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Abstract

The recent advancements in low-cost gas sensing technology has completely changed the way in which the
routine observations are carried out. Though, such low-cost technologies suffer from various challenges
pertaining to data quality. But there is a strong need to test these low cost, light weight sensors installed
in the instruments in field campaigns. In the present work, we discuss the use of developed gaseous
monitoring system (350gm, 7” *3” *2”) equipped with electrochemical gas sensors for understanding
and quantifying major gaseous pollutants. Alpha sense sensors were used to measure gas pollutant
species like CO, So,, NO,, and 0,. The developed system was operated over Delhi (28.38° N, 77.10° E;
urban site) and Sunderpur, Kurukshetra (29.96° N, 76.87° E, rural site) during monsoon season of 2017.
The monthly averaged mean value of SO,, NO,, CO, and O, concentrations over the entire study period in
Delhi were found to be 6.07ppb, 70.27 ppb, 0.43ppm, and 53.49ppb, respectively while the same has been
observed to be 4.04ppb, 50.02 ppb, 0.25ppm, and 40.25ppb, respectively in Sunderpur, Kurukshetra. SO,
and CO concentrations were observed to be decreased by 72% and 33%, respectively while NO, and
0, by 50.24% and 40.48%, respectively at Sunderpur, Kurukshetra relative to that of Delhi. Monthly
uncertainties of field measurements associated with four electrochemical sensors have been calculated
for Delhi and Sunderpur, Kurukshetra. The results were found to be in good agreement with that of other
reported studies during the monsoon season.
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Introduction

Air pollution sources are primarily dependent on anthropogenic sources like combustion
activities in engines, power plants and wood stores, strengthen by industrial and non-
combustion agricultural sources [1,2]. In urban environment, the combustion sources are
more dominant that give rise to carbon oxides (CO ), unburned hydrocarbons, nitrogen oxides
(NO,), particulate matter, polyaromatic hydrocarbons (PAHs), Sulfur oxides (Sox) and heavy
metals [1]. Agricultural activities also emit ammonia, methane, nitrous oxide (N,0) and nitric
oxide (NO) [3]. Photochemistry also plays a significant role leading to several reactions in
an urban air matrix, including transformation of primary pollutants (e.g. NOx) to secondary
pollutants (e.g. 0,). To capture the fine spatial and temporal variability of aforesaid gaseous
pollutants, the gridded low-cost measurement network is required. In general, aforesaid
gaseous pollutants concentration data collected by government agencies using networks
of fixed monitoring stations equipped with high end instruments measuring number of
pollutants such as CO, NO, SO, O, etc. [4-7]. The price of these instruments is very high
excluding the maintenance cost, calibration cost, secured enclosures and power supply [8-
10]. With advancements in technology and increasing concern about air quality worldwide,
the scientific community has taken a step towards development of low-cost light weight
instruments [11]. Low cost sensor system provides an estimate on concentration of various
air pollutants with high resolution spatial and temporal coverage [10-13].

Though, the low-cost sensor system could not provide the same sensitivity, stability,
accuracy and precision as that of traditional routine high-end air quality monitoring
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instruments [11,14] but they can be very valuable in monitoring
programs especially during vertical measurement using airborne
platforms like Unmanned Aerial Vehicles (UAVs), Balloons etc
(Figure 1). Usage of low-cost sensors can provide better spatial
and temporal resolution for air pollution mapping [15,16]. For
improving knowledge about pollution dynamics and identification
of pollution hot spots, these low-cost sensors can potentially be used
[5]. Furthermore, the light weight, low cost instrument equipped
with such sensors can be used as monitoring tool for a wide range of
communities like researchers, municipalities, as personal exposure
monitor, for emergency response and hazard warning system and
monitoring & controlling emissions of sources [5,6,8,11,17]. More

amount of reliable air quality data from a dense network of such
instruments provides a platform for better calibration and validation
of air pollution dispersion models, chemical transport models and
exposure models and improved environmental impact assessments
[4,14,18]. The performance and applicability of aforementioned
low-cost instruments need to be studied in real world conditions
[6,11,19]. The development of instruments equipped with various
low-cost sensor sensors like electrochemical, metal-oxide, optical,
near infrared etc. has been recently in demand for the monitoring of
air quality across the globe [5,9,20,21]. Amongst aforesaid sensors,
electrochemical sensors have been used intensively to monitor air
quality in past [8,20,22,23].

Figure 1: (a) Light Weight Gas Sensor System (LWGSS) with five electrochemical gas sensors along with necessary
electronic components. (b) Box carrying LWGSS instrument.

A portable instrument equipped with ozone and NO, sensors
has been developed for air quality monitoring [24]. USEPA provides
an access to its Air Sensor Toolbox data to understand low cost
sensor system usage [25]. Other projects such as Every aware
and Air casting provides an open source air quality monitoring
networks, inspired by IoT and other innovative technologies [26].
The continuous measurements of SO,, NO , CO and O, from an urban
site, Kanpur, in India during June 2009 to May 2013 were reported.
The hourly averaged mean SO,, NO , CO, and O, concentrations over
the entire study period ranged from 0.5ppb to 98.7ppb, 0.4ppb to
96.8ppb, 40ppb to 5040ppb, and 1.1ppb to 106.8ppb, respectively
[27]. In order to understand the major gaseous pollutants in
Indo-Gangetic Plain (IGP) i.e. Delhi and over the edge of IGP i.e.
Sunderpur, Kurukshetra, we developed light weight gas sensing
system (LWGSS) equipped with five electrochemical gas sensors.
The developed system was operated over Delhi (28.38° N, 77.10° E;
urban site) and Sunderpur, Kurukshetra (29.96° N, 76.87° E, rural
site) during monsoon season of 2017 for about two months (25
July to 24 August, 2017 (Delhi); 25 August to 24 September, 2017
(Sunderpur, Kurukshetra)).

Materials and Methods
LWGSS instrument description

In the present study, we used the indigenously developed light-
weight gas sensor system (350gm, 7” *3” *2”) equipped with low-
cost, light weight electrochemical gas sensors for understanding
major gaseous pollutants. The instrument is capable to monitor

gases like CO, NO,, SO,, O, and H,S. The sensors are aerometric
electrochemical in nature provided by [21]. This instrument is
designed to be used as low power wireless system to provide next
generation gas sensing solutions. The technical and performance
details of the developed instrument have been discussed in another
paper [28], submitted to ESPR. The gas levels were sensed through
the respective gas sensors and the information has been sent to
the ATMEGA microcontroller. The sensed analog signals have been
converted into digital signals through A-D converter (in-built in this
case). The sensed signals have been displayed on the screen as well
as in the form of message simultaneously. A Micro SD card has been
used for data collection.

Sampling Sites for measurement

The field observations were carried out at two sites Figure 2 in
monsoon season of 2017 for about two months (25 July to 24 August
2017 (Delhi); 25 August to 24 September 2017 (Kurukshetra)).
Figure 3 shows the field observation sites. The data were collected
for about 8hrs daily from 9 AM to 5 PM with 1-minute averaged
concentration during monsoon period in the Northern part of India
for two different sites lying at the edge of IGP.

The instrument was placed at the height of about 8 meters
from the ground level at both the locations. CSIR-NPL is located
at central Delhi and considered as the representative of the
urban environment, whereas, Sunderpur, Kurukshetra has been
considered as rural site. The rural site is very close to the city,
Kurukshetra and pollution levels are increasing due to urbanization
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and rapid industrialization. The major sources of pollution are
from cement factory, National Highway (NH-1) and brick kilns.
The monsoon starts in both Delhi and Kurukshetra in late June and
lasts until mid-September. The average temperatures are around

29 °C, although they can vary from around 25 °C on rainy days
to 32 °C during dry spells. Both places experience similar kind of
meteorological conditions throughout the year.

Figure 2: Geographical location of the sampling sites (a) Sunderpur, Kurukshetra (29.96° N, 76.87° E, Rural) (b)

Delhi (28.38° N, 77.10° E, Urban) [HYSPLIT, NOAA].
Result and Discussion

Variation in gaseous concentration over urban and rural
environment:

Figure 3(a) showed CO concentration in ppm values and
Figure 4(a) shows the gases (NO,, SO, and O,) concentrations in
ppb values for urban area i.e. Delhi for a time period of one month.
The data were collected for 8 hrs daily from 9 am to 5 pm with
1-minute averaged concentration data during 25 July to 24 August
2017 typically known as the monsoon period in northern part of
India. The daily averaged value with standard deviation is shown

in the Figure 3(a) & 4(a) respectively. There are only a few minor
missing data periods, due to some rainy events occurred during
the operation. The field observation study using electrochemical
gas sensors has not been fully explored. There are a lot of external
parameters which affects the performance of the sensor equipped
on instrument causing uncertainties. These uncertainties cannot
be figured out as these meteorological parameters varies from
time to time. Though, the uncertainty associated with the internal
parameters can be well quantified, still calculation of external
uncertainty remains complex. NO, and Ozone values show a zig zag
trend as analysed for a month-long period.
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Figure 3: Daily averaged CO gaseous concentration in ppm for monsoon period 2017 at (a) Delhi (Urban) (b)

Sunderpur, Kurukshetra (Rural)

This trend in NO, is basically due to the presence of burning of
fossil fuels, biomass and high temperature combustion processes
hydrocarbons over Delhi or surrounding areas and the trends in
Ozone are due to the presence of NO, upon reacting with sunlight
results in O, formation less for days post rainy event and more
values preceding rainy event. The July month data shows less than
the average value for the entire month for both NO, and Ozone
with just two exception days. The data recorded for the month
of august with few rainy days shows zig zag pattern in the values
of gases concentration. Though, decreasing trend in the values
of concentration has been observed during end of observation

days. CO gas concentration depends on the factors like burning of
carbonaceous fuels, emission from IC engines. Thus, it is obvious
that CO concentration shows rise in the urban environment as
compared to rural environment.

Figure 3(b) showed CO concentration in ppm values and
Figure 4(b) shows the gases (NO,, SO, and Ozone) concentrations
in ppb values for Rural area i.e. Kurukshetra for a time period of
one month. The data were collected for 8 hrs daily from 9am
to 5pm with 1-minute averaged concentration data during late
August to late September 2017 typically known as the post
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monsoon period in northern part of India. The daily averaged
value with standard deviation is shown in the Figure 3(b) & 4(b)
respectively. The monthly averaged mean value of SO,, NO,, CO, and
0, concentrations over the entire study period in Delhi were found
to be 6.07ppb, 70.27ppb, 0.43ppm, and 53.49ppb, respectively,

and with a mean of 4.04ppb, 50.02ppb, 0.25ppm, and 40.25ppb,
respectively in Kurukshetra. Percentage change in values of SO, and
CO concentrations at Kurukshetra were comparatively lower than
those reported at Delhi, India (72% and 32.89%, respectively).
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Figure 4: Daily averaged NO,, SO, and O, gaseous concentration in ppb for monsoon period 2017 at (a) Delhi

(Urban) (b) Sunderpur, Kurukshetra (Rural).

However, mean O,, NO, concentrations were comparatively
higher than those of other two trace gases and higher for Delhi,
the urban site as compared to Kurukshetra, the rural site (50.24%
and 40.48%). Data were missing on some rainy events occurred
during the operation. NO, and Ozone values show a zig zag trend
as analysed for a month-long period. This trend in NO, is basically
due to the presence of burning of fossil fuels, biomass and high
temperature combustion processes hydrocarbons over Kurukshetra
or surrounding village areas and the trends in Ozone are due to the
presence of NO, upon reacting with sunlight results in O, formation
less for days post rainy event and more values preceding rainy
event. The main source of gas-phase SO, is from the combustion
of all sulfur containing fuels (oil, coal and diesel). In India, about
60% of SO, emissions may be due to the consumption of coal and
oil products, mainly from industry (36%) and transport (7.8%),
and others include biomass and non-energy consumption [25]. SO,
does not show much variations in the concentration values but NO,
and O, shows a significant trend during the observation period.
Here, the values of NO, in concentration found to be higher than the
values of ozone for the rural area.

The persistent cloudy conditions with lower solar radiation
and wet scavenging of pollutants result in near absence of
photochemical O, production during monsoon season. Relative
humidity is also an important factor because of its role in the overall
reactivity of the system by affecting chain termination reactions.
The previous global modelling study predicted decrease in global
0, due to increased water vapor, mostly in rural areas (Kurukshetra
site) [25]. The results were found to be in good agreement with that
of other reported studies during the monsoon season [29].

Uncertainty budget estimation of LWGSS

Itisalwaysrecommended to calculate the uncertainty budget for
each instrument for maintaining the data quality. The uncertainty
shown in Table 1 describes the combined standard uncertainties
(both Type A and Type B) for internal parameters only, impact of
external parameters on uncertainty has been excluded from the
calculation. All the sensors performed more or less equally well
during the deployment period, as found in the companion paper
(Except for CO, all the uncertainties in gaseous concentration are
measured in ppb).

Table 1: Monthly uncertainties of field measurements associated with four electrochemical sensors for Delhi and

Sunderpur, Kurukshetra calculated using GUM sim software approach [30].

Site/Gas Sensor S0, (ppb) 0,(ppb) NO,(ppb) CO (ppm)
Delhi 0.3 3.1 3.6 0.09
Sunderpur, Kurukshetra 0.1 2.3 2.9 0.03

LWGSS Uncertainty Budget Estimation (Internal): Following
are the major contributors for estimation of overall uncertainty:

A.  Miniature gas sensor uncertainty (mainly concentration)

B.  Electronic circuit uncertainty: (I) LMP91000 IC (II)
ATMEGA Microcontroller (III) Passive components (R, C, Diodes)
(IV) Truncation error.

Uncertainty associated with gas sensor: Following are
the major parameters for determination of uncertainty due to

individual component (ozone gas sensor specifications only, for
other gases please refer to Alphasense brochure) [21]:

A.  ppb equivalent change in lab air/year (Max.) (Zero drift)
=20%

B.  Sensitivity drift; max. -40% change/year in lab air
C. Noise = +2 std. deviations (ppb equivalent)

D. Linearity = ppm error at full scale, linear at zero and
20ppm ozone
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E. Range =ppm ozone limit of performance warranty; 0 to
20ppm

F.  Sensitivity=-200 to -650nA/ppm at 1ppm ozone

Uncertainty associated with electronic circuit: LMP91000
IC: mainly used for electrochemical gas sensing. Following are
the major parameters for determination of uncertainty due to
individual component:

a.  Operating temperature=-40 to 85 degrees

b.  Supply current =0.01mA

c V_=27V;V_ =525V

d.  Bias programming uncertainty (manual)= 2%
e.  Linearity= 0.05%

f. TI Amplifier gain accuracy= 5%

g.  Internal zero voltage accuracy= +0.04%

h.  Temperature error= *3%

i. Sensitivity=-8.2mV/C

ATMEGA micro controller IC: The low power 8-bit
microcontroller works on RISC architecture. Uncertainty is
mainly due to oscillator frequencies. Crystal oscillator used in
microcontroller provides 0.2% error at 9600bps (Baud Rate).
Overall, + 0.04%ppb variations with change in values of current is
equal to twice at that particular frequency of operation

A. Due to passive elements (Resistance, Capacitances,
Diodes on board PCB)

a.  Absolute accuracy: C=2%; R=0.1%; D=0.2%

b.  Temperature coefficients: C=20ppm/C; R=1500ppm/C;
D=600ppm/C

c.  Voltage coefficients: C=20ppm/V; R=-200ppm/V; D=-
100ppm/V

B. Truncation error in finite form: For

0.4821=0.4000+0.0821, TE.=0.0821=8.21%

e.g,

Using all the data information provided by manufacturers, the
uncertainty budget was basically classified into two parts: Type A
(Repeatability) and Type B (i.e. Fixed, mainly due to fixed electronic
components present on PCB).

Then the equation follows:
Y= X1+X2+X3+X4+X5+X6+X7+X8+X9+X10+X11;
Where, Y=uncertainty in the concentration of gases

X,= Type A values of gases concentration which is varying
according to time

X,= Type B fixed values of uncertainty due to LMP91000 IC

X,= Uncertainty associated with the ATMEGA microcontroller

X, X, and X = uncertainty associated with the passive elements
such as Resistances, Capacitances and Diodes present in the circuit.

X, X, X, X, and X = uncertainties associated with
electrochemical gas sensor

Putting all the values of Type A and Type B uncertainties
in the [30], the software produces the result of combined
internal uncertainty comprises of both Type A and Type B. So,
daily uncertainties were calculated based on different values of
concentrations of gases. Applying standard approach of finding
cumulative internal uncertainties by taking the squares of daily
values of uncertainties and then taking overall square root, the
monthly internal uncertainty was calculated.

CManthly = \/CT2 + C22 + C: +.+ C:o (D
where, C, C, C,...C,, are the uncertainties in daily gas
concentration for the days, 1,2,3...30. And C is the monthly
gas concentration uncertainty. Uncertainty in gas concentration
over different locations proves to be the factor that influences the
combined standard uncertainty for all gases. Instrument related
uncertainties are similar for both the locations.

monthly

Conclusion

Here, we presented continuous measurements of SO, NO,,
CO and O, from an urban site, Delhi, and rural site, Sunderpur,
Kurukshetra, in India during July 2017 to September 2017 using the
indigenously developed light weight wireless gas sensing system.
The data coverage over the entire study period was exceptionally
good, with more than 90% of the data available, with just a few
missing data points due to unavoidable rainy events. We have
performed statistical analysis of SO, NO,, CO and 0,to characterize
their monthly patterns together with meteorological parameters
influence on these trace gases. The monthly averaged mean value of
So,, NO,, CO, and 0, concentrations over the entire study period in
Delhi were found to be 6.07ppb, 70.27ppb, 0.43ppm, and 53.49ppb,
respectively, and with a mean of 4.04ppb, 50.02ppb, 0.25ppm, and
40.25ppb, respectively in Sunderpur, Kurukshetra.

Percentage change in values of SO, and CO concentrations at
Sunderpur, Kurukshetra were comparatively lower than those
reported at Delhi, India (72% and 32.89%, respectively). However,
mean O, NO, concentrations were comparatively higher than
those of other two trace gases and higher for Delhi, the urban site
as compared to Sunderpur, Kurukshetra, the rural site (50.24%
and 40.48%). The lower concentrations for all trace gases were
observed during this monsoon season, mainly due to relatively
lower near surface emissions (other than traffic and industrial)
and wet scavenging of pollutants by precipitation. The decreasing
values in all the trace gases concentration is perhaps due to a
combined effect of large near-surface anthropogenic emissions,
boundary layer processes, retarded photochemical loss owing to
lower solar intensity, as well as local surface wind pattern. The
study concludes that the sensors are applicable for future field
measuring campaigns at a scientific level with all the uncertainties
taken into consideration.
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