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Low cost sensors are becoming increasingly available for studying urban air quality. Here we show how such
sensors, deployed as a network, provide unprecedented insights into the patterns of pollutant emissiens, in this
case at London Heathrow Airport (LHR). Measurements from the sensor network were used to unequivocally
distinguish airport emissions from long range transport, and then to Infer emission indices from the various
afrport activities. These were used to constrain an air guality model (ADMS-Airport), creating a powerful pre-
dictive tool for modelling pollutant concentrations. For nitrogen dioxide (NO;), the results show that the non-
airport component is the dominant fraction {~75%) of annual NO, around the airport and that despite a pre-
dicted increase in airport relared NO, with an additional runway, improvements in road traffic fleet emissions
are likely to more than offset this increase. This work focusses on London Heathrow Airport, but the sensor
network approach we demenstrate has general applicability for a wide range of environmental menitoring
studies and air pollution interventions.

1. Introduction sensors as networks to better understand the spatial variability of air
pollution (Mead et al,, 2013; Miskell et al., 2017; Mueller et al., 2017,
Penza et al., 2014; Sun et al., 2016). Schneider et al., 2017 also used a
data fusion technique to combine sensor network data with an air
quality model which was then used to simulate the spatial pattern of
pollutants,

Although there have been several studies on the impact of aviation

Poar air quality is known to affect human health {Bernstein et al.,
2004; Brunekreef and Holgate, 2002; McConnell et al., 2002; Pamia
et al., 2002; Pope and Dockery, 2006; Ren et al., 2017; Samaoli et al.,
2008; WHO, 2009). Urban air quality monitoring, traditionally the
remit of expensive and complex reference instruments (Kumar et al,,

2015; Nationat Audit Office, 2009) can now be achieved using readily
deployable low cost instruments, revolutionising approaches to the
study of urban pollution. Over the last few years, low cost sensors have
been assessed for their viability in monitoring ambient air quality in-
cluding measurements of gasecus and particulate matter (PM) pollu-
tants. Whilst some studies show that there are still some challenges with
using off the shelf devices (Borrego et al.,, 2016, Lewis et al., 2016),
other studies have demonstrated that some of these limitations can be
overcome with careful data processing and network design (Crilley
et al., 2018; Kim et al.,, 2018; Penza et al., 2014; Popoola et al,, 2013;
Sun et al., 2017; Spinelle et al, 2015; De Vito et al., 2018; Heimann
et al, 2015). There have also been attempts at deploying portable
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on ambient air quality (Carslaw et al,, 2006; Herndon et al,, 2004,
2008; Hu et al, 2009; Masiol and Harrison, 2015; Schiirmann et al,
2007), they mainly focused on using sparse array of fixed stations or
short term mobile platforms which allowed source apportionment stu-
dies within and in the proximity of the airports.

Here we show how low cost air quality instruments, when deployed
as a network rather than as individual sensors, provide unprecedented
additional insights into the patterns and sources of air pollution.

The case study we have applied this methodology to is London
Heathrow Airport and focusses in this paper mainly on NOy. The limit
value for annual average NO of 40 pg/m® is not currently being met at
some of the areas around London Heathrow airport. The expansion of
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the airport, including a third runway (UX Department for Transport,
2017), has raised concerns that meeting this limit value would be un-
achievable in the future. The sensor network we deployed at the airport
consisted of up to 40 nodes sited across the airport and covering a range
of emission environments, each measured a range of species including
NO,, NO, CO and CO,. The sensor network, together with the novel
analysis approach we describe, has allowed pollutant emissions attri-
butable solely to the airport activities to be distinguished from other
non-airport related sources. Using the CO, measurements made across
the network this, in turn, has aliowed the direct quantification of NOy
and CO emission indices for a number of different airport related ac-
tivities.

These measurements, and in particular the direct determination of
emission indices, were used to optimize the ADMS-Airport air quality
model, creating a powerful predictive tool for pollutant concentrations
in and around Heathrow airport.

While this study focuses on the UK's Heathrow Airport, the techni-
ques we describe, that exploit the emerging low-cost air quality sensor
technologies and novel analysis approaches, have far wider applic-
ability for environmental monitoring and ,a.ir pollution interventions.

2. Materials and methods

In this section we briefly describe the low cost sensor network used
for the study at LHR, including the state-of-the art modelling air quality
model atilised in our study.

2.1. Sensor measurement SNAQ hoxes and network deployment

The sensor nodes were low cost portable air quality devices devel-
oped at the Department of Chemistry, the University of Cambridge, UK,
as part of NERC (Natural Environmental Research Council) funded
Sensor Network for Air Quality (SNAQ) project at London Heathrow
airport. Each node measured the parameters summarised in Table 1,
made at a 20 s time resolution. In addition, each node was equipped
with GPRS and GPS for near real-time data transmission and location/
time data respectively (Popoola et al., 2013). Both the particle size and
gas species devices were calibrated under laboratory conditions, with
the ambient performance of the NO, NO, and the CO, sensors presented
in section 2.2,

Although a network of 40 sensor nodes was ultimately deployed, we
are focussing here on a five-week period (4 October-11 November
2012) where only 17 of the sensor network nodes were fully opera-
tional, but where additional information on aircraft throttle settings
was available (Fig. 1). The sensor network was designed to cover, as far

Table 1
Species measured and techniques for the sensor nodes used for the SNAQ
Heathrow study. Only those sensors shown in bold are used in this study.

Species Methodology Descripdon of sensor

co Electrochemical Alphasense B4

NO

*NO»

CO» Non-Dispersive Infra- Sensair K33
Red

VOCs (total) Photo Ionisation Alphasense PID-AH
Detector

Temperature Pt Resistanice Sensor PLi000

Relative Humidity Polymer Capacitive Honeywell HIH4000
Element

Wind Speed/Direction Sonic Anemometer Gill WindSonie

Size Speciated Particulates Optical Particle Counter ~ University of

(ranging 0.38-17.4 pm) Hertfordshire

* The NO, sensors used here were 100% cross sensitive to O, The data was
corrected for this cross interference (see section 2.2), and where it is not the
species is presented as Oy (i.e. NO; + Oa).
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as possible, the different activity zones in and around the airport in-
cluding the terminals, runways and the main airside roads (Fig. 1). To
contextualise the network density, only one routine air quality re-
ference station (LHRZ2) is located within the deployment zone, with
node 847 co-located with this reference station. Two nodes (547 and
548) were also sited close to each other (~5m apart), and, were used to
study the reproducibility of the SNAQ measurements. All the nodes
were mounted at 3 m on lampposts within the airport perimeter, Fig. 2
(and Fig $1) illustrate the high temporal and spatial variability within
the airport, influenced by both airport and non-airport related emis-
sions captured by the network.

2.2. Sensor measurement validation

The performance of the SNAQ units for NO and NO, was evaluated
by comparing the results from the node co-located with the reference
air quality site within the airport (LHR2). Hourly averaged NO, data
were derived from the hourly Oy reading by correcting for O3 inter-
ference using hourly modelled Q3 data. Comparison of the standard
measured gas species (e.g. NOy) showed that the SNAQ measurements
captured variations at the airport with good agreement indicated by the
slope (0.9379 + 0.0081) and coefficient of determination R® ~ 0.95
(Fig. 3A). This comparison was performed by taking hourly averages of
the high temporal resolution (20s) sensor measurements as the re-
ference data were only reported as hourly averages. As there was no
local CO,, reference instrument available, validation of the SNAQ CO,
measurements was performed post-study by comparing CO, observa-
tions made after the deployment with those of a Picarro G2201-1 CO»/
CH; analyser (Fig. 3B);, giving results with a slope of
(0.9553 = 0.0021) and coefficient of determination R? = (.92. Al-
though, this validation was performed using a single sensor node, we
have demonstrated in this study - as with previous studies (Popoola
et al., 2016; Mead et al., 2013) - the high level of sensor-sensar re-
peatability (slopes between 0.9 and 1.0 for all gas species), in this case
for two nodes (847 and S48) which were near co-located for the ntea-
surement period (Fig. 4). Errors are standard errors of the ordinary least
square estimates.

2.3. Source apportionment

This section describes how we estimate the network baseline (re-
ferred to as the non-local signature) which is due to non-local emissions
for the measurement period presented in this work (4 October to 11
November 2012).

The major novelty of the sensor network work described here is that
local (airport) and non-local (non-local/airport related) fractions of the
measured species could be determined independent of wind conditions
directly from the network observations without the need for long-term
(years) measurements, conditions that limit the extraction of similar
information from the traditional sparse routine network measurements.
We extracted both the airport fraction and non-airport fraction, as de-
scribed below, using the local signature to validate the source appor-
tionment of a model, the ADMS-Airport.

Measurements at each sensor node within the network comprise a
contribution attributable to emissions local to that sensor — the local
signal, and a component advected from outside the network area which
will be essentially identical at all sites - the non-local signal.

As emissions of NOx and CO local to each site will always lead to
locally elevated concentrations of the pollutants, the concept is then to
establish the minimum value of each pollutant across the entire net-
work within a given time window and to equate that to the baseline or
non-local signal for that species and period.

To illustrate the process, we will consider for simplicity a three-
sensor sub-network with measurements from three nodes (site29, site50
and sitel9 designated S;, Sz and S5 respectively). In this (arbitrarily
chosen) period, S, is located at a high pollution site, while S, and S are
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Fig. 1. Instrumentation and deployment: (A) A typical SNAQ sensor node showing the main components, (B) A Google map © showing the location of London
Heathrow airport relative to Central London, UK, and (C) the locations {red tags) of the sensor nodes during the study period and the reference monitoring station
LHR2 (blue 1ag) relative to the terminals (1, 3, 4 and 5, all in purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

located at low pollution sites. The data at 20s resolution, for three
hours only in this illustration, are actual measuremenis used in this
study and are shown in Fig. 5 (red, blue, green).

It can he immediately seen that site $; has highly variable CO va-
lues, significantly elevated above any hemispherie background value
(200-300 ppbv) (Lowry et al., 2016). In contrast, sites S, and S; both
show lower variability, and lower absolute CO values. While sites S,
and 84 do both show some isolated pollution events, they together
define a clear baseline, which in this period is around 400 ppbv and
shows a slight upward trend over the three hour period. Fig. 5B, shows
a probability histogram for a single hour of the ensemble of measure-
ments shown in Fig. 5A. A clear maximum in probability is seen at
~ 400 ppbv, associated with measurements from the low polluticn sites
where the baseline dominates across this sub-network. This reflects the
low CO values associated with predominantly the absence of pollution
events at sites S, and S,, while site S; mainly contributes to the less
frequent but more elevated CO values (> 1000 ppbv). The baseline for
this pericd is extracted by taking a percentile (in this case the 10th) of
the measurements from the network (in this case just from the three
sites) for the defined period, typically one hour, A percentile is chosen
rather than the minimum to account for the measurement error for the
sensors, with the choice of the 10th percentile reflecting the typical
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sensor error. The difference between the minimum CO value measured
and the 10th percentile in this case is < 10ppbv (see expanded
probability histogramt). These differences, which are broadly re-
presentative of the entire dataset for CO, are negligible compared to the
pollution levels observed (see e.g. Fig. 6). The baseline shown in Fig. 5A
is constructed from a linear interpolation between the baselines ob-
tained for individual hour of data (and an additicnal hour before and
after) and, as can be seen, reproduces both the average haseline and
trend. A similar approach (Fig. §2) is applied to the other species (ex-
cept for NO,, where hourly O, corrected data (see section 2 above) was
used with the time window of three hours instead of ane hour used for
the 20 s resolution data). Although three sensors were used in this il-
lustration, the entire network (17 sensor nodes) were used in the
baseline determinations presented below.

Applying the above methed to the sensor data for each gas species,
we successfully extract the network baseline and use this to determine
the local signal (Fig. 6 shows results of the source attribution metho-
dology for CO, and Fig. $3-54 shows results for CO, and NO,).

2.4, Modelling epproach

The model used in this work is ADMS-Airport. This model is an
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extension of the street scale resolution ADMS-Urban dispersion model
(McHugh et al., 1997) for complex urban environments with additional
capability for the explicit modelling of aircraft jet engine emissions as
jet sources. ADMS-Airport has been recommended by the Project for the
Sustainable Development of Heathrow (PSDH) used at Heathrow Air-
port (UK Department for Transport, 2006) and has been used by the
Airports Commission (Module 6 (2015)) as well as the proponents of
the three airport expansion schemes considered by the Airports Com-
mission. The overall approach has been to set up an optimised model-
ling system for a base year of 2012 making extensive use of the sensors,
and then to project the airport impact forward to 2030. Model and
inventory optimisation for the airport sources was based on the detailed
analysis of local fractions of model and monitored data for the sensor
locations site 29 and site 30, located north and south of the 09R runway
(Fig. 7). Details of model configuration for the hourly and annual

predictions are described below.

2.4.1. Hourly average model simulation

Airport emissions were based on a 2012 airport inventery complied
by AEA Environment and Energy (AEA, Energy and Envirenment,
2010) which was then refined using emissions calculated from detailed
aircraft actvity data for the two-week period 4th November 2012 to
18th November 2012, provided by Heathrow Airport Limited from the
Business Objective Search System (BOSS} database, together with
CERC's Aircraft Emissions Caleulator. This combines European Civil
Aviation Conference Report on Standard Method of Computing Noise
Contours around Civil Airports performance model (European Civil
Aviation Conference, 2005) with Boeing Fuel Flow Method 2 (Doc
9889, 2011). The spatial elements for aircraft emissions and details for
all other airside emissions i.e. ground support equipment and auxiliary
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Fig. 6, Time serfes plot from 18-28 October 2012 for hourly averaged absolute, baseline and local CO data at two sites. (A) Network baseline relative to the absolute

mixing ratios, (B) the extracted local mixing ratios.
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power units were alsoc obtained from the AEA inventory.
Based on these data the following model/emission 1mprovements
were made;

o The dimensions of stand sources were modified to be more re-
presentative of the area of emissions;

# The location of take-off sources on runway 09R were moved to
better represent the actual start of take-off roll points. For con-
sistency with the new take-off locations, 09R taxi-out and initial
climb sources were also moved.

® The treatment of taxiing was refined as follows:

- a default aircraft speed of 15.4m/s was previously used for
taxiing. There is relatively low model sensitivity to taxiing speeds,
but to ensure greater consistency with actual aircraft operations, a
speed of 5m/s was adopted for shorier taxi segments of less than
300m in length.

- In addition to engine emissions from the Landing and Take-off
(LTO) cycle, taxiing emissions were also modelled as jet sources

~ taking account of the momentum and buoyancy of the source,
rather than as ground level volume sources with no initial mo-
mentum or buoyancy.

NOx and CO taxiing emissions indices were recalculated assuming

thrust levels of 4% for short taxi segments and 6.5% for longer

segments, together with emission factors for NO and CO which were
derived from measured concentration ratics with CO; from the
sensor network data, rather than the ICAO (International Civil

»
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Aviation Organization) default emission factors for 7% thrust. When
compared to the ICAQ default thrust level of 7% for taxiing, these
reduced thrust levels lead to higher CO emission indices and lower
NO, emission indices.

Fig. 7 shows scatter plots of the modelled airport contribution to
CO, NO and NO; concentrations (ppbv) against the contribution to CO,
concentrations (ppmv) at the site 29 sensor location, before and after
the model refinements. The plots highlight the following effects of the
refinements: the large reduction in modelled near ground level con-
centrations due to the replacement of passive volume sources with
buoyant jet sources from taxiing emissions which results in significant
plume rise; an inerease in the average CO/CO; ratios and an increase in
the average but greater spread of the NO,(NO + NO,)/CO; ratios, due
to the higher CO emission indices and lower NO, emission ratios, used
for the lower thrust settings for taxing, and the increased relative
contribution of take-off NO, emissions to taxiing NO, emissions at the
site,

2.4.2. Annual average model simulation

Nomn-airport ernissions were obtained from the London Atmospheric
Emissions Inventory (LAEL) and Slough Emissions Inventory (SEI). 2012
inventories projected from 2008 base year inventories were used; these
were the latest versions of the LAEI and SEI available for the study. The
road traffic emission factors used to compile these versions of the LAE]
and SEI were found to underestimate real world emissions from diesel
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vehicles, therefore road emissions were recalculated using modified
emission factors for Euro 2 to Euro 5 diesel vehicles. Non-airport
emissions within 10 km of the airport were included within the model.
Major roads and large industrial sources within 7 km of the airport were
modelled explicitly, with all other non-airport emissions modelled as an
aggregated source on a 1km? basis.

Monitored concentrations from rural and suburban sites in the
Defra's AURN retwork and the London Air Quality Network (LAQN)
were used to estimate the background concentrations due to sources
more than 10km from the airport. Wind-direction dependent back-
ground concentrations for the modelled area were caleulated using
hourly concentrations from Harwell, Southall and Barnes Wetlands
monitoring sites, This model set-up allowed use of the Generic Reaction
Set chemistry scheme (Venkatram et al,, 1994), considering NO, che-
mical reactions on an hour-by-hour basis.

Hourly sequential meteorological data from Heathrow Airport was
used as input to the model. A surface roughness value of 0.2 m was used
for the meteorological measurement site and a value of 0.5m for the
modelling domain (Air Quality Studies for Heathrow, 2007).

Apportionment of the contribution of airport and non-airport
emissions to concentrations of NO, and NO, was also carried out.
Included within airport emissions is the contributicn frem all airside
emissions and the airport related traffic on surrounding major roads. It
is assumed that all traffic on the airport perimeter road along with M4
and M25 spur roads, leading to the airport, is airport related traffic. The
traffic flows on these roads is used to apportion an airport traffic con-
tribution on adjacent major roads. To calculate the airport contribution
to NO, the difference between two model runs was determined: the first
including all emissions, the second excluding airport emissions.

The model performance was also verified against Defra and local
authority automatic monitors around the airport in 2012, the results
showed excellent agreement between modelled and monitored con-
centrations as summarised Table 2.

2.4.3. Year 2030 and third runway scenarios
The modelling for 2030 considered aircraft fleet changes and airport

activity changes, with and without a third runway at Heathrow,

equivalent to the 2030 North-West Runway (three runways) and 2030
Do-minimum (two runways) scenarios in the Airports Commission
modelling. In addition, a 2012 North-West Runway scenario was
modelled i.e. a third runway at Heathrow with the current aircraft
emissions technology. Only the airside emissions were modelled for
these scenarios due to the uncertainty in road layout with the extended
airport.

Scenario aircraft emissions for 2030 were calculated by scaling the
2012 emissions by aircraft movements and fleet-weighted NOy emis-
sions by aireraft category for 2030 used in the Airports Commission
modelling. The location of the new runway and associated taxiways and
stands are based on submissions by the scheme proposer to the Airports
Commission (Independent report, 2014). Stand emissions are calculated
by scaling the baseline 2012 emissions by annual passenger projections.

Runway activity assumed the ending of the Cranford Agreement
(LHR Airporis Limited, 2016).! The scheme design with the third
runway proposes rotating runway use between, four modes of operation
based on the northern and southern runways alternating between
mixed and segregated mode operation, and the central runway oper-
ating in segregated mode only. For the modelling, it is assumed that
there is, equal use of the four modes during the year, weekly alternation
between departure and landing operation on the central runway and
intra-day switch between mixed-mode and segregated mode operations
on the northern and southern ronways.

The airport contribution to total annual average NO, concentraticns

1 http//wwiv heathrow.com/noise/heathrow-opetations/eranford-
agreement#, accessed 3rd November 2016.
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Table 2
Comparison of monitored {(Mon) and medelled (Mod) 2012 annual average
concentrations (pg/m?®).

Location NO, (ng/m®) NO; (ug/m*} Oz (ug/m%
Mon Mod Mon Mod Mon Mod
LHR2 106 104.0 48 50.8 - 30.3
Harlington 61 58.7 35 37.1 34 375
Heathrow Green Gates 63 60.1 33 361 - 39.8
Heathrow Oaks Road 52 53.8 30 316 - 42,0

was calculated from modelled annual average NO, concentrations using
primary NO, dependent NO,:NO, correlations based on the 2012
baseline modelling including airport and non-airport emissions and
using the ADMS chemistry scheme. This was necessary since only
sources of NO, related to the airport were modelled for 2030, which
meant that the chemistry scheme within ADMS could not be employed
for the 2030 calculations. These NO; concentrations, calculated from
model derived NO,:NO, correlations, were found to be broadly similar
to concentrations obtained using Defra's NO, to NO, Calculator tool
(Department for Environment, Food and Rural Affairs, 2016; Jenkin,
2004) for deriving NO, concentrations from road NO; contributions
when the primary fraction of NO, emissions was typical of road traffic
emissions.

2.4,4, Emission Factor Toolkit (EFT) version 7.0 road traffic NO, emissions

NO, emissions by vehicle type from Defra's EFT v7.0 are shown in
Table 3 for the average traffic speed on Bath Road (37 km/h), along
with total emissions for the typical traffic flow on the road; a decrease
of over 80% in NO, emissions between 2013 and 2030 can be seen. The
EFT v7.0 includes emissions factors extracted from COPERT 4 v11.0; an
update of the EFT taking into account revised emission factors for the
majority of Euro 5 and Euro 6 light duty diesel vehicles in COPERT 4 v
11.4 is expected to be released by Defra shortly. Emissions of light duty
petrol vehicles and all heavy duty vehicles are unchanged between
COPERT 4 v 11.0 and COPERT 4 v 11.4. The emissions for all Euro 6
light duty diesel vehicles in EFT 7.0 have emission limit conformity
factors in the range 2.6-2.8 (0.208 g/km to 0.224 g/km compared to
the type approval limit of 0.08 g/km at 33.6 kmm/h, in accordance with
Defra's definition of conformity factors). The updated emissions in
COPERT 4 v 11.4 take into account the legislative stages of the Euro 6
standard, with the introduction of Real Driving Emissions (RDE) reg-
ulations from 2017 (Euro 6¢ and Euro 6d); for 2017-2019 vehicles
(Euro 6¢), the updated emissions have conformity factors in the range
3.94-5.05 (0.315g/km to 0.404 g¢/km) and for post-2020 vehicles
(Euro 6d) conformity factors in the range 1.97-2.45 (0.158 g/km to
0.196 g/km); this is expected to lead to a reduction in road transport
emissions along Bath Road for 2030 when compared with emissions
calculated using COPERT 4 v 11.0 (Updated Air Quality Re-analysis,
2017).

3. Results
3.1. Air quality network measurements

To illustrate the type of information available using the low cost
sensor technique, Fig. 8 shows time series of 20s average carben
monoxide (CO) across the network on varying timescales: for the entire
period in this study, for a week and for a single day. For clarity, the data
are ordered from low to highly polluted sites in each panel. Several of
the sensors have incomplete time series because of power supply and
data transmission issues, however an overatl pattern is clear. Firstly,
there is a diurpal periodicity evident, with some sensor locations,
generally those close to direct aircraft emissions (e.g. $10, 529, 530),
showing high levels of CO in contrast to other locations at which much
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EFT 7.0 NO, emission factors by vehicle type {(g/km) and total emissions for Bath Road waffic flow (g/km/s), 2013 and 2030 fleet assumptions.

NOx emission factors at 37 km/h (g/km/ 2013 2030 Emissions reduction 2013 to EFT fleet assumptions for 2030 (for road type: Outer London Urban)
vehicle) 2030
Petrol Cars (includes hybrids) 0.182 0.048 73.5% 97% Euro 6
Diesel Cars (includes hybrids) 0,624 0233 62.6% 95% Euro 6
Taxis 0.868 0052 94.0% 11% Euro 6; 87% zero emission vehicles
Petrol LGVs 0,009 0.004 56.9% 86% Euro 6
Diesel LGVs 0749 0200 721% 98% Euro 6
Rigid HGVs 3.845 0316 91.8% 99% Furo VI
Artic HGVs 6.360 0.422 93.4% 98% Euro VI
Buses/Coaches (includes hybrids) 5511 0319 94.2% > 98% Euro VI
Motorcycles 0119 0037 69.1% > 70% Euro 5 (highest motorcycle standard)
NOx emissions (g/km/s) for Bath 2013 2030 Emissions reduction 2013 to  Traffic breakdown
Road traffic 2030
All vehicles (32,989 vehicles/day) 0.296 0.051 82.7% 76.4% cars; B.7% Laxis; 6.4% LGVs; 5.2% Buses & coaches; 2.0% Rigid HGVs; 0.4%

Articulated HGVs; 1.0% Motorcycles
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Fig. 8. Time series plots of carbon monoxide measurements across the network nodes operating during the study period: five-week study period (A), one week (6-12

October 2012 - B) and the one day (8 October 2012 -C). Equivalent plots for other

lower levels are seen (e.g. $17, $48). For the overall data set (Fig. 84),
the coarse pattern is that there are two periods of several days of highly
polluted conditions separated by less polluted periods. These differ-
ences are associated with changing general meteorological conditions,
mainly wind direction, which influences runway usage (direction of
take-off) and background pollutant concentrations as well as the dis-
persion of pollutants. Viewing a week of data (Fig. 8B) the strong
diurnal pattern associated with the daily airport operation becomes
clearer, and finally, looking at a single day (Fig. 8C), individual pal-
lution events can be seen associated with single aireraft movements.
Similar‘patterns are observed across the network for the other species
(see Fig. 2).

The main novelty of this deployment was that there were multiple
sensors positioned as components of a network of sensor nodes across
the airport. Individual sensors in the network measure pollutant levels
which are a combination of emissions local to that site and those from
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species are shown in Fig. §2.

further afield. The critical point is that while individual sensors have
pollutant signatures unique to the emission sources close to each site,
sources which are external to the network itself (as a whole) produce a
near identical response across every node of the network. The methods
used to distinguish individual sensor responses (local signatures) from
the network signature (ston-local signature) are presented in section
2.3. The method was applied to all the sensor nodes in the network, and
examples of such a separation for NO; and CO, are shown for a single
site ($29) in Fig. 9.

For both NC. and CO- the observations at this site (which we term
absolute) show periods of significant diurnal variation (in excess of 50
ppmv and 50 ppbv for CO; and NO, respectively), interspersed with
periods where diurnal patterns are less evident. In contrast, the network
measurements (which we term non-local or baseline) show less diurnal
variation but do show longer periods of elevated pollutant concentra-
tions, for example around October 9th and October 24th. Both types of
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w T T T T LI ey Fig. 9. Time series depicting elements of the source se-
W —Hnlecal totset) paration for site 29 over the five-week study period. The
w L upper panel (A) observed (absolute) values, together
- with local and non-local signatures (see text for defini-
g f& tions) for NO, and with the equivalent plot for CO5 (B).
g wm P Observations obtained at the site are shown in black
(with offset of 100 ppbv for absolute and non-local NO»
® applied for clarity), with the network (non-local) sig-
nature in red. The derived local measurements are
shown in each case in blue. (For interpreiation of the
] references to colour in this figure legend, the reader is
" referred to the Web version of this article.)
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features are characteristic of meteorological impacts on dispersion of
pollutants, runway usage, and, as will be seen below, longer range
transport of pollutants, Finally, for both CO; and NO, the site specific
(local) signatures retain the diurnal patterns, with the underlying
longer-term variations removed.

Polar bivariate plots (Carslaw and Ropkins, 2012), where pollutant
concentrations for a time series are shown as functions of wind speed
and wind direction, are powerful tools for source attribution studies,
both for source lecation and for providing the basis for the determi-
nation of emission indices. Fig. 10A-D shows polar bivariate plots for
the hourly average local signatures (i.e. absclute measurements with
the network baseline signature removed) for CO, NO, NO, and CO, for
the site discussed above (site 29). The metecorclogical data (wind speed
and direction) for these analyses are taken from the anemometer on the
sensor node itself (see panel (E)). The main features in Fig. 10A-D are
two distinet regions of elevated concentrations to the NE and SE of the
measurement site, both associated with aircraft activities near site 29.
The NE lobe shows lower levels of both NO, (NO -+ NO3) and the ratio
of NO, to CO» and higher levels of CO than the SE lobe, signifying
aircraft taxiing to the NE and aircraft taking off to the SE. This is
consistent with the location of a taxiway and the runway relative to site
29 (Fig. 1C). NO, is comparable for both lobes, consistent with the

Hoeft

lower NO but much higher ratio of NO; to NO, for taxiing emissions
than for take-off emissions (Herndon et al., 2004). CO; in the NE lobe is
also higher than in the SE lobe, which considering that the emissions
rate of CO;, is higher for take-off, suggests poorer initial dispersion of
taxiing emissions relative to take-off emissions. The figures thus illus-
trate the additional benefits of multi-species measurements in char-
acterising sources in detail as well as combining them with meteor-
clogical information. Note also that the higher concentrations in the
local measurements are generally associated with higher wind speeds
from the source direction reflecting the buoyant nature of ground level
aircraft jet engine plumes (Bennett et al., 2010).

As is discussed in section 2.3, once the local pollutant signatures for
each node are obtained (i.e. the background signature removed),
emission indices {the amount of pollutant emitted per unit of CO;) can
now be caleulated for the different sites. Fig. 4 shows how concentra-
tions of local NO, NO; and CO vary with the local CO; at site 29, The
ratic of the measurements (the graph gradient) is then used to estimate
the emissions index (Table S1) for that pollutant which, in this case,
correspond to 26.7 * 0.56g/kg for CO, 3.50 * 0.16g/kg for NO,,
and 1.70 * 0.04g/kg for NO. Note that as these are ratios of co-
emitting species, they are not dependent on the degree to which any
plumte is intersected.
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Fig. 10. Polar bivariate and wind rose plots for hourly average data at site 29 for the five-week study period. (A-E) local CO, NO, NO,, €O, and wind rose, plots make
use of measured wind data at site. (F-J) non-local (network baseline) CO, NO, NO3, CO, and wind rose, plots make use of wind data obtained from the Met Office
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Fig. 10F-1 also show polar bivariate plots for CO, NO, NO, and CO,,
except in this case for the non-local (non-airpert) component, with the
meteorological measurements now taken from the Met Office site at
Heathrow airport (Met Office, 2012) which can be taken to represent
the large-scale wind field (Fig. 10J). Note that as these plots are derived
from the entire sensor network and not from any one sensor, unlike the
local site-specific signatures there is only one per species for the entire
network. Firstly, we observe that, in contrast to the local pollutant
signatures (Fig. 10A-D), elevated concentrations are cbserved at lower
wind speeds when dispersion of pollutants would be expected to be
reduced, but secondly there are also elevated pollutant levels when the
wind is from the easterly sector, consistent with high pollutant con-
centrations being advected across the afrport from central London
(Fig. 1B).

A key feature of the non-local NO, signature is that its diurnal
pattern (Fig. 11A), with morning and evening peaks, matches that ty-
pically seen from road traffic emissions (Vardouiakis ei al., 2007). This
contrasts with the diurnal profiles from the local signatures at the air-
port (Fig. 11B and C), which show flatter signatures during the day with
a night time baseline associated with the more uniform level of daytime
airport activities and the night time airport closure.

3.2. ADMS airport model and measurement comparison

This comparison uses data from the local pollution signatures ex-
tracted from the sensor network and modelled equivalent emissions for
the ADMS-Airport model. The emissions and model set-up have been
optimised using the sensors data, as described in section 2.4, and using
known average thrust settings for British Airways (BA) aircraft at
Heathrow for the period. The sensor data were averaged to hourly
means to match the timescale of the ADMS-Airport model outputs.
Overall, there was good agreement between the model output and the
measurements for all the gas species of interest across the network, as
shown in the example for site 29 close to the west end of the southern
runway (Fig. 7) which compares, for each of CO, NO, NO, and CO,, the
local signature from the sensor with the both the refined and unrefined
model prediction taking account only of the airport emissions. Both
measurement (blue) and refined model (red) are consistent in showing
periods of high and low daily concentrations associated different modes
of runway usage as meteorological conditions vary. The peak con-
centrations observed in early October and the week beginning 19 Oc-
tober are from the southern runway under the so-called easterly runway
operational mode when aircraft take-off and land into the easterly
wind. Heathrow airport most frequently operates under westerly mode
(take-off and landing in this direction) consistent with the prevailing
wind, however if the wind is from the east, an easterly operational
mode is initiated (LHR, 2017).

Fig. 12 shows a comparison of modelled and measured local NO»
concentrations for all the active sensor sites, averaged over the five-
week measurement period. Also shown are comparisons of the average

67

-3

30 g
& All slies: SNAQ {local) vs Model local) _,-"‘
25 * LHRZ; SNAG {focal) vs Model (local} g
<% LHR2: SNAG (Tocal) vs Ref {local) s
% LHRZ: SNAQ {(absoluto} vs Kef {absolute] -~
20 -
3 <€ -
& B
o -
15 =
Z e
o
g"‘ .
10
5
ol
[1] 5 10 15 20 25 30

NO, Medel | Reference {ppbv)

Fig. 12. Comparison of measured local NO, amounis for all the active sensor
sites with the ADMS model averaged over the five-week measurement period
(solid red circles), Also shown are the average local and total NO, mixing ratios
at the one airport reference site (green and blue solid stars respectively) as well
as the measured and modelled local NO, at the reference site (black). The error
bars on ¥ and X axes are + 3¢. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

NO, local and tetal mixing ratios at the one reference site at the airport
(LHR2). Firstly, there is broadly good correspendence between mod-
elled and measured local NOj across the entire network confirming the
high level of ADMS model performance. Secondly, the co-located SNAQ
and reference instrument show excellent agreement both in local and
absolute terms confirming the performance of the low cost NO; sensor.

An average absolute NQ, concentration of 25 ppbv (~50 pg/m>)
was observed at the airport reference site (site 47), compared to local
airport contribution of 9ppbv (~18 pg/m®). This demonstrates that
local airport emissions account for only ~36% of the total NO; ob-
served at that site and confirming that non-airport emissions dominate
for the measurement period even at this airside location. A previous
study (Carslaw et al., 2006), based on hourly NO, and NO, data for 8
measurement sites in the broad neighbourhood of the airport, reported
a lower bound for the airport contribution of 27%. In contrast to the
current study however, in that work the background contribution was
estimated from one site only so that the effect of any emission sources
between that site and the airport could not be accounted for.
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predicted contributiens of the 2030 North-West Runway and 2012 baseline,

3.3. Model annual average predictions using the ADMS-Airport model

In order to identify regions where the NO, annual mean limit value
is exceeded, we used the ADMS-Airport model, as refined by the sensor
network measurements, to predict annual mean NO, concentration in
and around Heathrow Airport A contour plot of modelled annual
average NO; concentrations for 2012 obtained by averaging the model
output for each hour of the year is shown in Fig. 13A. This shows ex-
ceedence (yellow, orange and red) of the NO; limit value within and
close to the airport and close to major roads. Source apportioned model
calculadons are depicted in Fig. 13B and C, detailing the annual
average contributions of airport and non-airport emissions; the airport
emissions include road traffic emissions associated with the airport.

4, Discussion and conclusion

We have used the network of sensor nodes to distinguish between
and quantify local and non-local contributions to the different pollutant

measurements. From this we have been able to independently derive.

emission ratios for the airport activities at the different node sites.

The non-airport mean NO, concentration contribution derived from
the observations of ~16 ppbv (~32 ng/m® shown in Fig. 114 indicates
that most of the NO; observed in the proximity of the airpert arises
from emissions which are unrelated to the airport activities. The polar
bivariate plot analysis of this non-airport contribution also unequi-
vocally indicates that the predominant non-airport emission sources are
in the ENE/E direction, ie. from the Greater London region. Im-
portantly, the diurnal profile of this signal is characteristic of road
traffie related emissions as the morning and evening rush hour peak
events are clearly evident in the figure and thus it can be concluded that
these sources are largely associated with road traffic emissions from
Greater London.

The ADMS-Airport medel, with emission indices validated and
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refined by comparison with the equivalent airport emissions derived
directly from the sensor network measurements, shows that within the
airport perlmeter annual average NO, levels, at typically 50pg/m®
(Fig. 13A), are above the EU annual average limit of 40 gg/m>. How-
ever, beyond the airport perimeter, annual average NO, levels only
marginally exceed this limit except near major roads (40-44pg/m> up
to 1km to the north of the airport and lower further away). However,
the model results show that in the area immediately outside the airport
where the NO» annual average limit value is exceaded, only 12-16 pg/
m® (~6-8ppbv) of NO; (Fig. 13C) can be attributed to airport activ-
ities, ~30-36% of the total NO..

Model evaluations of the potential impact of an airport expansion
(the addition of a third runway with its increased aircraft movements)
suggest that the airport contribution to the north east of the airport will
rise to ~20pg/m® (~10ppbv) with the addition of a third runway
(¥ig. 13D-E).

This work demonstrates a technique for source apportionmernt in
complex environments, in this case a major international airport, using
a low cost air quality sensor network. The wider impact of such work is
that is can lead to an improved understanding of the impacts of policy
decisions and interventions. For Heathrow airport, there is an ex-
pectation (Airports Commission July 2015) that on the timescale of the
airport expansion, changes to the road traffic fleet, particularly the
introduction of cleaner (Euro 6) and zero emission vehicles, NOx levels
in the London plume reaching the airport will fall significantly. As an
example of the likely magnitude of this effect, projections from 2013 to
2030 using the Fmission Factor Toolkit (EFT) 7 published by Defra
(2016) suggest a reduction of more than 80% in road NO, emissions just
to the north of the airport (see section 2.4.4). If this projection is cor-
rect, then even with a third runway and the associated roadside ac-
tivities, NO, levels would be expected to fall below the current NO5
annual average limit, meaning that the area would then be compliant
for NQy. Clearly erucial to achieving compliance with the NO, annual
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average limit value by 2030 would be the extent to which vehicle en-
gine technologies do indeed reduce NO, emissions across the vehicle
fleet.

The critical components of this study are the explicit separation of
local and non-local emissions and the direct determination of emission
indices using the sensor network coupled to appropriate analysis
methods, and together are important demonstrations of the potential of
this emerging low-cost air quality sensor technology.

Heathrow airport represents in some senses a special case, parti-
cularly in that on the spatial scale of the airport the pollutant baselines
at any time can be represented by single values, Extending the tech-
nique across wider domains such as across an entire mega-city, while
conceptually very similar to the approach we have taken, would be
expected to require baselines which could vary spatially.

The measurement and analysis methodology we have demonstrated
in this case study has wide applicability in many complex air quality
environments including developing megacities, and has the clear po-
tential to inform in a cost-effective manner policies and interventions
which would mitigate potential health impacts of air quality and other
environmental issues including the monitoring of greenhouse gas
emissions.
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ABSTRACT

A state-of-the-art integrated chamber system has been developed for evaluating the performance of low-
cost air quality sensors, The systemn contains two professional grade chamber enclosures, A 1.3 m?
stainless-steel outer chamber and a 011 m® Teflon-coated stainless-steel inner chamber are used to

-create controlled aerosol and gaseous atmospheres, respectively. Both chambers are temperature and

relative humidity controlled with capability to generate a wide range of environmental conditions. The
system is equipped with an integrated zero-air system, an ozone and two aerosol generation systems, a
dynamic dilution calibrator, certified gas cylinders, an array of Federal Reference Method (FRM), Federal
Equivalent Method (FEM), and Best Available Technology (BAT) reference instruments and an automated
control and sequencing software. Our experiments have demonstrated that the chamber system is
capable of generating stable and reproducible aerosol and gas concentrations at low, medium, and high
levels. This paper discusses the development of the chamber system along with the methods used to
guantitatively evaluate sensor performance. Considering that a significant number of academic and
research institutions, government agencies, public and private institutions, and individuals are becoming
interested in developing and using low-cost air quality sensors, it is important to standardize the pro-
cedures used to evaluate their performance. The information discussed herein provides a roadmap for
entities who are interested in characterizing air quality sensors in a rigorous, systematic and repro-
ducible manner.
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1. Introduction

Studies have shown that air pollutants, such as fine particulate
matter (PMa5), ozone {Qa), volatile organic compounds (VOC), and
nitric oxides (NOy), can cause serious respiratory diseases, cardio-
vascular disorders, and other adverse health effects (Heck et al,,
2013; Weichenthal et al, 2011). Conventionally, aie quality and
pollutant concentrations are monitored by the federal government
as well as state and local regulatory agencies using sophisticated
and expensive fixed-site instruments {Snyder et al., Z013). The
number of monitoring sites is thus limited by the cost of instru-
mentation and availability of trained personnel to operate and
maintain such equipment. Because of their relatively low spatial
density, available fixed air monitoring sites are mostly designed to
characterize air quality over a wide geographical area. However,
they do not typically provide the granularity that is often necessary
to fully understand local air quality conditions, Due to recent
technological advancements in micro-sensors, embedded systems,
and wireless networks, manufacturers have begun marketing low-
cost and relatively easy-to-use air quality sensors, These devices,
provided they produce reliable data, can significantly augment and
improve current ambient air monitoring capabilities, A wide range
of sensor applications is now changing the paradigm of air pollu-
tion monitoring {(Snyder et al,, 2013). In its 20142018 Strategic
Plan, the United States Environmental Protection Agency (U.S. EPA)
has recognized the need to extend the existing air pollution
monitoring to lower cost measurements (EPA, 2014). Herein, a
sensor is considered low-cost if its macket cost is less than $2000. IT
a device is presented as a multi-pollutant sensor device, then the
cost per pollutant type should be less than $2000. With the recent
commeicialization of low-cost and easy-to-use devices, susceptible
groups and individuals such as children, seniors, asthmatics,
pregnant women, and people interested in measuring air pollution
in their communities can monitor air quality and assess potential
personal exposure. Citizen scientists and community groups have
now access to a wealth of information to better understand how air
pollution may impact their neighborhoods {Deville Cavellin et al.,
20186; Jiao et al, 2015), Air quality sensors deployed near indus-
trial facilities, such as those for fence-line monitoring applications,
can provide empirical data to supplement existing ambient air
monitoring infrastructure (Pikelnaya et al., 2013), Portable sensor
mounted onn a mobile vehicle can also be used to monitor urban air
quality and map the spatial variation of traffic refated emissions
{Hagler et al,, 2010; Van den Bossche ef al., 2015).

The development of reliable Iow-cost air quality sensors is
complex. These devices have to detect one or more specific target
pollutants while being inert to interferent species and meteoro-
logical parameters. They also have to be calibrated to give accurate
readings, which often requires the need of specialized and expen-
sive reference instrument. Furthermore, various algorithms and
processing procedures are used to convert the sensor's signal to air
pollution concentrations. Therefore, not all low-cost sensors are
reliable or able to provide meaningful air quality information
(williams et al., 2014). Consequently, their performance needs to be
fully characterized under various pollutant levels and different
environmental conditions to assure data guality.

Environmental chambers have been an indispensable tool in
studying gas-phase atmospheric chemistry {Cocker et ai., 2001) and
pollutant exposure (Papapostoiou et al, 2013) because they can
provide controlled environments. Over the past years, there have
been several studies on sensor performance evaluation that
involved environmental chambers. At EPA, a glass exposure cham-
ber was constructed to evaluate the performance of Os, nitrogen
dioxide {NG3) and VOC sensors (Williams et al., 2014, 2015). Tem-
perature and relative humidity (RH) were controlled by an air

conditioning system, supplemented with heating pads, dry ice, and
a water bubbler. Important parameters such as linear correlation
coefficient, detection limit, concentration resolution, response time,
and temperature znd RH influences were examined. Yet, due to the
chamber size limitations and restricted resources, the intra-model
variability, the effect of interferents and weather conditions wete
not tested in those studies, Joint Research Center (JRC) has published
a series of technical reports and papers describing its efforts in
evaluating and calibrating gaseous sensors (Spinelle et al,, 2014). [n
the JRC laboratory testing approach, an “O"-shaped ring-tube
exposure chamber was developed to evaluate an ozone sensor
{model B4-03, Alphasense, UK) under controlled temperature, RH,
wind velocity, and gaseous interferent concentrations. The sensor
reported highly linear output, good precision, and little baseline
drift, but it was sensitive to NOz and was affected by hysteresis due
to RH variations. Although this work was conducted for an ozone
sensor, it provided important guidelines for other gas sensors
evaluation. In another study, three particle sensors, including Shi-
nyei PPD42NS, Samyoung DSM501A and the Sharp GP2Y1010AUOF,
were evaluated in a customized acrylic chamber where particulate
atmosphere was created by burning incense (Wang et al., 2015). The
method was limited in scope, as the system could not generate
stable and reproducible particulate environment, thus was not
appropriate for systematic evaluation of PM sensors of different
types. Additionally, a Shinyei PPD42NS particulate sensor was also
evaluated in a chamber, but only under ambient temperature and
RH conditions (Austin et al,, 2015). Similar studies (Nortthcross et al.,
2013; Sousan et al, 20i6a, 2016b) have definitely expanded our
understanding on the potential and limitations of low-cost air
monitoring devices. Nonetheless, there has not been any efiort to
develop methods, protocols, and procedures to systematically
evaluate the performance of low-cost particle and gaseous sensors
under a wide range of environmental conditions.

Herein, we describe the development of a state-of-the-art
chamber system for the performance evaluation of low-cost air
quality sensors. To the best of our knowledge, this integrated
chamber systern is the first that can generate stable and repro-
ducible environmental conditions with diverse temperature, RH,
and known PM and gas concentration profiles. The chamber system
is coupled with an array of FRM, FEM, and BAT reference in-
struments for comparison purposes, In this paper, we focus on the
development of methods and the validation of the chamber's
ability to generate a wide range of environmental conditions.
Indicative laboratory experiments are presented to exemplify the
practical application of the chamber system and the testing
methods, A summary of all available laboratory testing results
conducted within Air Quality — Sensor Performance Evaluation
Center (AQ-SPEC) can be found on a dedicated website (www.
agmd.govfag-spec). Our sensor evaluation results indicate that
sensor performance can be better characterized when parameters
such as accuracy, precision, detection limit, climate susceptibility,
and the effect of interferents are investigated systematically.

2. Methodology
2.1. Chamber system overview

A chamber system, designed by the AQ-SPEC team, hardware
developed and integrated by AmbiLabs (Warren, RI), has been
installed inside the South Coast Air Quality Management District's
Chemistry Laboratory (Fig. 1 and Figure S-1),

The chamber system consists of

i) A professional grade environmental test chamber (G-$eries
Elite, model GB-32-3-AC, Russells, Holland, MI) capable of
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Fig. 1. Schematic of chamber system.

creating a wide range of temperature and relative humidity.
This includes a stainless steel rectangular-shaped enclosure
(1.3 m?, here referred to as “outer chamber”), a heating/
cooling system for controlling the test temperature, a
humidifier/de-humidifier for varying the relative humidity;
ii) A custom-made Teflon-coated stainless steel cylindrical-
shaped enclosure (0.11 m?, here referred to as “inner cham-
ber"), installed inside the “outer chamber";
iii) A dry, gas- and particle-free “zero-air” generation system
{described in details in Supporting Information);
iv) An aerosol generator (model AGK, 2000; PALAS, Germany) to
generate ultrafine/fine particles;
v) A particle dispenser {model SAG 410U, TOPAS, Germany) to
dispense finefcoarse particles;
vi) A dynamic dilution calibrator with an internal ozone gener-
ator (model T700U by Teledyne API, San Diego, CA);
vii) An array of FRM, FEM and BAT reference instruments
(Table 1), whose sampling inlets are in-line with the chamber
and about 20 cm from the sensor trays (see Figure S-1);

Table 1
Reference instruments used in the laboratory low-cost sensor evaluation.

viii) An integrated computer software that controls the various
operatingfexperimental parameters, T/RH set-points and
reference instrument data logging.

Specifically, the integrated computer soitware (Polidori et al.,
2016) allows for the design of extensive sensor testing experi-
ments using programmed sequences, and consists of three main
integrated components: a custom program sequence runner for
setting chamber T/RH and for controlling PM concentrations in
aerosol experiments {Figure $-2), a Teledyne APIcom software for
controlling concentrations in gas experiments {Figure S-3), and a
WinAQMS Data Acquisition and Control System (Figure 5-4)
{WIinAQMS Air Quality Monitoring Software, Ecotech, RI). The
software provides full control over the chamber system, enabling
measurements to be recorded, automatic calibrations to be per-
formed and system errors to be monitored. WinAQMS allows
collection of data directly from the gas and particle instruments in
digital format, thus eliminating digital to analog and analog to
digital conversicn errors.

Manufacturer Model Measures Range LDL Measurement technique Method  Flow rate
(LPM)

GRIMM EC180 PM,p, PM2s, and PM, 0.1-1500 pgfm® 0.1 pg/m®  light scattering FEM 5
environmental dust monitor

TSI Model 3321  aerodynamic particle sizer, 0-10,000 0.001 double-crest optical BAT 5
0.5—-20 pm aerodynamic sizing particles/m® particle/m?®

TSI Model 3091  fast mobility particle sizer, 5.6—560 nm N/A NfA electrical mobility BAT 10

Ecotech Serinus 55  hydrogen sulfide 0-20 ppm 04 ppb UV fluorescent radiation, FRM 0675

external thermal converter

Ecotech Serinus 10 ozone 0-20 ppm 0.5 ppb nondispersive UV photometer FEM 0.5

Ecotech Serinus 40  nitric oxide, nitrogen dioxide, 0-20 ppm 0.4 pph gas-phase chemilluminescence detection FRM 0.6
and nitrogen oxides

Ecotech EC 9850T sulfur dioxide trace analyzer 0-20 ppm 0.3 ppb fluorescence spectroscopy FRM 0.75

Ecotech EC 9830T carbon monoxide trace analyzer 0-20 ppm 200 ppb infrared photometric FRM 1

detection and gas filter correlation
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2.2, Aerosol and gaseous test environments

Controlled aerosol environments are generated in the
rectangular-shaped outer chamber to conduct PM sensor evalua-
tions. As previously mentioned, the system is equipped with two
particle generators, an ultrafineffine particle generation system
PALAS AGK 2000 and a finefcoarse particle dispenser TOPAS 5AG
410{U. In the PALAS particle generator, test aerosol is generated ina
consistent and systematic manner in terms of particle count/mass
concentrations and particle size distribution. A specially developed
nozzle prevents salt crystallization at the nozzle outlet. The liquid
suspension is dried in a vertical dryer (model TR2000, PALAS,
Germany) that has a smooth 90° elbow shape. The dried aerosol is
then diluted with dry “zero-air” into a mixing duct, and directed
into the outer chambet. The particle concentration and size distri-
bution can be adjusted by changing the salt type and concentration
as well as by varying the aerosol injection frequency and duration
in the chamber using the integrated custom software (see Section
2.1). The TOPAS dust dispenser is used to introduce finefcoarse
particles in the outer chamber. Standard dry dust (e.g., Arizona test
dust ISO 12103 A4 Coarse Grade or dolomite powder) is dispensed
into the chamber through a two-step process: first, dust is
continuously supplied from a dust reservoir onto the rotating belt,
and subsequently, the dust material is injected into the mixing duct
and then the outer chamber with compressed “zero-air”, The first
step is key to achieve a stable and reproducible particulate con-
centration, but is quite challenging, especially when the target
concentration is very low. Key dispenser components such as the
toothed belt and the scraper ensure the delivery of consistent
amounts of dust.

In a typical fine particle (PM3 5) experiment testing a PM sensor,
the outer chamber is first conditioned to a target temperature and
RH. Aqueous potassium chloride solution (KCl, 17% by weight) is
nebulized in the aerosol generator and is subsequently dried in the
PALAS dryer. Dry particles are then directed into the chamber. The
chamber operates in a dynamic mode at a flowrate of about 23 Lf
min. On average, 2—3 h are needed to achieve a stable particle
concentration and size distribution in the chamber, which is be-
tween 2 and 3 chamber mean residence tiines for a chamber vol-
ume of 1.3 m®.

Controlled gaseous atmospheres are generated in the
cylindrical-shaped inner chamber where gas sensors are instalied
for testing. The relatively low inner chamber volume of 0.11 m?
(about 1/12th of the outer chamber) allows to decrease the time
needed to reach a stable gas concentration in the chamber and,
consequently, to reduce the consumption of certified standard
gases used for experiments. The inner chamber is coated with
polytetrafluorcethylene (PTFE) to provide an inert sueface for
reactive gases {e.g,, Oz and H;S).

In a typical experiment of testing a gas sensor, the inner
chamber is first conditioned to the target temperature and RH, The
targeted gas pollutant{s) from a certified compressed gas cylinder
(orin the case of ozone, generated by the dilution calibrator} is first
passed through a gas dilution calibrator where the appropriate test
flow is adjusted and mixed with pre-conditioned zero-air inside the
inner chamber. The dynamic dilution calibrator is capable of pro-
ducing a broad range of gas pollutant concentrations.

2.3. Chamber preparation and sensor evaluation

Prior to a laboratory testing experiment, the chamber wall sur-
faces are wiped off with isopropy! alcohol and the sensors to be
tested are mounted on the supporting Teflon-made trays. All sen-
sors are pre-treated with routine set-up procedures, such as filter
replacement (when necessary), zero calibration, flow rate check,

dateftime synchronization, and battery charge. Power and sofliware
control cables are connected through the communication plate
located on the right-hand side of the outer chamber. The chamber
door is then closed and dry, particle- and gas-free air is flushed
through the systemn to provide a clean background for a new
experiment.

The general evaluation procedure is based on a side-by-side
comparison between the sensor(s) to be tested and the reference
FRM, FEM and BAT instrument(s) measuring the same pollutant(s).
During a typical experiment, the concentration of the target
pollutant is increased from zero-air baseline to the fiest concen-
tration level. The target pollutant concentration is then kept stable
for a set period of time at the steady-state stage. This procedure is
repeated multiple times over tmultiple pollutant concentrations
spanning from very low (e.g., below typical ambient conditions or
less than 50% of the U.S EPA National Ambient Air Quality Standards
{NAAQS)) to very high {e.g., well above ambient conditions or more
than 200% of the U.S, EPA NAAQS), and under different temperature
(e.g., 5—35 °C) and RH levels (e.g., 20—-80%). Performance-related
parameters, similar to those established by EPA, JRC and other or-
ganizations that have conducted similar sensor testing experiments
{Spinelle et al., 2013, 2014; williams et al., 2014; Williams et al,
2015) are quantitatively defined and include intra-model vari-
ability, accuracy, precision, lower detection limit, linear correlation
coefficient (R?), effect of interferent species, climate susceptibility,
and data recovery (Polidori et al., 2016). Most of these parameters,
except for the linear correlation coefficient, are evaluated based on
data acquired from the steady-state stages.

3. Results and discussion
3.1. Chamber temperature and relative humidity control

Studies have shown that temperature and relative humidity can
have a negative impact on sensor performance and, consequently,
affect the reported pollutant concentration. Commercially available
metal oxide gas sensors are mainly made of tin dioxide {SnOg)
deposited on porous alumina or silica. At high humidity level,
adsorption of water vapor and potential moisture condensation
decrease the SnO; baseline resistance, resulting into reduced
sensitivity, The effective surface area available for sensing the target
pollutant also drops in time due to moisture adsorption (Sohn et af.,
2008). In addition, prolonged exposure to high humidity levels
leads to the formation of stable chemisorbed hydroxide ions (OH™},
causing sensitivity degradation or drifted baseline values {Wang
et al., 2010). For optical particle sensors, relative humidity is
known to affect their performance due to the condensational
growth of the particles’ hygroscopic components, The enlargement
of the particle size contributes to the overestimation of the particle
mass concentration (Chakrabarti et at., 2004: Fischer and Koshland,
2007).

Temperature, on the other hand, does not generally influence
sensor performance as much as relative humidity. However, in
some particle sensors, the air sample is conveyed by a current
generated using a built-in heater. At extreme temperatures, the
flow rate of the current could be altered, and consequently affect
the resulting laser or infrared particle count readings (Wang et al,,
2015), Manufacturers use proprietary algorithms to convert particle
count into particle mass concentration, In some cases, the algo-
rithm takes into account not oaly the particle density and shape,
but also the operating temperature and humnidity.

For the above reasons, it is imperative that the sensors are
evaluated under representative environmental conditions. As sug-
gested by the specification, our chamber system: is capable of
reaching a broad range of temperature and relative humidity
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conditions (T range: —32 °C to +177 °C; RH range: 10%—-95%). The
chamber's capability to create stable and reproducible temperature
and relative humidity conditions was demonstrated in two sepa-
rate experiments. [n the first experiment, the temperature set point
was increased by 5 °C every 30 min from 5 to 35 °C, while main-
taining relative humidity constant at 40%. As shown in Fig. 2 (a), the
chamber was capable of delivering accurate temperature control. At
each step, the temperature reached the target value within 3 min
from the previous set point and remained stable throughout the
30 min period. Previous studies have also demonstrated that
testing chambers are capable of controlling temperature conditions
within £2 °C (Zhao et al., 2015).

Regarding humidity control, two different chamber dehumidi-
fication processes are available and may be used. If the temperature
and humidity combination falls in the shaded area in Figure S-5 T-
RH performance envelop, dehumidification ‘is accomplished by
eliminating excess of water at the cooling coils. For conditions that
lie outside the shaded area in T-RH performance envelope
(Figure S-5), the dehumidification of the chamber can be achieved
by purging the system with dry zero air. In an experiment to vali-
date chamber's humidity control, the chamber was held at a con-
stant temperature of 20 °C, and RH was ramped from 20% to 80% at
10% intervals. Each RH level was maintained for 60 min. In Fig. 2 (b),
at the lowest set point of 20%, RH fluctuated between 20% and 23%,
This was somewhat expected because this T-RH combination is
outside the shaded T-RH performance envelop, and therefore RH
could not be maintained at such low level without purging dry
zero-air. At higher RH set points, the measured RH fluctuations
around the target values were between +0.8% and +3.9% and were
considered very small and within the acceptable range. It should be
noted that in previous chamber studies, RH conditions were not
accounted for (Austin et al.,, 2015; Sousan et al,, 2016a; Zhao et al.,
2015). In other cases where water bubblers were used to generate
certain RH [evels, gas flows were split based on calculations, and
only the theoretical RH level was reported, Actual RH variations in
the chamber were not monitored nor discussed {Wang et al., 2015;
Wei et al., 2013). Here, the two experiments clearly demonstrated
the chamber's capability to produce a broad range of environ-
mental conditions that can be used to appropriately test sensors’
climate susceptibility.

3.2. Generation of stable testing atmospheres

The chamber's ability to generate stable aerosol and gas atmo-
spheres is crucial for performing sensor evaluation, as many testing
parameters are calculated based on the data acquired under steady-
state conditions. Thus, a set of experiments was conducted to fully
evaluate the chamber's ability to produce stable concentrations of
laboratory generated particles, CO {an unreactive gas), and Oz (a
reactive gas). Stability for each pollutant was evaluated at five
indicative concentration levels from “very low" to “very high”. The
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[
=

90 120 150 180 210
Time (minute)

| _
0 30 60

“very low” level is chosen to represent a poliutant concentration
below the U.S5. EPA NAAQS requirement. It is also close to the lowest
concentration the chamber systein could generate or the reference
analyzers could detect. The “low™ and “medium” pollutant levels
are similar to the average ambient pollutant concentration level
and 50% above the average ambient pollutant concentration level,
respectively. The “high" pollutant level is at least 100% higher than
the average NAAQS standard level. The “very high" pollutant level is
close to the maximum concentration the chamber could generate
or the reference analyzers could accurately detect. Table S—1 shows
some indicative concentration set-points of different pollutant

types.

3.21. Stability of aerosol experiments

During an aerosol atmosphere experiment, the chamber was
first aflowed io reach the target concentration (in aboug 2 h), then
the experiment was continued for another 3 h to evaluate cham-
ber's ability to maintain the stable concentration, Stability is eval-
uated by estimating the relative percentage of standard deviation
{% RSD) based on the measured concentration variations at each
steady-state. All experiments were carried at 20 °C and 40%.As
shown in Fig. 3 (a), five target aerosol concentrations, from "very
low" to “very high” were generated by the ultrafineffine particle
generator. The steady-state concentrations were reached within
2 h, and were measured to be 6.4, 25.7, 36.4,125.7, and 229.7 pg/m3.
Stability, expressed by one 3D of the concentration variations dur-
ing the steady-state, was found to be 0.2, 0.5, 0.5, 3.2 and 4.3 pg/m®
for the five concentration mentioned above, respectively. Larger
variations were observed at higher pollutant concentrations. The %
relative SDs were between 1.4% and 3.1% over the entire duratfon of
steady-state for each experiment (last 3 h), suggesting that the
chamber is capable of maintaining excellent stability over a wide
concentration range. To achieve steady-state conditions, the rate of
aerosol injection in the chamber must equal the rate of the amount
of aercscl removed from the chamber. The observed stability is
achieved mainly due to i) the particle generator's ability to provide
precise and consistent amount of aerosol during each injection ii)
efficient particle mixing inside the chamber using a set of two fans
installed on the back wall of the outer chamber that ensure a ho-
mogenous and uniform environment. The FEM GRIMM reference
dust monitor sampled at a constant flowrate of 5 L{min.

Particle decay and settling was also investigated. An aerosol
decay experiment, described in the Supporting Information,
showed that the particle decay process in the chamber tracked well
with the first order kinetics, which was also consistent with pre-
vious study {Cocker et al., 2001). The modelled decay process has a
reaction rate constant of 0.004 min~! and a half-life of 173 min
{shown in Figure 5-6). In addition, the mixing fan speed had an
effect on the ultimate particle concentrations, mainly on the
portion lost onto the chamber wall. Intuitively, the higher the fan
speed, the higher the chance of a particle hitting the chamber walls,
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Fig, 2. Chamber's response with (a) 5 °C increment temperature ramping (at constant 40% RH); (b) 10% increment RH ramping (at constant 20 =C).
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Fig. 3. (a) Stability of various particle concentration levels,

and the lower the eventual test aerosol mass concentration.
Figure S-7 shows the distinct decrease in aerosol concentration as
the mixing fan frequency increased from 20 to 40 Hz, and from 40
to 60 Hz resulting into a higher speed and a distortion in the uni-
form mixing of particles inside the chamber. Thus, the mixing fan
speed was kept at a constant frequency of 25 Hz in all experiments.

322, Stability of gas experiments

To evaluate the stability of the gas atmospheres, experiments
with CO and 03 were conducted in the inner chamber. The chamber
was allowed to ramp up to the target concentration {in about
30 min), then the experiment was continued for another 60 min.
For CO, the steady-state concentrations were reached in about
30 min. At the "very low" target concentration of 1 ppm, the vari-
ation at steady-state was negligible. At the highest target concen-
tration of 22.2 ppm, the variation was 0.5 ppm, or 2.3% RSD. For O3,
despite of its reactive nature, the system maintained stable Oj
concentrations at all levels, ranging from 45 to 301 ppb. The vari-
ation at the 45 ppb target concentration was only 1 ppb, while the
variation at the 301 ppb target concentration was only 8 ppb, which
represented 2.2% and 2.7% RSD, respectively. Previous calibration
study of CO, NO, and NO; sensors in an acrylic glass chamber also
showed relatively stable gas concentrations overa 1 h period (Mead
et al., 2013). Similar to the aerosol atmosphere, the gas atmosphere
steady-state condition in the chamber was achieved by balancing
the input and output of the pollutant gas. Certified gas and “zero-
air” dilution flow were regulated by a mass flow controller. As
shown in Fig. 3 (b) and {c), regardless of the reactivity of the gas
pollutant, the chamber system was able to maintain a stable gas
concentration needed for sensor evaluation,

3.3, Reproducibility of stable aerosol and gaseous atmospheres

As discussed in the previous sections, the temperature and
relative humidity can be accurately controlled over a wide range
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(b~} Stability of various gaseous concentration levels.

{Section 3.1). The chamber is capable of maintaining stable aerosol
and gaseous atmospheres (Section 3.2). To compare different types
‘of sensors, each characteristic parameter needs tc be evaluated
under similar testing atmospheres. The chamber system is ex-
pected to generate similar pollutant concentrations in repeated
experiments, Therefore, [ollowing stability tests, the reproduc-
ibility of chamber performance was demonstrated in several
experiments.
3.3.1. Reproducibility of aerosol experiments

For aerosol atmosphere, the reproducibility of experiments
were evaluated for -low, medium, and high PM concentrations
(refative to U.S, EPA NAAQS). For each concentration, three repeated
runs were used to determine the reproducibility of the chamber
system. As shown in Fig. 4 (2), the average pollutant concentrations
from three repeated experiments were plotted, At the steady-state
stage, error bars {one SD of three concentrations reported in the
repeated experiments) were used to represent the variation in
pollutant concentrations among the three experiments, At low PM
level, the steady-state concentrations for three repeated runs were
15.9, 15.8, and 19.6 pgfm?, respectively. It represented 12.6% vari-
ation {calculated using one SD divided by average concentration of
three repeated runs) of the average value at low concentration. At
medium PM level, the steady-state concentrations for the runs
were 36.4, 41.4, and 44.6 pg/m®, which represented 10,0% variation.
At high PM [evel, the steady-state concentrations for the runs were
229.2, 2193, and 233.6 ugim®, and the variation was only 3.2%.
Considering the large volume of the chamber, the system demon-
strated the ability of generating highly reproducible PM
concentrations,

3.32. Reproducibility of gas experiments

To evaluate the chamber's ability to generate reproducible
gaseous atmospheres, experiments in the inner chamber were run
using an unreactive gas CO and a reactive gas Oz. Similar to the
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Fig. 4. (a) Reproducibility of various particle concentration levels, {b—c) Reproducibility of various gaseous concentration levels.

aerosol experiments, representative concentrations at low, me-
dium, and high pollutant levels were tested.

The CO concentration reproducibility was tested at 1, 8, and
22 ppm, showed in Fig. 4 (a). For each concentration, the variation
between three runs was under 7.5%. The O3 concentrations repro-
ducibility was tested at 45, 120, and 300 ppb, showed in Fig. 4 (b).
For each concentration, the variation between three runs was un-
der 7.0%. )

In summary, our results indicate that the chamber system has
excellent reproducibility in creating similar conditions. It is suitable
for evaluating air quality sensors of different types, as they can be
compared against each other.

3.4, Laboratory sensor evaluation and testing design

The laboratory testing procedures are described in AQ-SPEC's
Laboratory Evaluation of Low-Cost Air Quality Sensors — Laboratory
Setup and Testing Protocol (Polidori et al., 2016). In general, the
laboratory testing consists of two phases: (I} concentration ramp-
ing at average ambient conditions; (I[) sensor climate susceptibility
evaluaticn. In Phase [, the chamber is first conditioned to 20 °C and
40% RH, and a concentration ramping experiment begins, A total of
5 concentration steps are selected to simulate a diverse pollutant
concentration profile from “very low" to “very high” (relative to the
U.S. EPA NAAQS). Every concentration step change occurs only after
a stable pollutant concentration has been reached in the chamber
and a sufficient time is allowed in the steady-state period. Each step
is held for 150 min during an aerosol test and 40 min during a gas
test, Sample experiments are presented in Fig. 5. Data is analyzed to
quantitatively evaluate sensor's accuracy, lower detection [imit, and
linear correlation coefficient. In Phase Il, pollutant concentration,
temperature and RH are each varied at three different levels (low,
mediuin, and high) for a total of 27 different combinations. Spe-
cifically, low, medium, and high pollutant concentrations are
selected based on Tables S—1. Temperature is varied between [ow

(5 °C), medium (20 °C), and high {35 °C). RH is varied between low
(15%), medium (40%), and high (65%). A complete list of the con-
ditions used is listed in the Supplemental Information. Data ac-
quired from this phase are used to derive information on sensor’s
climate susceptibility and precision. For gaseous sensors, the effect
of interferents is also examined. Depending on the sensor’s target
pollutant type and its detecting technology, the interferents and
their concentrations are chosen as recommended by 40 CFR Part 53
Table B-320 or from information provided in other studies (Austin
et al, 2006; Mead et al,, 2013). For example, for an electrochemical
ozone sensor, NOz and sulfur dioxide (SO2) are considered inter-
ferents, and sensor's response towards either of these compounds
is investigated separately,

4. Conclusion

This state-of-the-art laboratory chamber is the first of its kind
designed and developed to systematically evaluate the perfor-
mance of commercially available air quality sensors. A series of
experiments were conducted to deimonstrate the system's capa-
bility of generating stable and reproducible aerosol and gaseous
atmospheres, as well as its capability of simulating a wide range of
temperature (T) and relative humidity (RH) conditions. An envi-
ronmental chamber systemn of this type is capable of engaging in
comprehensive characterizations, validations and calibrations of air
quality sensors. Preliminary testing results have shown important
information regarding sensor accuracy, precision, detection limit,
correlation coefficient, interferents, and climate susceptibility. In-
formation from both the feld and laboratory testing should be
taken into consideration to better understand sensor performance
under baseline, ambient, and extreme T/RH conditions and
pollutant [evels.

Institutions and organizaticns interested in evaluating the per-
formance of low cost air quality sensors should work together to
develop standardized field and laboratory testing procedures. This
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Fig. 5. Examples of sensor evaluation experiments: {2} aerosol, {b) CO, and (c) O3 atmospheres.

v

paper provides other researchers with a well proven method to
fully characterize the performance of different sensor types. Low-
cost sensors can already be used for augmenting ambient air
monitoring networks, community based monitoring, screening for
hot spots, science education, and qualitative personal monitoring.
Thus, it is important for the scientific community to fully under-
stand the capabilities and limitations of this emerging technology.

Disclaimer

Mention of trade names or commercial products does not
constitute endorsement or recommendation for use. Potential
consumers are welcome to review the completed field and labo-
ratory evaluation reports at www.agqmad.gov/aq-spec.
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HIGHLIGHTS

» Suitably configured electrochemical sensors can be used for air quality studies,
» Evidence of performance of electrochemical sensors at parts-par-billion levels,
» Sensors are sensitive, low noise, highly linear and generally highly selective.

» Measurement density {space and time) unachievable using current methods.

» Show low-cost air quality sensor networks are now feasible for widespread use.
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areas. However, the costs and complexity of conventional air quality measurement methods means that
measurement networks are generally extremely sparse. In this paper we show that miniature, low-cost
electrochemical gas sensors, traditionally used for sensing at parts-per-millien (ppm) mixing ratios can,
when suitably configured and operated, be used for parts-per-billion (ppb) level studies for gases relevant

g%‘:;f; :quality to urban air quality. Sensor nodes, in this case consisting of multiple individual electrochemical sensors, can
Real-time measurements be low-cost and highly portable, thus allowing the deployment of scalable high-density air quality sensor
Sensor networks networks at fine spatial and temporal scales, and in both static and mobile configurations.

Air quality In this paper we provide evidence for the performance of electrochemical sensors at the parts-per-billion
Carbon monoxide (CO) level, and then outline results obtained from deployments of networks of sensor nodes in both an
Nitric oxide (NO} autonomous, high-density, static network in the wider Cambridge (UK) area, and as mobile networks for
Nitrogen dioxide (NO3) quantification of personal exposure. Examples are presented of measurements obtained with both highly

Nitrogen oxides (NO.)

portable devices held by pedestrians and cyclists, and static devices attached to street furniture. The widely
Electrochemical sensors

varying mixing ratios reported by this study confirm that the urban environment cannot be fully charac-
terised using sparse, static networks, and that measurement networks with higher resolution (both spa-
tially and temporally)} are required to quantify air quality at the scales which are present in the urban
environment. We conclude that the instruments described here, and the low-cost/high-density meas-
urement philosophy which underpins it, have the potential to provide a far more complete assessment of
the high-granularity air quality structure generally observed in the urban environment, and could ulti-
mately be used for quantification of human exposure as well as for monitoring and legislative purposes.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1, Air quality and human health

Studies have shown that human health and urban air pollution,
in the forms of both gas-phase species and particulate matter, are
closely linked (e.g. World Health Organisation, 2000). [n terms of
gas-phase pollutants, nitrogen dioxide (NOz) is identified as a key
species that can affect quality of life and mortality rates (e.g. World
Health Organisation, 2006). Both NO; and carbon monoxide (CO)
are known to be respiratory sensitisers {e.g. McConnell et al., 2010)
and both have a proportionally greater effect on those with existing
respiratory or cardiovascular conditions (e.g, HEI, 2010). Long-term
exposure to NO, also adversely affects [ung function, whilst CO
reduces the body's capacity to transport oxygen, thus affecting
cognitive function at lower concentrations and being toxic at ele-
vated concentrations (Lehr, 1970; Abelschn et al, 2002). While
seemingly not of primary importance for direct health impacts,
nitric oxide {NO} rapidly interconverts to NO; (via reaction with
ozone (03)) and, through its influence on the tropospheric O3
budget, aifects the oxidising potential of the troposphere. While
clearly of obvious significance for health, legislation and atmo-
spheric science, particufate matter is not discussed further here.

1.2. Existing measurement networks

In the UK, the largest network of sensors routinely monitoring
gas-phase pollutants is the Automatic Urban and Rural Network
{AURN) which is operated by the UK Department for Environment
Food and Rural Affairs (Defra), with 132 monitoring sites currently
in operation (Defra, 2011 ). The UK AURN is designed primarily to
monitor NO3, NOy, CO, O3, 505 and particulate matter (PMqp and
PM; ).

Monitering is also routinely undertaken in many parts of the
world, including Europe and North America {e.g. the Environment
Canada National Air Pollution Surveillance program which has 286
sites (Environment Canada, 2011)). In some areas of the world,
however, information on air quality is either highly sparse (tending
to be localised around a particular city or institute) or completely
non-existent.

The costs of setting up fixed site monitoring stations using tra-
ditional technologies can be substantial, with individual in-
struments costing between £5000 and £60,000, and with
significant additional resources required for maintenance and cal-
ibration (e.g. Ropkins and Colvile, 2000). Operation of such sites is
also constrained by the need for significant infrastructure (secure
enclosures, mains power etc.). The consequence is that, while well
proven in terms of precision and accuracy of air quality measure-
ments, most existing networks are sparse as higher network den-
sities would be impractical as well as prohibitively expensive, There
is, therefore, an urgent need to complement existing air quality
monitoring methodologies with flexible and affordable alterna-
tives, to improve monitoring capabilities for both scientific and
legislative purposes, to allow source attribution and to improve
understanding of health impacts of urban air quality.

Alternatives to existing high-cost sparse fixed-site monitoring
stations have been discussed previously by several groups. For
example Kamionka et al. {20086) discuss the potential of low cost
sensors to increase measurement spatial resclution thereby com-
plementing existing relatively sparse fixed sites, While they argued
that measurements needed not necessarily to be at the accuracies
or precision possible with traditional in situ instruments, they were
not able to demonstrate suitable instrumentation. Low-cost alter-
natives for use at typical ambient concentrations have been
investigated by for example De Vito et al. {2008) and Carotta et al.

{2001), however these were primarily based on metal-oxide
chemo-resistive sensors, as industrial electrochemical sensors
had up to then not been developed with sufficient sensitivity for
use in [ow-ppb regimes. The use of low cost sensors within net-
works has also been investigated {e.g. Tsujita et al., 2005), albeit
with a lower spatial density and sensitivity than those described in
this work. Collectively, these works highlight the difficulties in
making measurements in the highly spatially variable and complex
urban environment. The need for selectivity and stability in sensors
for monitoring low concentrations in complex gas mixtures in the
urhan environment is illustrated in for example Pijolat et al. {1999)
and Kamionka et al., with the potential for increasing measurement
density in urban centres being also discussed by De Vito et al.
(2008, 2008), based on the same sensor methodology as
Kamionka et al. Although not discussed in this paper, both De Vito
et al, and Tsujita et al., stressed the importance of calibration of
urban air quality sensors in the reduction of measurement error,
whilst Carotta et al., described the need for careful control of the
sensor manufacturing process in ensuring sensor repeatability. This
paper builds on elements of this previous work, demonstrating
performance of state of the art electrochemical sensors at the parts-
per-billion level,

While acknowledging the importance of particulate matter in
air quality, this paper focuses on the capability of electrochemical
sensors for gas-phase measurements {in this case NO, NO; and CQ)
and the demonstration of sensor networks utilising such tech-
niques. The longer-term ambition is to extend the low-cost, high-
density sensor network philosophy not only to other gas-phase
species, but also to particulate matter and local micro-
meteorclogy as suitable technologies become available,

2. Electrochemical sensors
2.1. Principle of operation

The electrochemical sensors used for these studies are low-
power, robust and low-cost, and are based on widely understood
amperometric sensor methodologies designed for sensing selected
toxic gases at the parts-per-million-level in the industrial envi-
ronment. Many detailed descriptions of amperometric sensing
methodologies are available in the literature, and so only a brief
overview is given here.

Each sensor contains a cell which incorporates three electrodes
separated by so-called wetting flters, These filters are hydrophilic
separators which enable ionic contact between the electrodes by
allowing transport of the electrolyte via capillary action. The elec-
trodes are termed the working, reference and counter electrodes
(see Fig. 1). The working electrode is the site for either reduction or

gas permeable sea|

membrane
N

working electrode”
reference eleclrode

counter electrcde

eleclrolyte reservoir

Fig. 1. Schematic of an electrochemical cell of the type used in this study, The gas
diffusion barrier is a gas-permeable PTFE membrane used to prevent water and dust
ingress to the cell During operation the working and counter electrodes are main-
tained with a fixed veltage bias, and the current between them is the output of the
Semnsor.
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oxidation of the chosen gas species. It is generally coated with
a catalyst selected to provide a high surface area and optimised to
promote reaction with the gas-phase species of choice, which for
these devices enters the sensor by diffusion. Electronic charge
generated by the reaction at the surface of the working elecirode is
balanced by a reaction at the so-called counter electrode, thereby
forming a redox pair of chemical reactions {(where one species is
reduced and one oxidised ie, there is a transfer of electrons).
Sensors are designed such that the rate of diffusion of the target gas
to the sensor electrode is far slower than the rate of reaction of the
target gas at the electrode. Consequently, the current output by the
sensor is directly proportional to the concentration of the target gas
{e.g. Stetter and Li, 2008).

During operation, the working electrode is maintained at a fixed
potential while the potential of the counter electrode is allowed to
float {i.e. it does not have a fixed potential), [n clean {zero) air, the
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counter electrode has the same potential as the working electrode,
but in the presence of the sensed gas, changes potential as it gen-
erates a balancing current to compensate for the current generated
at the working electrode. The working electrode potential is
maintained at a defined value during the operation using a third
(internal reference) electrode, which is kept at a constant potential.
Exploiting the three-electrode cell design means that the sensor
sensitivity is stable thus ensuring sensor linearity over the range of
use. The potential difference between the working and counter
electrodes then generates an electric current which is the output
signal of the sensor, The current generated by these types of elec-
trochemical sensors is typically in the range 10s to 100s of nA per
ppm of the sensed gas, and is measured using suitable electronics in
a potentiostat configuration. Further extensive descriptions of the
methodology and performance of electrochemical sensors can be
found in e.g. Bard and Faulkner, 2001,
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Fig. 2. Examples of responses of pairs of CO, NO and NO; sensors to step changes in the respective calibration gases. The sensor calibration parameters used were obtained during
the sensor production process at the ppm level {see text). Also shown are the calibration gas mixing ratios at the different stages of the three experiments.
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Fig. 3. Correlation plots of mixing ratios of CO, NO and NO; (in red, blue and green
respectively) measured using electrochemical sensors described above for different
calibrated gas mixing ratios. Error bars represent +1¢. Linear regression lines and fit
parameters are shown in each plot. In all cases the regression coefficients were 0.9956
or better; further details are given in the text.

2.2. Sensor performance at ppb levels

The sensors used in this project were variants of the CO-AF, NO;-
Al and NO-A1 sensors for CO, NO; and NO respectively (Alpha-
sense, UK). These variants were optimised for use at ppb mixing
ratios by improvements in the sensor signal-to-noise ratio and
sensitivity (related to improved techniques for electrode and sensor
manufacture as well as carelul design of the conditioning circuitry).
Laboratory testing of sensor performance at ppb mixing ratios was
carried out using gas standards and high-purity zero air {air with
impurities removed ). The zero air used was generated by taking in
external ambient air and removing particles using a particulate
filter before passing the air through a catalytic purification system
(Whatman zero air generator, Mode] 76-818, USA). This system was
used to provide the large amounts of high-purity zero air needed in
the calibration process. To ensure that no artefacts from the zero air
generator were present, the air was then passed through a second
set of particulate filters before being dehydrated and then stored for
subsequent use. Parts-per-billion mixing ratios of the selected
gases were generated by blending calibration gases (Air Products
Speciality Gases; CO 20.04 ppm {£1%), NO 21.00 ppm (£2%), NO3
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Fig- 5. Response of an NO; electrochemical sensor to step changes in target gas con-
centration. The data (red, grey in-print) are normalised signals obtairied at 1 Hz,
averaged over several step changes in calibration gas mixing ratio, with the fitted
exponential relationship (blue, black in-print}

9.94 ppm {+2%)) with the zero air using mass flow controllers. For
the purposes of these tests, the calibration (sensitivity) parameters
used for the individual sensors were those determined as part of
the routine manufacturing process (6—9 months previously), which
was carried out at ppm mixing ratios rather than the pphb levels
used here.

Calibration gases were injected into a perspex chamber con-
taining a pair of sensor nodes (see Section 3), each measuring CO,
NO and NO». Typical time series of measured mixing ratios derived
using the ppm-level calibration parameters for the sensers are
shown [or each gas in Fig, 2. In each case a running average of-
measurements over 30 s is shown, which is derived from 1-5
sampling times for CO and NOj, and 5-s sampling times for NO;
the difference is due to different control electronics for the different
sensors used in this experiment. Calibration gas mixing ratios were
typical of those expected to be present in the urban environment.

As can be seen, there is a close corirespondence in the responses
of the sensor pairs, although there are differences in absolute
values which originate from the use of the ppm-level calibration
parameters, it is also clear that there is sensitivity at the ppb level
for all three gases. . ’

Correlations between the calibration and measured gas mixing
ratios, obtained by averaging appropriate periods of the calibration
experiments, are shown in Fig. 3. Mean sensor responses {as frac-
tions of the calibration gas mixing ratio) are 0.90 4- 0.025 for CQ,
0.93 + 0.06 for NO and 0.75 + 0.06 for NO,. As noted above, the
sensor gains were determined from calibrations at ppm levels
obtained during the manufacture process. The origins of the gen-
eral low biases and the sensor-to-sensor variation in gain are un-
clear, however, provided there is sufficient long-term stability in
sensor characteristics (see Section 2.4); such variations can be
readily accounted for during operation. The figure {and in particular
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Fig. 4, Probability density plots of the CO, NO and NO; sensor responses in clean (zero) air {red) and at concentrations representative of these found in the urban environment
{blue), with their respective Gaussian fits. (as mixing ratios shown in the legends are those of the calibration gases.
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Table 1

Cross sensitivities of CO-AF, NO-AF and NO>-A1 electrochemical sensors to applied
concentrations of CO, NO and NO; at typical ambient levels. Quated errors are +1a,
with the manufacturer’s average cross sensitivities, derived from ppm-level mea-
surements, shown in brackets.

Interferent Electrachemical sensor

gas - co NO NO,

co — +0.10 + 0.08% (0.1%) —0.02 + 0.03% (0.1%)
NO +024 + 0.05% (58) — +12 + 0.11% (0.5%)
NO» +0.20 £ 0,08% (0.1%) +045 +02% (58} —

the fact that the regression coefficients are close to unity) confirms
both the linearity of the sensors at the ppb level and the excellent
noise performance (a combination of intrinsic sensor noise and
noise associated with the electronic circuitry).

To illustrate further the intrinsic ppb-equivalent noise for the
individual sensor types, probability density functions for CO, NO
and NOz sensor outputs in zero air, and at mixing ratios repre-
sentative of the ambient urban environment, are shown in Fig. 4, in
all cases under laboratory conditions. The curves shown are derived
from single-point data (in this case either 1 Hz or 0.2 Hz operation).
The noise-equivalent detection limit of a sensor is defined as *1¢
under these test conditions. Defining the instrumental detection
limit (IDL) as a signal-to-noise ratio of 3, the IDL values (i.e, 3g)
were estimated to be <4 ppb, <4 ppb and <1 ppb for CO, NO and
NO, sensors respectively, and were found to be largely independent
of gas concentration.

The data in Fig. 2 reflect the exchange time for sample gas in the
calibration chamber. The chamber volume was approximately 16 L,
which, with a flow rate of 5 L min~% equates to an exchange time
(1/e) of approximately 3 min, This corresponds to the response
times seen in Fig. 2 of approximately 200—-240 s. The intrinsic
response time of an individual sensor is considerably shorter than
this.

In Fig. 5 is shown the response of an NO; electrochemical sensor
to step changes in calibration gas mixing ratios, in this case with
a gas hood with a minimised dead volume of less than 0.02 L, was
placed directly over the sensor. At the flow rates used, the reduced
head volume corresponds to a gas exchange time of ~0.2 s, making

Sensor lemperature

the measurement effectively one of the sensor response time alone,
The 1fe response time from the data in Fig. 5 is 9,16 s, which,
neglecting the short chamber-exchange time, gives a sensor fop
(time to reach 90% of a step change) of 21 s, in line with the figure
quoted by the sensor manufacturer (tgg < 40 s for NO;). This
response time is typical of the electrochernical sensors used for the
studies described in this paper.

From the information shown above, it can be concluded that,
correctly configured the electrochemical sensors respond at the
ppb level in a highly linear fashion to the various gases, Instru-
mental precision is essentially independent of gas concentration
but differs for the various gases being sensed, [t is also clear that, at
least on the basis of the laboratory studies, the intrinsic sensitivity
and noise characteristics of the different sensors are compatible
with their use in ambient air quality studies, Other sensor charac-
teristics, particularly those arising from their use in the field envi-
ronment, are discussed below,

2.3. Cross interferences for CO, NO and NO; electrochemical sensors

The use of multi-sensor nodes in the calibration process out-
lined above also enabled the cross interference of the different
sensors to CO, NO and NOj to be derived directly (see Table 1).
While several of the cross interferences are statistically significant,
the sensor performances generally exceed the manufacturer's
specifications in some cases substantially so. One exception is that
of NO on NO; where a cross interference of 1.2% is seen. However,
such small residual cross interferences can be readily accounted for
during data analysis or data post processing.

Electrochemical sensors have other known cross-sensitivities
(see for example Austin et al, 2006; Hamann et al, 2007) with,
for this application, the most significant being for O3, which is
known to affect the NO; sensors used in these studies. Laboratory
experiments conducted in conjunction with the sensor manu-
facturer show that the NO; sensors used here have an approx-
imately 100% interference for O3. This is discussed further in
Section 3.3. The CO sensors used here are also known to demon-
strate cross-sensitivity to molecular hydrogen which is present in
the atmosphere at background mixing ratios of ~500 ppb, but
which may also show short-term rises in an urban area due to
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Fig. 6. Hourly averaged NO data from a roadside reference instrument (details) are shown in red (grey in-print) and uncomected data from a type Al NO electrochemnical cell are
shown as ppb equivalent in blue (black in-print). Also shown, in green (dashed in-print), is the instrument temperature, The data jn the figure illustrate the importance of

temperature ¢ffects on the performance of the sensor. See text for further details.
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Fig. 7. Correction of baseline temperature effects for a type A1 NO sensor (see text for details) for the 24-h period shown shaded in Fig. 6. The left panel shows raw (0.2 Hz) NO data
(red, grey in-print), with spikes associated with individual pellution events superposed on a strong diurnal baseline variation, and the fitted baseline (see text} (blue, black in-print),
The right panel shows the exponential relationship between the fitted baseline and instrument temperature (see left panel, green, grey-dashed in-print). The temperature car-
rection derived from this temperature-baseline correction is shown in the left panel (black, dashed line, dotted in-print), and is offset by 100 ppb for clarity.

emissions from transport and industry (Grant et al., 2010). While
the high background interference is easily removed in post-
processing of data, short-term peaks associated with local Hy re-
leases may not be correctly accounted for in this study. This
approach can, of course, only correct for known interferent species,

24, Effects of ambient temperature and relative humidity

Changes in ambient temperature and relative humnidity (RH) are
knowrn in principle to affect semsitivity and sensor gain to the
sample gas and sensor baselines or zero offset (e.g. Hitchman et al,,
1897). For measurements at the ppb level, the correction of sensor
baselines (bias) for temperature or RH effects dominate with cor-
rections of sensitivity (gain) being second order effects.

Generic data describing the relationship between sensor current
response, temperature and relative humidity are available from the
sensor manufacturer, allowing the generation of correction factors
for these effects. However, while the data supplied by the manu-
facturer are sufficient for temperature and RH correction at ppm
levels or for indoor gas alarm purposes, for sensor use in ambient

——— NO measurements {5s}
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—— Referenca NO {houry}

NO mixing ratio (ppb)

00:00 00:00 12:00 00:00
03097201 1091201 05/0872010 06/09/2010
Tirme

conditions, where ppb sensitivities are required and where large
temperature variations on both diurnal and seasonal timescales are
often encountered, more sophisticated temperature correction
procedures are required, as is described below in this case for
a nitric oxide sensor (NO-A1).

It is clear from the data in Fig. 6 that there is little correspon-
dence, either in absolute magnitude or diurnal pattern, between
the NO mixing ratics measured by the reference instrument and
the uncorrected electrochemical sensor data. However, it can be
seen that there is a general correlation evident between the un-
corrected NO electrochemical measurements and the instrument
temperature (which broadly tracks ambient temperature), which is
in fact due to the sensor baseline temperature dependence.

The temperature and RH correction procedure adopted for long-
term data sets shown in this study was as follows: a sensor ‘base-
line’ was defined for each measurement time t by applying a filter
which obtained the minimum measurement encountered within
a given time interval of t & 6t. This process was carried out for
a range of values for ét (between 50 and 1750 s} so that the optimal
value {that which led to the best fit with temperature) could be

—y=-28118+1.061005x
—y=-0.9410.36+0.94 0,07 R

NO (electrochemical sensorfpab)

12:00 50 100 150
NO (reference instrument/ppb)

Fig, 8, Time series (left) and correlation plot (right) of hourly mean NO measurements from a ratified chemiluminescence instrument (red) and an electrochemical sensor corrected
for temperature baseline effects {blue — hourly averages; green — 0.2 Hz data) Note the much larger variability evident in the 0.2 Hz data (which is truncated at 200 ppb for clarity).
The correlation plot shows the hourly data for the peried shown in Fig. 7 (blue) and the entire period (red), both showing excellent agreement with the reference instrument {see

inset equations).
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Fig. 9. Time series of sensor gain for 11 months of NO measurements, calculated by comparison to a reference instrument. The drift in sensitivity/gain is 13% + 13% (10, showing
that, within the experimental errors, the stability of the sensor has remained unchanged over the 11-month measurement period. Ervor bars in the figure represent -3¢ of the

calculated gains for the different periods.

used to correct each day of data. Application of this filter process
produced curves for each sensor type which reproduced the tem-
perature or RH induce sensor baseline variations. This process,
apptied to the NO sensor shown in Fig. 6, is illustrated in Fig. 7.

During the temperature and humidity correction process, either
a linear regression or exponential fit (depending on gas species} is
obtained between an extracted baseline and the measured instru-
ment temperature. [n general over a 24-h period, atmospheric ab-
solute humidity is found to be approximately constant.
Consequently, as relative humidity (RH) changes are therefore
largely determined by diurnal temperature changes, the correction
process for instrument temnperature variations alsc largely accounts
for diurnal changes in RH, The correcticn process was therefore also
adapted to account for absolute (rather than relative) humidity. For
the case where the correction factors were linear, temperature and
absolute humidity correction constants, corresponding to the
baseline change per unit change in temperature {db{dT) and the
baseline change per unit change in absolute humidity (dbfdH),
were derived. This process was repeated for each 24-h period of
data, The data in Fig. 8 shows that, following this correction, there is
excellent agreement between the NO sensor and a reference in-
strument. The temperature and humidity correction methodology
is described in more detatl in a paper in preparation (Popoola et al,,
in preparation).

2.5. Long-term sensor stability

The long-term stability of NO sensors can be illustrated using
the same data which have been partially shown in Figs. 68, For
each peried of data collected over ~ 11 months, hourly averaged NO
data measured by a single electrochemical sensor were compared
with that from a ratified reference instrument with which it was
co-located, allowing gain parameters for the electrochemical sen-
sor to be derived. Assuming the reference instrument to have no
instability itself, the sensor gain is stable to within :13% (Fig. 9), i.e,
not significant within the measured errors,

The data obtained during the 11-month period also permit other
potential systematic errors to be evaluated, Table 2 shows

Table 2
Correlations of NO sensor gain with meteorological variables (see
text). Ervors shown are +1a,

Variable Gain-change dependence
Ambient temperature —45 % 1073 £ 52 x 103K
Pressure —44 x 1073 £ 9.0 x 10~3jhPa

RH ~1.2 % 1072 £ 5.2 x 107%/%RH
Wind speed —-0.12 & 0.046/m 5!

correlations of the sensor gain, derived as described above, in this
case with various meteorological parameters. As can be seen, after
the temperaturefRH correction has been applied as indicated
above, there is no significant dependence of sensor gain on either
parameter. Similarly, there is no significant dependence on atmo-
spheric pressure {which is to be expected as the devices are
intrinsically diffusion-limited (Stetter and Li, 2008)), although,
intriguingly, there is a small apparent {negative) dependence on
wind speed. The origin of the latter is unclear.

From the information shown in this section, it can be concluded
that, when configured correctly, the electrochemical sensors dis-
cussed above respond in a highly linear fashion to ppb levels of
their respective target gases. Detection [imits are essentially inde-
pendent of gas concentration but differ for the various gases being
sensed. Itis also clear, at least on the basis of the laboratory studies,
that the intrinsic sensitivity and noise characteristics of the differ-
ent sensors are compatible with their use in ambient air quality
studies,

There are clear sensor offset {baseline) dependences on tem-
perature and RH, which depend con sensor type. However, we have
demonstrated that temperature/humidity effects on sensor base-
line can be accounted for by suitable post-processing of data.

The following section is a description of sensor node design,
after which results from a variety of field deployments are pre-
sented and discussed.

Table 3
QOutline technical specifications for the mobile and static sensor nodes.

Mobile Static

Mass Total 445¢g 4260 g

Excl batteries 333 g 1430 ¢
Dimensions 183 x 95 x 35 mm 260 x 177 x 135 mm
Power 4 x AA NiIMH Ph-acid batteres & V,
8 Ah, monobloc

Data storage On board On board

Transmission GPRS (builr in} 10 GPRS (built in} to web
web server server

PIC PIC18F67)10, Microchip  PIC18FG7)10, Microchip
Technology Inc, USA Technology Inc, USA

Firmware PIC chip (PIC18F67)10)  PIC chip (PIC18F567]10)
programmed in C programmed in C

Sensor diameter (mm)} 20.2 323

Temperature sensor Pt1000 resistance Pt1000 resistance
thermometer thermometer

RH sensor NjA Honeywell 4000 series

GPS5 unit Telit GM362-GP5 Telit GMB62-GPS

Duration (single charge)  Approx. 14 h, sensing Approx. 3 months,
at 5 s intervals, 30 min ~ sensing at 10 5, sending

send. at 2 h intervals.
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Batteries

GPRS antenna

Fig. 10. Mobile sensor unit incorporating three electrochemical sensors {for CO, NO and NO, in this case). Various components (GPS/GPRS, batteries etc.) are identified in the left
panel. For clarity, the unit is shown without its protective wire mesh, which, during operation, is located in front of the sensors.

3. Field measurements
3.1, Sensor node designs

The sensor nodes which were used in these studias are auton-
omous units incorporating multiple gas sensors, a GPS receiver and
a GPRS transmitter, and have integral batteries allowing convenient
deployment. The air quality data collected on the devices are firstly
labelled by GPS location and time, and are then either stored in situ
ortransmitted to a central computer server for post-processing and
on- or off-line analysis. Although several variants have been con-
structed, two basic types of sensor nodes were designed to allow
both mobile and static deployments.

The mobile sensor nodes were designed to be highly compact
and lightweight (see Table 3), and thus convenient to carry by
volunteers. Electrocherical sensors (usually CO, NO and NOy),
along with a temperature sensor, were mounted behind a mesh
opening at one end of the unit (see Fig. 10), which contained GPS/
GPRS modules and batteries. Each node could be operated inde-
pendently and autonomously, enabling networks to be scaled ac-
cording to monitoring requiremeints. This flexibility allowed studies

GPS antenna

Batteries

Temperature and
RH sensors :

Electrochemical:
sensars

to be carried out in various types of environment, with minimal
overheads relating to network design and infrastructure.

The static nodes developed for [onger-term studies incorporated
larger sensors, with [arger electrolyte reservoirs for increased long-
term baseline stability, and larger integral batteries allowing
operation for in excess of 3 months without intervention. In this
case sensors were sealed with rubber O-rings on the bottom of the
enclosure behind a protective aluminium bracket (see Fig. 11)
which was also used to mount the unit to lamp posts with suitable
bands (see Section 4). Temperature and humidity sensors were
mounted behind a gas-permeable, hydrophobic membrane on the
side of each sensor node,

The main differences between the two generations of mobile
nodes and the static node, along with other teéchnical specifications,
are summarised in Table 3,

3.2, Sensor reproducibility
Following the laboratory tests discussed in Section 2.2, a num-

ber of experiments to verify sensor pecformance in the field were
carried out under typical urban conditions. One such experiment

Fig. 11, Static sensor unit {or node) plus mounting baseplate. O, NO, NO,, temperature and relative humidity are recorded, along with GPS location and time. A view of the open

sensor node is also shown (left).
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Fig.12. (Left) Time series plots of CO, NO and NO; for sensar pairs co-lacated for the whole deployment period, and (right) corresponding scatter plots, Data used are a 30-s running
average. NO; data are not corrected for cross interference with O3 and the likely maximum bias is 24 ppb (equal to the nearest background AURN O3 measurement (Wicken Fen, see

Section 3.3)).

involved mobile sensor units being carried in pairs (2 pairs of
sensors each for CO & NO, and NO;) to confirm sensor repreduci-
bility. This experiment took place over a cne-hour period in central
Cambridge (UK), during which two volunteers watked on different
routes other than for short periods at the start and end of the
experiment,

Fig. 12 shows time series data collected by one pair of sensor
nodes co-located for the duration of the experiment. These illus-
trate the variability in the concentrations of the species measured
over small spatial and temporal scales, and confirm that the sensors
are responsive at the mixing ratios found in the urban environ-
ment, Scatter plots are also shown on the right-hand side, and from
these it can be seen that sensor-to-sensor reproducibility is high (R
values of 0.95, 0.95 and 0.94 for CO, NO and NO, respectively).
Performance is not as repeatable as that in Section 2.2 probably due
to imperfect co-location of sensor nodes and local mixing effects so
that, as a result, one sensor can potentially respend to a brief event
slightly differently to its partner. An example of this is shown in the
CO time series in Fig. 12, where at approximately 09.39 am there
was a sharp, well defined event which was more evident in sensor
A28 than its partner, either owing to its orientation (i.e. A28 was
potentially nearer the source) or local micro-scale mixing. The R
correlation coefficient is biased accordingly; e.g. removal of data
until 09.43 yields a slightly improved R? value of 0.96 for CO. Table 4
gives mean values of gradients and a range of R? values for linear
fits generated between electrochemical sensors {two pairs for CO,
NOQ and NQO3) sensors paired for the whole deployment period.
These data show how well correlated the sensors are when taking
local mixing into account, The Figure and tables were generated
from 30-s (for CO and NOz) and 10-s {(for NO) running averages of

that collected. Original data were collected at 1 Hz for CO and NO»
and 0.2 Hz for NO.

Further illustration of the reproducibility of measurements is
provided by Fig. 13, which shows some measurements of CO
superimposed on a map of the area over which sensors were car-
ried. Measurements by two volunteers along the same route are
seen to differ when data are captured at different times {blue and
yellow), but show a strong correlation when the volunteers were
co-located (red and green).

The capability of the mobile devices is illustrated graphically in
Fig. 13, in which three-dimensional plots of CO and NO3 are su-
perposed on a road map. Where the devices are co-located in both
time and space, there is excellent correspondence between sensors
{see, for example, Tables 4 and 5). However, when at the same
location, but now separated in time by even a few tens of seconds,
there is little correspondence in observed mixing ratios. This
therefore also illustrates very effectively the importance of mea-
surements at the appropriate spatial scales when considering
personal exposure in the urban enviconment.

Table 4
Slopes and correlation coefficients for linear fitting equations generated for sensor
pairs co-located for an hour-tong walk in central Cambridge (UK}

Species Gradient R?

Pair 1 Pair 2 Pair 1 Pair 2
[a0] 0.58 0.94 086 0495
NO 0.89 oM 097 084
NO3 1.01 115 095 094
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Fig. 13. Selected CO and NQ, measurements from two sensor nodes in parts of central Cambridge superposed on a read map (map data® 2012 Google). Data from periods during
which volunteers walked together are shown in red and green, and those from when they walked apart are shown in yellow and blue. NO data not corrected for interference with

03 (see Section 3.3).

3.3, Treatment of O3 cross-interferences for NOz electrochemical
sensors

Two sensor units (CO, NO, NO;) were co-located with the
Cambridge City Council (CCC) roadside AURN site o compare
electrochemical sensor measurements of NOy with a calibrated
reference instrument. The reference instrument (Thermo Envi-
ronmental Model 42C NO—NG;—NO, analyser) was located in the
first-floor offices of the CCC building, with an inlet height of 4 m
approximately 2.5 m horizontally from the kerbside above a busy
urban road. Electrochemical sensors (in this case variants of the
mobile nodes} were mounted inside a sealed chamber, through
which external air was drawn via an inlet placed alongside that of
the CCC instrument. As the sensors were indoors, they were
exposed to minimal ambient temperature variations (less than
+0.5 °C). Fig. 14 shows time series data fcom midnight on the 23rd
until 09.00 on the 26th of January for NO for the electrochemical
and reference instruments. Similarly, data from NO, sensors over
the same period are compared with the reference instrument in
Fig. 15, before correction for interference with O3.

Cross interference with O3 is a significant issue for urban mea-
surements made using the current NO3 sensors, with cross sensi-
tivity for this generation of sensors known to be 100%, making the
data, in effect, a measurement of [NOz] 4+ [03]. At this stage there
were no electrochemical measurements of O3 available. However,
03 measurements were available from the CCC AURN site, and these
were therefore used to correct the NO; data presented in Fig. 15 as
shown in Fig. 16. NO2 measurements shown in other figures in the
paper are not corrected for this effect.

Statistical relationships obtained between the NO and NOy
electrochemical cell measurements and the reference instrument
are shown in Table 5, showing a marked improvement in the
agreement for the NO; measurements once corrected for the O3
interference, although there is still a downward bias of ~20%.

Table 5
Statistics obtained from the inter-comparison of ECC NO and NO; sensors with
reference measurements.

ECC NO gain NOR® NO;gradient  NO, gradient  NO, R®
sensor (uncorrected)  (corrected)

1 097 =004 080 036 + 002 0.81 £ 0.03 0.89

2 1.00 =006 095 0.38 + 0.02 0.81 + 0,03 092

The results of this experiment clearly show that the electro-
chemical sensors used to measure NO and NO; agree well with
established reference techniques for these species, provided that
known cross sensitivities are accounted for, although some biases
remain for NQ,. Development work is in progress to develop NOy
and 03 electrochemical sensors with greater degrees of discrim-
ination and selectivity, and this will be reported in future papers
(Fig. 17).

3.4. Mobile sensor network results

Short-term, mobile sensor deployments can provide a repre-
sentative picture of the rapidly changing and highly granular air
quality in an urban area over a deployment period. However, they
should not be expected to accurately represent the local air quality
over longer timescales {despite collecting 10°—10% measurements
over periods of hours), where influences such as meteorology and
source morphology become highly significant.

Despite this limitation, though, the “snap-shots” of pollution
levels assembled from the data collected do illustrate the large
degree of spatial and temporal variability in the concentrations of
pollutant gases in different urban environments. The routine
measurements currently made by fixed-site monitoring stations,
which bave intrinsically low spatial resolution when compared
with the scales over which chemistry occurs, do not capture many
aspects of real variability in urban air quality, as is illustrated below.
A more detailed account of this will be given in a separate
publication.

Mobile sensors have been used on numerous occasions across
a range of different environments in Cambridge, London, Cranfield
(all UK}, Valencia {Spain), Kuala Lumpur {Malaysia} and Lagos
(Nigeria). The largest-scale mobile sensor network deployment to
date was in Cambridge and comprised 35 sensor nodes, of which 20
were mobile and measured COfNO/NO; and temperature, Units
were deployed using three transport modes (pedestrians, cyclists
and drivers), and were also located alongside Cambridge City
Council fixed-site monitoring stations. Spatial coverage extended
over a 10 km-by-10 km area, but was weighted towards the heavily
trafficked city centre.

Visual inspection of Fig. 18 enables a number of “hotspots” to be
identified; these are usually located where traffic density is highest,
for example around areas such as the central bus station, on major
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Fig. 15. Hourly averaged time series for the NO; sensors from the same study, uncorrected for the O; interference (see text). Also shown is the hourly average 0; mixing ratio from
a reference instrument. The two electrochemical sensors show excellent consistency with each other. However, there is a substantial discrepancy between the uncerrected NO; data

and the reference instrument.

roads around Cambridge (the Al4 and M11 specifically) and in
areas where traffic is routinely static (e.g. traffic lights). However, as
is discussed below, more sophisticated analysis methods allow
more subtle exposure features to be extracted from the data. It
should be noted, of course, that while this deployment is an
important demonstration of the capabilities of the mobile sensor
network philosophy, the fact that measurements were obtained
over a short period means that specific features may not be rep-
resentative of the longer-term environment.

Nitrogen diaxide (ppb}

34.1 Examples of individual exposure

As an illustration of individual exposure, data taken from one
sensor node carried by a pedestrian in Cambridge at waist height
are shown in Fig. 19. The mean mixing ratios calculated for this
pedestrian sensor node were 515 ppb, 177 ppb and 68 ppb for CO,
NO and NO; respectively. CO data were offset assuming a natural
background mixing ratio of 200 ppb {in line with the initialisation
mixing ratios used by Bright et al. (2011)). While the NO> mea-
surements are strictly [NO3] 4 [O3] in this case, as background Oz is
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Fig. 16. Time series of NO, mixing ratios from a reference instrument and from electrochemical sensors, corrected based en the known QO cross interference. Agreement between

the techniques, over the same period as Fig. 15, is significantly improved.
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Fig.18. 3D plots (left to right respectively) of CO, NO and NO, mixing ratios giving overviews of measurements obtained during a large, mobile sensor deployment. The peak heights
correspond to mixing ratio, with maximum values of 7 ppm, 4.5 ppm and 840 ppb for €O, NO and NO,, respectively (map data® 2012 Google and® 2012 Infoterra Ltd & Bluesky).

1800

1600

1400 Carbon monoxide
1200

1000

8

&

4

2388

400 800 1200 1600
5 Nitric Oxide i
g 2
) o
g z
o =
k=] =
= o
= g
o
250
Nitrogen Dioxide -
200
150 ﬁ
1
- MUJM/\ | M AV
50 ¥ 1 A d\ﬂ
rﬁi‘; \N:W" ] Iu\él“vk#%‘lfy\ﬁ! W ] i‘. [] 2
13:15 13:30 1345 14:00 14:15 14:30 14:45 16:00 o 50 100 150 200

Time of day (hh:mm) Mixing ratio (ppb)

Fig.19. Time series and histograms for a mobile sensor unit carried by a pedestrian as part of a mobile sensor deployment. NO; data are not corrected for intesference with Oz and
therefore should be taken to be [03) + [NO;), ie. there may be an additional baseline effect related to response to [03). The inset NO figure shows that the peak at 14,40 exceeded

2.5 ppm. Histograms of the data for NO and NO; also show, in dotted lines, the average of two concurrent hourly mean values derived from each of the static sites maintained by the
local authority in central Cambridge.



198

CO mixing ratio {ppb)

2500
2000
1500
1000

500

2500
2000
1500

1600

M. Mead et al. / Atmospheric Environment 70 (2(13) 186—-203

Pedestrian

N

. Uw\/.hwr\,\ oo A '
—JL/\««!\'MJ\J\JUMMWM JMMJ\»

TN SN

PN
|

Pedestrian
M i
S . .

Cyclist

prinS

(T T T T[T I[P T s [T T TS I T r 1 ¢

Vehicle

Prabability Density

13:00

1000

CO mixing ratio (ppb)

330 14:00 2800

Time

Fig. 20. Time series and measurement histograms of carbon monoxide, obtained from a number of sensor nodes deployed in central Cambridge {UK) as part of a large, mobile
sensor necwork, Measurements made by pedestrians and cyclists are shown in green and red respectively, with in-vehicle measurements shown in blue (all traces in black in-print).
For clarity, the ahscissae of the histograms are on a single scale.

10

30

20 40
Mixing ratio (ppm)

200

400
Mixing ratio {ppb}

800 500

1000

1.0~ 1.0 1.0
Carbon monoxide Nitric Oxide Nitrogen dioxide

c 08 = 08 = 08¢
o a .2
=4 = E=4
EE3 [ [%} .
2 a6k — cycle T ol — cycle T 06k — cyclist
5 — vehicle hay —— vehicle o — wvehicle
o —— pedestrian a2 ~— pedestrian @ —— pedestrian
T 04 = D4 T 04
E £ E
o o o
< oz Z 02 Z g2

0.0 U 0.0 0.0

500 1¢00 1500 2000 200 400 600 800 100 200 300 400
Mixing ratio {ppb) Mixing ratio (pph) Mixing ratio {ppb)
Fig. 21. Normalised probability disttibutions of CO, NO and NO, mixing ratics obtained during the Cambridge deployment, disaggregated by transport mode.
Carbon monoxide 1.0 Nitric oxide Nitrogen dioxide

1.0 1.0 1.0h
g 03 8 5
g B —— Cambridge g ~—— Cambridge
& 0.0 = — Valencia B — Vilencla
i oS L0 1S 202530 Lagos < Lagos
I —— Cambridge a a
5 o5 — Valentia 5 0S = 05
E ~— Lagos E £
=] ] <]
-4 4 =

0.0 0.0} Q.0

50 100

156
Mixing ratic {ppb)

200

Fig. 22. Normalised fractional exposure obtained during short-term deployments in Cambridge (UK}, Valencia (Spain) and Lagos (Migeria) using the mobile sensor nodes discussed

in Section 3.1.



MI Mead et al. f Ammospheric Environment 70 (2013) 186—203 199

CO (ppb)

¥ 4
(1t IR Il St 4 .Ei i
210032010 10/04/2010 300412010 20/05/2010

b

3000

2000

CO (ppb)

l_ 7 AT RV AR *faif

01/0472010 06/04/2010 111042010 16/04/12010 21/0412010  26/0412010

3000
C

2000

CO (ppb)

1000 \
i Lk
DT e AR, U T Y

191042010 210412010 2810412010

I
i L

170412010
3000
d

2000

CO (ppb)

1000 |

o000 06:00 T 12:00 ' 1,00 00:00
20/04/2010 21/0442010
Date/Time

Fig. 24. Time series showing CO measurements from an inner-city electrochemical sensor node for the deployment duration a), together with subsets of one-month, one-week and
one-day periods (b)—d) respectively) from a selected sensor node. All measurements are 30-s averages.



200 M. Mead et ol. / Atmospheric Environment 7¢ (2013} 186-203

typically <40 ppb (Lee et al,, 2006) it is clear that much of the
structure observed is from primary NO; emissions.

There is a broad correlation between the different species {e.g.
a minimum around 13,30 with elevated mixing ratios around 13,45
etc.), and clear correlations for some individual pollution events
{e.g. most markedly for NO and NO2 at ~14.40), aithough many
pollution events, particularly for CO, are not well correlated with
those of the other species. It is noticeable that, in this case, the
observed NO, values substantially exceed the average values
measured by the neighbouring static sites {operated by the local
authority) over the same period; this is one example of fixed
monitoring sites not reproducing personal exposure to pollution
events, In this case, the average NOj mixing ratio (68 ppb) was
a substantial fraction of the hourly mean limit for AURN sites
{200 g m~3 or ~100 ppb), while the average measured at the fixed
sites was 16 ppb. The quantitative interpretation of these results is
inevitably lessened by the fact that the NO; sensors were in fact
also responding to O3 as described in Section 3.3. The analysis
method meant that this does not introduce a simple offset of the
background O3, but in fact is likely to slightly underestimate actual
NO; amounts, For future studies, coupled measurements with NOy
and O3 sensors would resolve this uncertainty.

3.4.2. Air quality exposure by transport mode

The data shown in Fig. 18 can be disaggregated to describe
exposure in a variety of different ways, including differences among
individuals and across diiferent transport modes. In Fig. 20 are
shown time series and measurement histograms of cirbon mon-
oxide from several sensor nodes obtained in central Cambridge as

o 6

part of the mobile sensor deployment. The data show the widely
different air quality environments encountered by individuals, with
a suggestion (see the histograms) that, for example, vehicle occu-
pants are exposed to systematically higher values of carbon
monoxide.

Fig. 21 shows probability distributions of €0, NO and NO;
mixing ratios disaggregated by transport mode taken from the 3-h
mobile deployment. Given the ‘snapshot’ nature of the study, some
caution must be applied to their interpretation. However, at face
value, it seems that vehicle occupants are exposed to significantly
higher CO and NO concentrations than cyclists or pedestrians,
while pedestrians appear to be exposed to a higher NO; tail in the
distribution. The data on vehicle exposure are, however particularly
limited owing to the fact that data from only 2 vehicles were used
(c.f. 8 pedestrians, 10 cyclists). An additional factor to consider is
that while the sensors provide information on exposure, they take
no account of different levels of physical activity, leading to
potentially dilfering dosages for similar exposures.

3.4.3. Air quality measurements in Cambridge, Valencia and Lagos
As a further illustration of the mobile sensor node capability,
Fig. 22 shows normalised fractions obtained during short-term
deployments in Cambridge (UK), Valencia (Spain) and Lagos
(Nigeria). Subject to caveats about representativeness, there are
clear indications of differences in all three species, most notably
between Lagos and the Eurcpean cities. The fact that these data
may be gathered in such diverse locations with little to no infra-
structure overheads illustrates the ease with which units may be
deployed. A major implication of these studies is the potential
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Fig. 25. Time series plots, averaged over different timescales, of hourly CO electrochemical sensor concentrations at the LAQN station in Gonville Place, Cambridge. The shading
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application of the mobile sensor nodes in studies involving expo-
sure assessment for the purpose of providing the necessary pollu-
tion data for epidemiological studies.

4. Long-term, static networks

A network of static sensor nodes (see Section 3.1) was deployed
in the Cambridge area for a period of approximately 2.5 months
from 12th March to 26th May 2010. [n total, 46 static sensor nodes
were deployed, 21 of which were in central Cambridge. This is
significantly denser than the existing infrastructure {five monitor-
ing sites in Cambridge, one of which is a rcadside AURN site
monitoring NO,} and the data gathered provide a far more detailed
assessinent of the local urban environment over the period of
deployment. Each sensor node was installed at a height of 3 mon
selected lamp-posts around Cambridge and South Cambridgeshire,
with node locations as shown in Fig. 23.

This deployment generated a large number of measurements
{excluding NO; measurements, over 90,000,000 measurements
including CO, NO, RH and temperature) which will be discussed in
detail in a number of subsequent papers. A subset of data from the
deployment campaign is presented here to illustrate the capability
of the sensor network approach. In Fig. 24 are shown several time
series of CO mixing ratios obtained [rom a single, inner-city elec-
trochemical sensor node during this campaign. The uppermost
panel a) shows the complete 2.5-month time series, with a large
number of individuai pollution events superposed on a generally
varying background. At this resolution any diurnal pattern is
masked, although there are significant differences which are likely
to be linked to synoptic weather patterns and, in particular, plan-
etary boundary layer height and venting. Panel b) shows a single
month (April) when again there is significant meteorologically
linked variability, but where a diurnal pericdicity is now beginning
to be seen. Panel c) shows a single week {16—23rd April) where not
only is the diurnal pericdicity clearly apparent, but now sub-
diurnal features related to traffic flow are seen. Panel d} shows
asingle day (20th April) where individual pollution events are now
apparent, superposed on the morning and evening traffic peak
densities.

An example of the statistical information contained in these
measurements is shown in Fig. 25 generated using the OpenAir
open source air quality analysis toof (D.C. Carslaw and Ropkins,
2012; David Carslaw and Ropkins, 2012; R Development Core
Team, 2012}, where clear diurnal signatures in all species are now
apparent, together with the longer time-series variability and the
‘weekend’ effect.

The capability of the high density fixed site network is iflus-
trated by the data shown in Fig. 26, which shows time series and
bivariate polar plots for daytime carbon monoxide obtained from
a 2.5-month deployment of static sensor nodes {see Section 4)
iltustrating the range of conditions encountered in the urban and
sub-urban areas associated with differing emission rates. Also
apparent are increases associated with increased proximity to fin-
ear road sources {most notably in the top figures) where elevated
concentrations occur when the wind direction is oriented parallel
to the road. Although the details apparent are beyond the scope of
this paper, the capability of the sensors for monitoring over
extended periods as parts of dense networks is clear.

5. Discussion and conclusion

In this paper, we show that, operated suitably, CO, NO and NO;
electrochemical sensors can provide parts-per-billion { ~pg m™3)
level mixing ratio sensitivity with low noise and high linearity,
making them suitable for urban air quality measurements. The

sensors are generally highly selective, although there emerged
from this work some cross-sensitivities e.g. between 03 and NO;
sensors; in future work, these will be catered for through the use of
multiple sensors.

When operated in the field, the sensors show baseline (zero)
signals which depend significandy {although differently for differ-
entsensor types) on ambient temperature and relative humidity. Of
the sensor types investigated, this is most apparent for NO, and
a post-processing procedure is presented which eliminates this
effect, yielding excellent agreement with reference AURN in-
struments where measurements are available (NO and NOj).
Selected results also show that the sensors can be operated without
significant gain attenuation over long periods (up to 12 months
thus far), with the expectation of operable lifetimes of several years
without replacement.

Alr quality sensor nodes incorporating the electrochemical cells
with GPS (for position) and GPRS (for data communication) have
also been constructed for deployments as parts of mobile and static
air quality sensor networks capable of sending real-time air quality
data to a central server for processing and display.

Low-cost (~£100s) mobile and static networks of over 40 nodes
have been successfully deployed, with results in the paper dem-
onstrating the feasibility of high-density and scalable sensor net-
works for a variety of periods thus far up to 2.5-months. Results
from these deployments shown in the paper have provided views
of urban air quality segregated by, for example, transport mode and
personal exposure, These data have a measurement density (in
both space and time) which is unachievable using current standard
measurement methods,

Overall, this work has demonstrated the potential of low-cost
sensor network systems for air composition measurements in the
urban environment, and to be capable of doing so at an appropriate
granularity (and cost) to quantify airborne poliution levels on local
scales. Such systems have been shown to be capable of producing
high spatial and temporal resolution measures of pollution levels
which could contribute to scientific understanding, as well as
addressing economic, policy and regulatory issues spanning cli-
mate change, air quality and human exposure (and health)
responses.

While it has been shown that post-processing and artefact
removal are required to achieve results, the key conclusion is that
low-cost miniature sensors previously considered at best indica-
tive can, when suitably operated, be used for fully quantitative
measurements of urban air quality, This work shows that low-cost
air quality sensor networks are now feasible for widespread use
for monitoring at ambient levels, complementing other meas-
urement methodologies, and are now rapidly emerging as a fea-
sible measurement technique for incluston in air quality
monitoring and regulation, source attribution and human expo-
sure studies.

Improvements in sensor technologies are currently emerging
and, for example, the inclusion of other gaseous species {e.g. O3,
50;3), and suitable particulate monitors can only strengthen the
case for their increasing use in assessing the scientific, health and
legislative implications of urban air quality.
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Scientific context and objectives

Atmospheric composition within urban areas has a direct
effect on the air quality of an environment in which a large
majority of people live and work.

Atmospheric pollutants including O;, NO,, VOCs and PM
can have a significant effect on human health.

Determine potential exposure of individuals and
investigate processes that lead to the degradation of air
guality within the urban environment.
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Scientific context and objectives
T
« Air quality within urban areas is highly heterogeneous in
both time and space thus characterising air pollution is
complex.

* Fixed site automated urban networks only provide low
spatial resolution measurements.

Street canyon effects

nnnnnn
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Scientific context and objectives

+ Deployment of a state-of-the art network of Iow-cost air
pollution sensors.

* Provision of pollution data for science and policy
applications.

« Comparison of data with emission inventories and
pollution models.

+ Source attribution.

« Creation of novel tools for data mining, network
calibration, data visualisation and interpretation.

+ Optimisation of sensor network for different environments.

ocnske
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Current activities of the Partner (1/2)

+ Deployment of a state-of-the art network of low-cost air
poliution sensors: The Sensor Networks for Air Quality at
London Heathrow Airport (SNAQ-Heathrow) project.

+ ~ 36 sensor nodes located in and around the airport.
» Web: http://lwww.snaq.org/
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Current activities of the Partner (2/2)

» High spatial and temporal resolution data provided.

» Demonstration of the utility of a high-density, low-cost sensor
network.

» Source attribution for LHR airport.
+ Network calibration.
+ Investigation of pollutant variability on the local or micro-scale.
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Facilities available for the Partner (1/2)

|
« Instrumentation

Chemical species:
+ (a) Gas phase species: CO, NO, O3, SO,,

NO, — (electrochemical sensors (EC) at 2 s)

+ (b) CO, & total VOCs (optical at 10 s).

+ (c) Size-speciated particulates
0.38 to 17.4 ym, optical (OPC) at 20 s

CcoskE
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SNAQ sensor node

@1
(b) =<
(@) 7

~49 x 22 x 16 cm. ~2.8 kg

7

Facilities available for the Partner (2/2)

]
* Instrumentation

Meteorology:
+ (d) Wind speed and direction —
Sonic anemometer.

« (e) Temperature and RH (probe).

Other:
+ (f) GPS and GPRS (position and
near-real time data transmission).

SooskE
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SNAQ sensor node

~49 x 22 x 16 cm. ~2.8 kg
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lllustrative results (LHR) — 1 month vs 1 week
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Source attribution —

Local vs non local
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Network calibration
[

» Intermittency of emissions, if measured at high time resolution, allows
determination of sensor ‘baseline’ — focal vs non local sources.
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Model optimisation -
Cambridge network, spring 2010

- 3 month static deployment in Cambridge: 45 low-
cost electrochemical sensors

» High spatial and temporal (10 s) resolution data
set of CO, NO and NO,

* True variability in pollution levels
across an urban area

« Representativeness of AURN
sites in determining exposure
o

o i o e e
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Model optimisation

» Measurements and ADMS-Urban model comparison
* CO adjustment of emissions to optimise model
+ Removal of CO baselines to give local hourly

- CERCO1 halved queues
- UAS1 hourly )
300;— UAOT Inca) hourly

L8
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Street canyon effects

+ Comparison of measurements made using a static AQ sensor unit and AURN
site — Regent Street, Cambridge.

« Partial explanation of differences between ADMS model and observations?
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Street canyon effects
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» Hourly mean wind direction and NO measurements from the AURN
{(chemiluminescence instrument) and AQ (electrochemical) sensor.
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Within-canyon spatial variability

+  Wind direction perpendicular relative to the street canyon axis (330°)
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«  Wind direction parallel relative to the street canyon axis (330°)
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Within-canyon spatial variability

» Bivariate polar plots of NO measurements comparing
measurements between the AURN station and the
EC sensor.

NO Chemiluminescence {AURN Regent Street)

[
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Future planned Activities
|

+ Model verification through high (spatial and temporal)
resolution observations.

« Model optimisation / source representation in models.

» Detailed analysis and source attribution - SNAQ-Heathrow
« Investigate personal exposure to pollutants.

« Citi-sense

Ooosk
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CONCLUSIONS
|
» Low-cost sensor nodes equipped with GPS/GPRS - A.Q.
measurements in near-real time, traditionally viewed as only
achievable by costly and sparse fixed site monitoring stations.

» Demonstrated use of sensor nodes as part of static networks within
urban environments - high spatial and temporal resolution data.

« Such measurements may be used to investigate personal
exposure, regional changes in pollution levels, canyon effects and
to perform model optimisation.

« Sensors require careful calibration (baseline levels, temperature
and humidity effects).

+ Sensor cross-sensitivity.

o=k
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For Details, Contact: Alphasense Ltd
Oak Industrial Park

Arthur Burnley Great Dunmow
Email: awb@alphasense.com Essex CM6 1XN
Mobile :+44 0410 59 05 69 Tel: +44 (0) 1371 8738048

Webpage:www.alphasense.com Fux: +44 (0) 1371 878066
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ATAV ensures High Quality Standards for Alphasense

The Alphasense Automatic Test And Validation System (ATAV) is an automated, computer-
controlled system for performance testing Gas Sensors. The ATAV is the result of years of
experience gained from Gas Sensor and Gas Detection instrument manufactures.

All sensors pass through this system and are subjected to a series of tests that can be
specified by the customer. A customised sensor performance report can
then be provided. This reinforces the high quality, sensor performance
Alphasense customers have come fo rely on,

The ATAV can accommodate a wide range of customised data, specific to

each customer's needs. This can include such parameters as humidity and

temperature. Additional features of ATAV include continuous monitoring of

each sensor during the initial stabilisation period after manufacture. Many

, quality problems in electrochemical gas sensors are caused by not allowing sufficient
stabilisation time. Performance tests are only carried out after the zero signal has definitely
stabilised and the sensor is showing steady, repeatable performance. Each Sensor has a
unique barcode that is used to access Sensor performance data from a purpose designed
database for its' warranted life. The ATAV also allows the accumulation of batch data from
more detailed tests over large numbers of production batches allowing a greater
understanding of sensor performance.

Alphasense ATAV system provides full traceability for every sensor despatched and
together with 1ISO 9001:2000 procedures, ensures the high quality standards customers
have come to expect from the Alphasense range of gas sensors.

Please contact Arthur Burnfey for further information

“This news release s issued in accordance with clause 1.2j of the British Codes of Advertising and Sales Promation, and therefore cannot ba subject o a ransaction of any kind.”

For Immediate Release
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New ‘hyperlocal’ sensor network to create world’s most sophisticated air
monitoring system across London’s streets

London Mayor Sadiq Khan launches new, street-by-street monitoring system to improve air quality.
Sensors will be attached to lampposts, buildings and in dedicated Google Street View cars.

London, UK (21 June 2018} — The Mayor of London, Sadiq Khan, and C40 — a network of cities
committed to bold action on climate change — have launched a cutting-edge new project to better
understand Londoners’ exposure to air pollution around the city. Sensors will measure harmful
pollution in tens of thousands of locations, making London’s new air quality monitoring network the
imost sophisticated in the world.

Air pollution is threatening the health of Londoners, with most areas of the capital regularly breaking
limits for safe levels of air pollution. Scientists estimate™ that thousands of Londoners’ lives end
sooner than they should each year because of unclean air. And that the yearly cost of that dirty air to
London’s economy is £3.7 billion.

London already has one of the best networks of air quality monitors of any city. Despite this, the
network still does not cover enough of London. More sensors and more data are needed to say for
sure which actions to tackle air pollution are working best. More sensors will also help explain how
air quality changes not just because of the amount of traffic, but also because of other factors such
as weather and road layout.

From luly, new fixed and mobile sensors will be rolled out across Londen’s streets, 100 fixed sensors
will be fitted to lampposts and buildings in the worst affected areas and sensitive locations, and two
dedicated Google Street View cars will be driving across the city, mapping air pollution at an
unprecedented level of detail. The two Google Street View cars assigned to this project will take air
quality readings every 30 metres, building up a picture over the course of a year, and identifying
pollution “hotspots” that the existing network of fixed monitors might miss.

With this new ‘hyperlocal’ data, the Mayor will be able to track what actions are making the biggest
difference to people’s health. Whether that’s more electric vehicles, or improvements to public
transport, robust science means we will know more than ever about what works and what doesn’t
when it comes to cleaning up our air.

Online maps showing data in real time will give Londoners information on just how dirty the air they
breathe really is as they move around the city. These new tools will help the capital take action to
tackle the most dangerous environmental threat to people’s health. The study will imprO\}e the
accuracy of air pollution forecasts for the coming three days, making it possible for people to plan
and respond to high pollution warnings.

The project will be run by a team of air quality experts led by the charity Environmental Defense
Fund Europe, in partnership with Air Manitors Ltd., Google Earth Outreach, Cambridge
Environmental Research Consultants, University of Cambridge, National Physical Laboratory, and the
Environmental Defense Fund team in the United States. King’s College London will also be
undertaking a linked study focused on schools that will form part of the year long project.



The project is the result of a partnership between the Greater London Authority and C40 Cities.

The results from this initiative will be shared with the 96 members of the C40 Cities network, with
the ambition of improving air quality for hundreds of millions of people living in cities around the
world.

The announcement comes just a day after the Mayor brought together city leaders from across
England and Wales for a national air quality summit, and unveiled that London will have the largest
pure electric double-deck bus fleet in Europe.

The Mayor of Londen and C40 Vice Chair, Sadiq Khan, said: “London’s toxic air is leading to the
premature deaths of thousands of Londoners every year so | am pleased that we are embracing the
very latest smart technology to monitor hot-spots and demonstrate how effective our policies to
combat this global issue are.

“I'm doing everything in my power to tackle London’s lethal air including cleaning up our bus and
taxi fleets, introducing the Toxicity Charge for the oldest polluting vehicles in central London and
bringing forward the introduction of the world’s first Ultra-Low Emission Zone to start in April 2019.
“l am delighted to be joining up with €40, the Environmental Defense Fund, Google and the rest of
the team on this exciting project that will provide a treasure trove of new data and information to
improve air quality here in London, and deliver an approach that can be replicated across the
world.”

“This project will provide a step change in data collection and analysis that will enable London to
evaluate the impact of both air quality and climate change policies and develop responsive
interventions,” said Executive Director for Environmental Defense Fund Europe, Baroness Bryony
Worthington. “A clear output of the project will be a revolutionary air monitoring model and
intervention approach that can be replicated cost-effectively across other UK cities and globally, with
a focus on C40 cities.”

Mark Watts, C40, Executive Director said: “Almost every major city in the world is dealing with the
threat of toxic air pollution, which is taking an incredible toll on the health of citizens, public
finances, quality of life and contributing to climate change. London is already a world leader in
responding to this global threat and with this initiative it will set a new global standard for how
street level air quality monitoring can inform strategic policy making. Cities across the C40 network
and around the world will be watching closely to understand how this street level air quality
monitoring can deliver cleaner air for their citizens.”

-Ends-
Notes for editor
Far more information, contact:
CA40 Cities: Josh Harris, Head of Media, C40, jharris@c40.org; +44 (0) 7739 021000
EDF: Anneliese Allen-Norris, aallennorris@edf.org +44 (020) 33105915



Earlier this month, the Mayor published Smarter London Together — his roadmap for how he will
realise his ambition to make London the world’s smartest city. In it the Mayor sets out how he will
help the city’s public services use tech and data to improve the lives of all Londoners.

The roadmap includes plans to supporting the commission of a new generation of smart technology,
a bold new approach to connectivity and the promotion of greater data sharing among public
services through the London Office of Data Analytics.

i

About Environmental Defense Fund

Environmental Defense Fund Europe is a registered charity (1164661) in England and Wales. A
recently established affiliate of leading international non-profit Environmental Defense Fund (EDF),
the organisation links science, economics, law, and innovative private-sector partnerships to create
transformational solutions to the most serious environmental problems. Connect with us at
edf.org/europe, on Twitter and on our EDF Voices, EDF+Business and Energy Exchange blogs.

About Air Monitors Limited

Air Monitors is the UK’s leading air quality monitoring company, supplying and supporting
instrumentation to central government, local authorities, research and industry. Based in
Tewkesbury in Gloucestershire and Glasgow in Scotland the company leads the field in new small-
sensor technologies with its AQMesh range and will also provide and maintain the equipment within
the Google Street View cars in the project.

About Cambridge Environmental Research Consultants

Cambridge Environmental Research Consultants (CERC) are world leading developers of air quality
modelling software. Their renowned ADMS-Urban model will be used together with the sensor data
to generate hyper-local air quality mapping both for nowcasts and forecasts, and for policy studies.

About Google Earth Outreach

Google Earth Qutreach is a program from Google designed specifically to help non-profit and public
henefit organisations around the world leverage the power of Google Maps and Cloud technology to
help address the world's most pressing social and environmental problems.

About the National Physical Laboratory {NPL)

NPL is the UK's National Measurement Institute, providing the measurement capability that
underpins the UK's prosperity and quality of life. Every day our science, engineering and technology
makes a difference to some of the biggest national and international challenges, including
addressing air quality issues. http://www.npl.co.uk/about/what-is-np}/

About University of Cambridge Department of Chemistry

The University of Cambridge Department of Chemistry is a world leading research and teaching
institution. At Cambridge, the Centre for Atmospheric Science has played a primary role in the
development of low-cost sensors for air quality monitoring and in the development of techniques for
analysing and interpreting measurements from sensor networks. '



Ahout the C40 Cities Climate Leadership Group

Around the world, C40 Cities connects 96 of the world’s greatest cities to take bold climate action,
leading the way towards a healthier and more sustainable future. Representing 700+ million citizens
and one quarter of the global economy, mayors of the C40 cities are committed to delivering on the
most ambitious goals of the Paris Agreement at the local level, as well as to cleaning the air we
breathe. The current chair of C40 is Mayor of Paris Anne Hidalgo; and three-term Mayor of New York
City Michael R. Bloomberg serves as President of the Board. C40’s work is made possible by our
three strategic funders: Bloomberg Philanthropies, Children’s Investment Fund Foundation (CIFF),
and Realdania.

1 In 2015 a study by King’s College London, ‘Understanding the Health Impacts of Air Pollution in
London’, commissioned by Transport for London, showed that air pollution in London could be
causing thousands of premature deaths a year.
https://www.kel.ac.uk/Ism/research/divisions/aes/research/ERG/research-
projects/HlAintondonKingsReport14072015final.pdf

https://www.london.gov.uk/what-we-do/environment/pollution-and-air-guality/health-and-
exposure-pollution

2 Researchers from the University of Oxford and the University of Bath produced ‘The health costs of
air pollution from cars.and vans’ in 2018, which showed that health impacts from air pollution from
internal combustion engine vehicles costs tens of billions of pounds each year.
https://www.cleanairday.org.uk/Handlers/Download.ashx? IDMF=7eb71636-7d06-49cf-bb3e-
76f105e2c¢631



