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Why are low cost sensor 

networks an emerging topic?

 General public becoming more aware, due to media

attention, that poor air quality (AQ) is linked to

premature deaths

 New developments in AQ instrumentation are focussed

on low cost sensor systems rather than traditional

expensive reference instruments

 Individual low cost sensors measuring different

components of atmospheric pollution can be

incorporated into a single compact sensor system

 Enables new spatially dense networks to be set up

generating large scale data, with very high time

resolution to complement reference measurements



Why are low cost sensors 

networks an emerging 

topic?

 Deliver data for atmospheric modelling and predicting

air pollution in real time

 Personalised pollution measurements providing alerts

for vulnerable groups, education tools for schools to

learn about the environment, monitoring in museums

 Air management systems for “intelligent buildings” to

reduce the use of air conditioning and save energy (by

combining indoor and outdoor measurements)

 Adaptive Environmental Control Systems on aircraft

based on real time measurements (and filtration) to

improve cabin air quality and delivering savings in fuel

(U-CAIR)



Tunable Rapid Atmosphere 

Controlled Environment (TRACE) 

Facility



Examples of sensor networks

 CleanSpace Tag portable air pollution sensor

 Costs £49.99, paired with a smart phone, designed to 

monitor personal pollution exposure, in real-time, 

enabling citizens to select cleaner routes to travel

 Carbon monoxide (CO), surrogate for air pollution

 Data is anonymised and sent to the cloud, combined 

with data from all the other Tags 

across the UK, to build map                                              

of air pollution.

 Accumulate CleanMiles walking, 

running, or cycling                       



Examples of sensor networks                               

 In USA, Elm described as “the only network of air 

monitoring sensors with a fully integrated, real-time 

view of air data in local communities”

 Located in Boston delivers readings every 20s 

wirelessly transmitted to a secure cloud-based Elm 

data network 

 200 systems located in 10 countries 

 Data on ozone, PM, volatile organic compounds, 

nitrogen dioxide, nitric oxide, noise, temperature, 

relative humidity available to anybody that is 

interested

 Indicative monitoring only, complementary to US EPA 

stations 



Examples of sensor networks 

 Change London/Deliver Change                          

“AirSensa”

 ‘World’s largest’ air quality monitoring 

network across London

 Aspired to10,000 monitoring units placed in               

schools, commercial buildings and other infrastructure

 £1 million from Addison Lee, to provide the first 500 air 

quality sensors in schools

 Continuous readings of key air pollutants (including 

NO2 and PM2.5) transmitting to STORRM Cloud for use 

with apps relevant to journey planning and high 

pollution alerts

 Owners of sites would see data from their own units, in 

real time, and would be free to use it 



Why is standardisation 

important?

 Currently no evaluation process to determine 

low cost sensor system suitability

 Limited data already available suggests that 

many systems perform less well than has 

been claimed by their manufacturers

 Substantial public and private funding could well be

wasted on expensive projects to put sensors networks

into cities

 Wrong conclusions could be drawn, based on unreliable

data, resulting in detrimental decision making on human

health and environmental sustainability



Why is standardisation               

important?

 Clearly a mixture of different systems available 

covering citizen science applications to “reference-

type” measurements

 For regulators to rely on such                                     

technologies it is essential to provide independent and 

traceable sensor system evaluation

 Traceability is a property of the measurement results

that can be related to primary metrological standards

through an unbroken chain of calibrations



Why is standardisation 

important?

 Within this chain, the measurement uncertainty is

determined at each step and then combined, in

accordance with international guidelines (ISO-Guide

98-3)

 Traceability ensures that there can be

comparability of measurements originating

from different sources

 Need appropriate metrological underpinning and

standard methods to validate the operation and data

outputs of sensor systems both in controlled

laboratory environments AND in the field



How do we validate established 

technologies?

 Current state-of-the-art is that air quality monitoring

networks consist of a low number of expensive, bulky,

power hungry reference instruments

 Measure trace gases and particulate matter (PM) at

certain strategic sites (e.g., ~93 sites in London)

 Continuous ambient monitors (CAMs) generate

measurements with the lowest uncertainties to comply

with EU AQ Directives (2008/50/EC and 2015/1480)

 Provide little useful information about source

apportionment, local pollution climate, atmospheric

chemistry processes, or individual exposure

 Usefulness of this information decays as distance from

the monitoring point increases



How do we validate established 

technologies?

 The REFERENCE methods are specified                         

in EU AQ Directives 

 CEN is the main standardisation body for each of the

ambient air pollutants.

 Comprehensive, pollutant-specific, and rigorous type-

testing procedures before the method is allowed to be

used in AQ Networks that report monitoring data to the

European Commission.

 Procedures include laboratory tests covering extremes

of conditions and field tests lasting three months



Laboratory tests at NPL
 Automated pumped sampling with 

in-situ gas chromatography to 

measure benzene

 Tests in accordance with UK 

certification scheme called MCERTS and                     

the harmonised European Standard                                

EN14662-3, carried out by ISO17025 

accredited laboratories

 Performance characteristics: Lack of fit, carry over,

repeatability, influence of interferents (hydrocarbons,

relative humidity), ambient temperature, ambient

pressure, supply voltage, short term drift

 2 instruments tested at key concentrations: 1/10xLV,

LV, Span

 Results must meet the performance criteria



Field Tests

 Reproducibility (correlation between                                    

2 identical instruments)

 Long term drift

 Maintenance interval (time duration                            

between manufacturer interventions)

 Availability (% useful data retrieved                 

 during trial)



Measurement Uncertainty

 Test results for the performance criteria are used to 

calculate standard uncertainty components (µg m-3)

 Divide these by the relevant pollutant concentration to 

obtain the individual relative uncertainties

 Combined uncertainty, Urel , calculated by summing in 

quadrature x 100 

 Expanded uncertainty at 95% confidence level, 

U= 2 x Urel

 Must be less than ± 25% as required by EU Directives 

for benzene reference measurements



Validation of established 

technologies

 INDICATIVE measurements

(with a higher uncertainty) are also carried               

out over a wider geographical area with 

low cost diffusive samplers for certain 

compounds such as nitrogen dioxide 

 While useful, such techniques do not provide real-time 

data and typically deliver average concentration 

measurements for periods of up to 4-5 weeks and 

suffer from well-known biases 

 EN 16339:2013 Ambient air – Method for the 

Determination of the Concentration of Nitrogen Dioxide 

by Diffusive Sampling



Validation of low cost sensor 

systems

 Mostly developed by SMEs adapting off the shelf

technologies, sometimes peer review and academic

evaluation processes bypassed. IP often retained in the

data processing and presentation of results

 Substantial UK presence: individual raw sensors,

integrated sensor systems, cloud-based technologies

for data distribution, and expertise in big data, market

opportunities for replication delivering monitoring

network products globally to cities

 Define a list of specific performance requirements and

a procedure with test methods under prescribed

laboratory and field conditions to enable low-cost

sensor evaluation for: PM10, PM2.5, O3, NO2, NO, CO,

benzene, SO2, and CO2



Validation of low cost sensor 

systems

 In Europe CEN Technical Committee 264 (Air Quality), 

Working Group (WG) 42 on Air Quality Sensors set up 

in September 2015, meeting at NEN in Delft 

 Objective of WG42 is to draft a Technical Specification 

(TS) titled the “Performance evaluation of sensors for 

the determination of concentrations of gaseous 

pollutants and particulate matter in ambient air”

 The composition of WG42 includes experts from 

various EU National Metrology Institutes (NMIs), 

operators of air quality networks, individual sensor 

manufacturers, and manufacturers of complete low 

cost monitoring systems, and universities



Validation of low cost sensor 

systems

 The TS will propose a method to check if sensors can 

reach the Data Quality Objectives (DQO) for indicative 

methods and also objective estimations, as defined in 

the European Directive for Air Quality 

 The DQO for “reference methods” will not be 

considered by the WG in order to avoid any conflicts 

with the existing “Guide for the Demonstration of 

Equivalence”, which already manages the “equivalent 

methods” 

 The WG proposed new category where the data 

generated cannot be employed for legislative 

reporting, but could be useful in identifying short term 

concentration trends/changes relevant to citizen 

science projects



Validation of low cost sensors

• Uncertainty requirements for the categories of regulated 

compounds in the EU Data Quality Objective (2008/50/EC) 

†UAT = Upper Assessment Threshold, 

LAT = Lower Assessment Threshold, 

[ ] = concentration 

Pollutant Required uncertainty of 

reference methods

Expanded uncertainty 

of indicative methods 

(Class 1 sensor 

system)

Expanded uncertainty 

of objective 

estimations (Class 2 

sensor system)

Expanded uncertainty 

of Class 3 sensor 

system

SO2, NO2/NOx, CO 15% 25% 75% N/A

Benzene 25% 30% 100% N/A

PM10/PM2.5 25% 50% 100% N/A

O3 15% 30% 100% N/A

Thresholds† >UAT UAT<[ ]<LAT <LAT N/A



Validation of low cost sensors

 3 Sensor systems, flexible 3 stage evaluation process

 Rapid pre-test in laboratory to determine response 

time, the lack of fit of the calibration function and 

repeatability

 Extended list of laboratory tests to evaluate short-term 

and long-term stability, effect of interferents, 

temperature and humidity etc.

 Field tests at Air Quality Monitoring Stations (AQMS) 

where sensors and reference methods are making co-

located measurements



Mathematical modelling and 

statistical methods 

 A network of sensor systems is more than just the sum 

of its individual nodes

 Information at one node of the network can be 

exchanged with other nodes, and used to make 

inferences at nearby nodes

 Current methodology focusses on the measurement of 

a pollutant, using a well-characterised measuring 

system 

 Uncertainty, calibration and traceability are generally 

well-established and widely applied, but without 

reference to other sensors



Mathematical modelling and 

statistical methods

 With high density low cost sensor networks this 

approach may not be practical or cost effective

 Calibrate “gold standard sensor system” separately, or 

introduce a reference sensor to provide absolute 

calibration of the network

 Identify when individual sensors are providing data 

that is discrepant could be malfunctioning or capturing 

a pollution event of interest

 Want to provide guidance in the standard, based on 

long term case studies, how to apply machine learning 

techniques (e.g., C40 pilot study in London)



Importance of Metadata

 Metadata provides additional information to support the 

results produced by the sensors/ networks of sensors 

 Quality information: uncertainty of the data set, flags 

indicating faults in the data (sensor health), calibration 

data and any on-going audit data 

 Sensor type: including details of the measured 

quantity, performance or validation data, including 

detection sensitivity, repeatability, cross sensitivity

 Ancillary data: either the data or links to it, to analyse 

or correct sensor readings e.g. environmental data 

such as temperature/pressure or the values of 

interfering quantities (e.g. water vapour) or data to help 

in interpretation of the results (e.g. wind direction and 

speed)



Importance of metadata

 Time of the measurement, species measured, units,

raw or processed data, site information (e.g. sampler

location, sample point details (height, flow rate))

 Information to support auditing: the operator or

contact for the data set, any quality standards or

protocols followed

 US EPA is proposing that data reporting be in a certain

format for regulatory measurements (including

metadata)

 Goal is to present it in a format that also aids

interpretation by the average citizen. Similar format

desirable for non-regulatory measurements but the

infrastructure not yet available, potential barrier to

implementation.



Conclusions
 Require acceptance of low cost sensor data by 

relevant stakeholders (Do they believe the results?)

 Standardisation will define performance requirements 

to demonstrate that they are fit for purpose

 Promote research into new technologies (not just fine 

tuning of existing methods) because developers can 

see a potential market to pay for their investment.

 Market for data management (privacy issues? Format) 

 Outright purchase of systems for networks, 

sponsorship of systems by large businesses, 

individual purchases by general public

 LA funding reductions are a barrier (only need to 

measure NO2 and PM)

 Not necessarily low cost if you have many sensors 

systems



Questions?

The National Physical Laboratory is operated by NPL Management Ltd, a wholly-

owned company of the Department for Business, Energy and Industrial Strategy 

(BEIS).


