberts et al., 2017). Alphasense sensors come with manufacturer 
provided calibrations, a summary of sensor performance is provided in 
Table 2. Full response characteristics and cross-sensitivity details are 
available on the manufacturer’s website (www.alphasense.com). 
Alphasense provide a range of sensors, the PiGas has been designed to 
allow flexibility in target gases in a plug and play approach. 

3. Results and analysis 

Here, we highlight the performance of the PiGas versions across air 
pollution, indoor air quality, and volcanic scenarios to highlight the 
versatility of the instrumentation. 

3.1. PiGas-direct application: air pollution in sheffield 

The PiGas-Direct was operated outdoors in a residential area in 
Sheffield between 22/03/2021–25/03/2021 (Fig. 2). Alongside CO2, 
SO2, and H2S, an “Enviro+” (https://github.com/pimoroni/enviropl 
us-python) collected air pollution data, including PM2.5, enabling us 
to highlight periods of poorer air quality in Sheffield, in general. 

For the period 22/03/2021–25/03/2021 there were several in-
stances of elevated PM2.5, with prominent peaks at a range of times 
during the day (Fig. 2). For two of the highest peaks in PM2.5 SO2 
illustrated clear elevated periods, between 0 and 0.68 ppm on the 22/ 
03/2021 and between 0 and 1.06 ppm on the 24/03/2021. For this 
latter period SO2 was elevated between 14:00 and 19:00 GMT, however, 

SO2 peaked at 0.98 ppm at 7:55 am and 1.28 ppm at 9 am during periods 
where PM2.5 was lower. Note also that the larger spikes in SO2 values 
recorded here are generally short term and lower values are more likely 
as SO2 pollutant data is generally aggregated over 15 min (in air quality 
monitoring datasets), indeed median values for SO2 on all days indicated 
a value close to 0 ppm (below detection limit of the instrument setup at 
0.07 ppm). On 24/04/21 and 25/03/21 peaks in SO2 were also present 
in CO2. H2S also shows some small peaks in the data, which is likely a 
result of cross-sensitivity of the sensors. Smaller peaks in H2S showed 
potential cross-sensitivities of 4% and 7%. The highest value of H2S =
0.16 ppm occurred during a peak in SO2 of 0.98 ppm which is a cross 
sensitivity of ~16%, which may suggest a small proportion of H2S. 
Although, all these values are within the manufacturer quoted cross- 
sensitivity values of <20%. 

Sheffield has a history of problems with air pollution, including SO2 
(Garnett, 1980). However, air quality issues related to pollutants such as 
SO2 have abated over time, largely the direct effect of governmental 
policy decisions (Fowler et al., 2020). The PiGas-Direct shows large 
transient spikes in SO2, likely the result of localised domestic burning, 
but with background levels commensurate to those reported elsewhere 
(Wang et al., 2021). 

3.2. PiGas-pumped application: indoor air quality 

The PiGas-Pumped was operated in an indoor setting to investigate 
the response characteristics to an indoor air quality scenario. Fig. 3 
shows values for CO2, SO2 and H2S for a period of <6 h in a room with 
one occupant. Key times and events are highlighted on Fig. 3 including 
the closing of an open window and when the occupant entered and left 
the room. The initial drop in SO2 levels is related to the initiation of the 
sensor following instrument start-up. SO2 levels then fluctuate slightly, 
this is the background noise of the instrument setup and an issue with a 
lower digital precision in the Python code during this earlier test. The 
response of the sensor to breathing into the sampling tube is measured 
with commensurately rapid response to changing levels, with a return to 
ambient concentrations in the room. 

The response characteristics and performance of the PiGas-Pumped 
were then further scrutinised by sharply blowing into the sampling tube 
(Fig. 4). From the peak at ~1500 ppm to the baseline ambient CO2 of 
~650 ppm was ~80 s. A more progressive change was tested by turning 
the pump off and on again, on this occasion the peak in CO2 of ~900 
ppm returned to baseline ambient of ~650 ppm in ~60 s. These results 
suggest that the PiGas-Pumped is able to resolve rapid fluctuations on the 
order of ~60–80 s dependent on the magnitude of the spike. 

Fig. 3. The results of a test of the PiGas-Pumped on indoor air quality for an 
enclosed room with one occupant. Indicated are times when the window was 
closed and the occupant “Left” and “Entered” the room, alongside breathing 
onto the sensor. Note that the changes in SO2 level are related to a digital 
precision issue whilst recording the data. 

Fig. 4. The response characteristics of the PiGas-Pumped to breathing into the 
sampling tube followed by turning the pump off and on again. 
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3.3. PiGas-pumped application: outdoor air quality 

The operation of the PiGas-Pumped and CO2 sensor for a period of 
>12 h outside in Sheffield on 14/03/22 demonstrated the performance 
of the sensor (continuously USB-mains powered, not from battery), and 
that where there are rapid changes in temperature, measurement ac-
curacy may be affected. Fig. 5 highlights these responses directly, be-
tween 10:00 am and 12:00 pm GMT temperature rapidly increases from 
~15◦C to ~28◦C this is accompanied by an increase in 4 s filtered CO2 of 
~20 ppm and ~50 ppm in raw CO2. 

Given the low power nature of the PiGas, tests for the effect of 
powering on the PiGas-Pumped were conducted to investigate CO2 
sensor response. The PiGas-Pumped test on 18/03/22 used a 6 W solar 
panel between ~12:00 and 5:15 pm (Fig. 6). Vitally, there was no clear 
response in the CO2 sensor to the drop in power throughout the day. A 
rapid response to temperature increase is not seen in comparison to the 
test on 14/03/2022. However, a moving standard deviation (period 60 
s) on this data exhibited in Fig. 7 shows that sensor noise in the raw data 
is higher during periods of higher temperature (>20◦C, 12:00–14:30 
pm) than lower temperature (<20◦C, 14:30–17:30 pm), with mean 

Fig. 5. The results of a > 12 h test of the PiGas-Pumped showing performance of the CozIR A-H 5000 on 14/03/2022 in Sheffield. For a period of <2 h the PiGas- 
Pumped casing was exposed to direct sunlight causing a large spike in temperature and an associated spike in CO2. Also highlighted is an elevated period post 18:00 
which could be attributed to an increase in domestic log burning. We also note the slight deviation of CO2 background values using the CozIR which is likely due to 
the background air concentration calibration of the sensor. 

Fig. 6. Test of instrument on 18/03/2022 and battery performance with a 12,000 mAh battery installed and attached to a 6 W solar panel during periods in direct 
sunlight and in shade, with these timeframes clearly visible in the temperature data. CO2 shows a rapid response to atmospheric air (after inside storage) and a stable 
level in filtered CO2 throughout acquisition. ◦C. 
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standard deviations of ±24.7 and ±16.9 ppm respectively. At lower 
temperatures, therefore, sensor accuracy is in line with the manufac-
turer quoted ±50 ppm, at ±50.7 ppm. This is also in line with other 
Multi-GAS instruments, e.g., the PP Systems SBA-5 used by Salas-Nav-
arro et al. (2022), which has an accuracy of ± ppm. At higher temper-
atures, the CozIR, could have a lower accuracy of ±74 ppm. Note that 
changes in background CO2 as a result of sensor noise are easily 
correctable in post-processing (Roberts et al., 2017; Tamburello, 2015). 

Periods where the solar panel was in direct sunlight allowed the 
assessment of power consumption. When the solar panel was in direct 
sunlight each 1%-point drop in battery level took ~560 s (> 9 min), 
corresponding to >14 h of operation (based on draining 99% of the 
battery). A test of the PiGas-Pumped on 21/03/2022 with no solar panel 
confirmed that it ran for >5.5 h on the battery alone (92% drain over 
5.5 h, 215 s per 1%-point drop), again with no clear effect on the CO2 or 
any of the sensor response characteristics. Given the relative low power 
requirements of the instrument, running the instrument for longer pe-
riods of time, with larger solar input, could be achieved with ease. 

3.4. PiGas-pumped: Alitar and Lastarria volcanoes 

Alitar volcano, located in Northern Chile in the Central Volcanic 
Zone of the Andes (CVZA) has persistently active fumarolic activity with 
a small area of a maar on its flanks (Tassi et al., 2011). At Alitar volcano 
a version of the PiGas-Pumped was used which incorporated measure-
ments for CO2, SO2, H2S, and H2O concentrations on the 2nd March 
2023. Fig. 8 shows H2S values along the transect conducted of the active 
fumarolic activity. 

Fig. 9a highlights the raw values captured with the PiGas-Pumped 
across the entire transect at Alitar. Periods within the fumarolic gas 
are clearly demarcated by spikes in H2S concentrations, note that on six 
occasions the H2S sensor was saturated. Nevertheless, there are clear 
periods where there is matching overlap between all gases measured. 
Notable periods include 13:30 to 14:00 and 14:15 to 14:25. We highlight 
one such period in Fig. 9b where the concurrent increases in all gases can 
be observed, expanding this to show the ratio plots for CO2/H2S and 
H2O/H2S in Fig. 9c and 9d respectively, where all data are raw uncor-
rected values apart from CO2 which are 31 s Savitzky-Golay filtered. 
These results indicate the usability of the CozIR sensor at lower 
concentrations. 

Lastarria volcano, which is part of the Lastarria Volcanic Complex 
(LVC), is located in Northern Chile in the Central Volcanic Zone of the 
Andes (CVZA). Lastarria has four persistently active fumarolic fields 
(Aguilera et al., 2012), which, combined with its high altitude (summit 
at 5700 m a.s.l.), make it an ideal location to test the limits of the PiGas- 
Pumped. Note that the purpose of this section is not to make detailed 
comparisons of volcanic gas compositions, as this is achieved in other 
papers (Aguilera et al., 2012; Layana et al., 2023; Lopez et al., 2018; 
Tamburello et al., 2014), but merely to illustrate the potential bound-
aries of use for this particular setup. 

PiGas-Pumped measurements were made for CO2, SO2, and H2O 
concentrations on 11/05/22 at an average ambient pressure of 54.4 kPa. 
The bulk plume produced by the lowest altitude fumarole field 1 as per 
Aguilera et al. (2012) was transected with the results displayed in 
Fig. 10. Background concentrations of CO2 and H2O were removed from 
the timeseries using the method of (Tamburello, 2015) to leave the 
volcanogenic component. This process as per Tamburello (2015) 

Fig. 7. Standard deviation over a moving 60 s window in CO2 showing higher standard deviation values leading up to 14:30 GMT.  

Fig. 8. The transect through the fumarole field at Alitar showing concentra-
tions of H2S gas. 
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involved a manual selection of background points and then a smoothing 
window of 31 s using the Savitzky-Golay method. Given the detection 
range of the Alphasense sensors, the data used were truncated to the 
period of data not exceeding 15 ppm where the sensor was saturated in 
the higher concentrations of the fumarole field. 

The results (Fig. 10) show periods where measurements appear to 
overlap across all gases, for example after 4000 s. There is, however, at 
points a clear response time difference between the different sensors 
based purely upon the differences in the peaks of data. This is particular 
apparent with the large peaks in H2O at 1800 s, 4400 s, and 7100 s, 
which occur prior to peaks in CO2 and likely represents the differing 
response times for the incorporated CO2 of ~30 s T90 and H2O which is 
~8 s for T50 (manufacture value). There is also a delay in SO2 response, 
as expected, given the longer T90 of ~60 s. It is possible that the larger 

spikes in H2O represent contributions from low temperature fumaroles 
which are more affected by scrubbing of volcanogenic components 
(Symonds et al., 2001; Tamburello et al., 2014). To extract comparable 
gas ratios for future measurements across the gas species would there-
fore require modelling of the response characteristics of the sensor (Liu 
et al., 2020; Pering et al., 2020). Furthermore, the challenging climatic 
conditions and altitude, alongside the difficulty of obtaining a match in 
contemporaneous datasets indicate that the PiGas may not be best suited 
to high concentration environments without further development or an 
alteration in the sensor setup. 

4. Discussion 

Following the successful approach adapting and designing 

Fig. 9. (a) Raw data of all gases during the transect of the fumarole field at Alitar. Note the overlap in peaks between CO2, H2S, and H2O. There are six occasions 
where H2S concentrations saturate the sensor. H2O concentrations have been divided by 15 to allow plotting on the same axes. (b) Zoomed and cropped to a period 
with clear matching peaks, (c) CO2/H2S scatter plot, where CO2 has been smoothed by 31 s using the Savitzky-Golay method, R2 value indicated, and (d) H2O/H2S 
scatter plot of raw data, R2 value indicated. 
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ultraviolet (UV) cameras for imaging SO2 using the Raspberry Pi - the 
“PiCam” (Wilkes et al., 2017; Wilkes et al., 2016) - we use a similar 
approach for the design of the PiGas. We integrate the use of the 
transferable Raspberry Pi technology a usable and a low-cost low-power 
air sampling system, equivalent to the Multi-GAS, demonstrating its use 
as a cost-effective way of making multi gas species measurements across 
a range of scenarios. We incorporate the PiJuice HAT (https://github. 
com/PiSupply/PiJuice) which can be used with the Raspberry Pi to 
enable uninterruptible power supply and recharging in more remote 
situations using solar panels or low voltage USB input. The PiJuice was 
used in a successful adaptation of the PiCam (Ilanko et al., 2020; Pering 
et al., 2020). Previous iterations of Multi-GAS systems have used an 
Arduino (de Moor et al., 2019; Liu et al., 2020; Rüdiger et al., 2018), 
which is a micro-controller, rather than the micro-computer setup 
applied here. To reduce the cost of the instrument there were two main 
areas of focus: the use of equivalent but lower-cost parts than used in the 
Multi-GAS (Aiuppa et al., 2005; Roberts et al., 2018; Shinohara, 2005), 
e.g., through use of components not marketed for use for air sampling (e. 
g., air pumps used in the medical industry), and the use of a different 
CO2 sensor. 

For the measurement of SO2 and H2S we used Alphasense sensors. 
Alphasense electrochemical sensors are not new to air quality or vol-
canic applications, having been used for air quality (Whitty et al., 2022) 
and within volcanic plumes or fumaroles previously (Liu et al., 2020; 
Padrón et al., 2012; Roberts et al., 2018; Roberts et al., 2017; Roberts 
et al., 2014; Roberts et al., 2012). The performance of the Alphasense 
sensors is on par with those of City Technology (Roberts et al., 2018) the 
sensor which is commonly employed in the original Multi-GAS (Aiuppa 
et al., 2008), although Whitty et al. (2022) do highlight the negative 
effects of corrosion with direct exposure setups at Masaya volcano. 

Overall, we focused on the characteristics of the CozIR-A-H sensor, 
given its lower cost and powering requirements but lack of detailed 
characterisation for more challenging measurement conditions, such as 
for volcanic gases, in the first known volcanic application. We have 
demonstrated that CO2 measurements using the CozIR, despite the lower 
precision and accuracy than other versions of the Multi-GAS (Salas- 
Navarro et al., 2022) could be useful as a low-cost tool in either a 
pumped or direct exposure setting. Usage of sensors such as the Gascard 
NG CO2 sensors should still be preferred for higher accuracy and pre-
cision measurements (Aiuppa et al., 2018). The Gascard NG 0–5000 ppm 
has a higher sensor accuracy of ±32.1 ppm (Honeycutt et al., 2019) than 
the CozIR, particularly when compared against the ±74 ppm at higher 
temperatures. To mitigate against these lower accuracies the use of 
filtering can provide more stable measurements with the consequence of 

reducing possible sampling rate and dampening larger peaks in data. 
However, these differences and mitigations should be balanced against 
the cost differences, with the CozIR a fifth of the cost and with a large 
weight difference, 0.3 kg for the Gascard and 0.02 kg for the CozIR. 
These large reductions in both cost and weight have significant impli-
cations for usability and affordability across a range of different settings, 
with the CozIR family of instruments identified as good targets for UAV 
applications (Hening et al., 2013), as with this work. Another low-cost 
sensor, the K30 (Sensair) received a detailed characterisation by Mar-
tin et al. (2017) who illustrated accuracies (errors) of ~5 to 21 ppm 
compared to high calibre research grade sensors, although with higher 
powering requirements. Table 3 shows a selection of commonly used 
CO2 sensors, although a more substantive list can be found in Coulby 
et al. (2020). 

5. Summary and implications 

Here we detail and test a transferrable, accessible, and low-cost 
Multi-GAS-style environmental gas sampling unit, the PiGas, costing 
<£500 across a range of applications related to indoor and outdoor air 
quality and more extreme volcanic environments. We demonstrate that 
whilst the PiGas has a lower accuracy than equivalent instruments, 
particularly with choice of CO2 sensor, its performance is still compa-
rable to equivalent instruments and when balancing this against cost 
there are clear benefits. The design of the PiGas could open the tech-
nology for use at a wider number of locations than is currently achieved, 
with the low-cost and weight requirements possibly enabling expanded 

Fig. 10. Results of PiGas-Pumped measurements from transects above fumarole field 1 at Lastarria on 11/05/22.  

Table 3 
A comparison of common sensors used for the measurement of CO2. Note this list 
is meant as illustrative and not an exhaustive list of every sensor available. *Note 
that weights of the K30 and Telaire T6615 were not available within manufac-
ture specification documents, values given are a best estimate.  

Instrument Accuracy T90 response 
time 

Cost Weight 

Gascard NG 0–5000 
ppm 

±2% 10 s >£800 ~300 g 

Li-830 CO2 ±1.5% 3.5 s >£5 k ~1000 
g 

CozIR® A-H Series ±3% / ±50 
ppm 

30 s £120 20 g 

K30 ±3% / ±30 
ppm 

20 s £100 <100 g* 

Telaire T6615 ±75 ppm 120 s £80 <100 g*  
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use of in airborne scenarios, for example, co-ordinated sampling of 
multiple sources simultaneously. 
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