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EXECUTIVE SUMMARY

Measurement of reactive air pollutants and greenhouse gases underpin a huge variety of
applications that span from academic research through to regulatory functions and services for
individuals, governments, and businesses. Whilst the vast majority of these observations
continue to use established analytical reference methods, miniaturization has led to a growth
in the prominence of a generation of devices that are often described generically as “low-cost
sensors” (LCSs). LCSs can in practice have other valuable features other than cost that
differentiate them from previous technologies including being of smaller size, lower weight and
having reduced power consumption. Different technologies falling within this class include
passive electrochemical and metal oxide sensors that may have costs of only a few dollars
each, through to more complex microelectromechanical devices that use the same analytical
principles as reference instruments, but in smaller size and power packages. As a class of
device, low-cost sensors encompass a very wide range of technologies and as a consequence
they produce a wide range of quality of measurements. When selecting a LCS approach for a
particular task, users need to ensure the specific sensor to be used will meet application’s data
quality requirements.

This report considers sensors that are designed for the measurement of atmospheric
composition at ambient concentrations focusing on reactive gaseous air pollutants (CO, NOx,
03, S0O,), particulate matter (PM) and greenhouse gases CO, and CH4. It examines example
applications where new scientific and technical insight may potentially be gained from using a
network of sensors when compared to more sparsely located observations. Access to low-cost
sensors appears to offer exciting new atmospheric applications, can support new services and
potentially facilitates the inclusion of a new cohort of users. Based on the scientific literature
available up to the end of 2017, it is clear however that some trade-offs arise when LCSs are
used in place of existing reference methods. Smaller and/or lower cost devices tend to be less
sensitive, less precise and less chemically-specific to the compound or variable of interest. This
is balanced by a potential increase in the spatial density of measurements that can be
achieved by a network of sensors.

The current state of the art in terms of accuracy, reliability and reproducibility of a range of
different sensors is described along with the key analytical principles and what has been
learned so far about low-cost sensors from both laboratory studies and real-world tests. A
summary of concepts is included on how sensors and reference instruments may be used
together, as well as with modelling in a complementary way, to improve data quality and
generate additional insight into pollution behaviour. The report provides some advice on key
considerations when matching a project/study/application with an appropriate sensor
monitoring strategy, and the wider application-specific requirements for calibration and data
quality. The report contains a humber of suggestions on future requirements for low-cost
sensors aimed at manufacturers and users and for the broader atmospheric community.

The report highlights that low-cost sensors are not currently a direct substitute for reference
instruments, especially for mandatory purposes; they are however a complementary source of
information on air quality, provided an appropriate sensor is used. It is important for
prospective users to identify their specific application needs first, examine examples of studies
or deployments that share similar characteristics, identify the likely limitations associated with
using LCSs and then evaluate whether their selected LCS approach/technology would
sufficiently meet the needs of the measurement objective.



Previous studies in both the laboratory and field have shown that data quality from LCSs are
highly variable and there is no simple answer to basic questions like “are low-cost sensors
reliable?”. Even when the same basic sensor components are used, real-world performance
can vary due to different data correction and calibration approaches. This can make the task of
understanding data quality very challenging for users, since good or bad performance
demonstrated from one device or commercial supplier does not mean that similar devices from
others will work the same way.

Manufacturers should provide information on their characterizations of sensors and sensor
system performance in a manner that is as comprehensive as possible, including results from
in-field testing. Reporting of that data should where possible parallel the metrics used for
reference instrument specifications, including information on the calibration conditions. Whilst
not all users will actively use this information it will support the general development
framework for LCS use. Openness in assessment of sensor performance across varying
environmental conditions would be very valuable in guiding new user applications and help the
field develop more rapidly.

Users and operators of low-cost sensors should have a clearly-defined application scope and
set of questions they wish to address prior to selection of a sensor approach. This will guide
the selection of the most appropriate technology to support a project.

Renewed efforts are needed to enhance engagement and sharing of knowledge and skills
between the data science community, the atmospheric science community and others to
improve LCS data processing and analysis methods. Improved information sharing between
manufacturers and user communities should be supported through regular dialogue on
emerging issues related to sensor performance, best practice and applications. Adoption of
open access and open data policies to further facilitate the development, applications, and use
of LCS data is essential. Such practices would facilitate exchange of information among the
wide range of interested communities including national/local government, research, policy,
industry, and public, and encourage accountability for data quality and any resulting advice
derived from LCS data.

This assessment was initiated at the request of the WMO Commission for Atmospheric
Sciences (CAS) and supported by broader stakeholder atmospheric community including the
International Global Atmospheric Chemistry (IGAC) project, Task Force on Measurement and
Modelling of the European Monitoring and Evaluation Programme of the LRTAP Convention, UN
Environment, World Health Organization, Network of Air Quality Reference Laboratories of the
European Commission (AQUILA).



RESUME

La mesure des gaz a effet de serre et polluants atmosphériques réactifs sert un large éventail
d'applications, de la recherche universitaire a I'établissement de textes réglementaires en
passant par divers services fournis aux particuliers, aux gouvernements et aux entreprises. Si
I'immense majorité de ces observations continue de s'appuyer sur des méthodes de référence
analytiques, les progrés de la miniaturisation se sont traduits par I'arrivée d'une génération de
dispositifs désignés globalement sous le nom de «capteurs a faible colit». En plus d'étre peu
onéreux, ces capteurs présentent en réalité d'autres avantages qui les différencient de leurs
prédécesseurs, a savoir qu'ils sont plus petits et moins lourds et consomment moins d'énergie.
Diverses technologies entrent dans cette catégorie, qu'il s'agisse des capteurs électrochimiques
passifs ou des capteurs a oxyde métallique, qui peuvent ne coliter que quelques dollars
chacun, ou bien de microsystémes électromécaniques plus complexes qui reposent sur les
mémes principes d'analyse que les instruments de référence mais dont les dimensions sont
plus réduites et le systeme d'alimentation électrique plus compact. Dans leur catégorie, les
capteurs a faible co(it font intervenir un trés large éventail de techniques et fournissent de ce
fait des mesures de qualité trés diverse. Au moment de choisir un capteur de ce type pour une
application précise, il faut veiller a ce que l'instrument retenu produise des données conformes
aux criteres de qualité fixés pour ladite application.

Le présent rapport s'intéresse aux capteurs qui servent a mesurer la composition de I'air
ambiant et en particulier les polluants gazeux réactifs (monoxyde de carbone, oxydes d'azote,
ozone, dioxyde de soufre), les matiéres particulaires et les gaz a effet de serre que sont le
dioxyde de carbone et le méthane. Par exemple, pour certaines applications, un réseau de
capteurs serait mieux a méme d'apporter un nouvel éclairage scientifique et technique que
guelques observations éparses. Les capteurs a faible colt laissent entrevoir de nouvelles
applications atmosphériques prometteuses et pourraient ouvrir la voie a de nouvelles
prestations tout en élargissant la base des utilisateurs. Il ressort toutefois clairement de la
littérature scientifique disponible fin 2017 que ce type de capteur présente a la fois des
avantages et des inconvénients par rapport aux méthodes traditionnelles: les dispositifs plus
compacts et/ou moins onéreux sont souvent moins sensibles, moins précis et moins adaptés
aux caractéristiques chimiques de la variable considérée, ce qui peut étre compensé par la plus
grande densité du réseau d'observation que I'on peut obtenir avec ces capteurs.

L'état actuel de la technique en ce qui concerne la précision, la fiabilité et la reproductibilité
des mesures pour une diversité de capteurs est présenté ici, de méme que les principaux
principes d'analyse et les enseignements qui ont été tirés jusqu'a présent des études réalisées
en laboratoire et des essais sur le terrain. On trouvera par ailleurs un résumé des conditions
dans lesquelles on peut utiliser les capteurs conjointement avec des instruments de référence,
ou bien avec des modeles mathématiques, pour apporter un éclairage complémentaire sur le
« comportement » des polluants et améliorer la qualité des données. Les auteurs du rapport
donnent aussi quelques conseils sur les principaux facteurs a prendre en considération au
moment de choisir, pour un projet, une étude ou une application, une stratégie appropriée de
surveillance par capteurs, ainsi que sur les impératifs généraux a respecter en matiere
d'étalonnage et de contrdle qualité des données pour I'application envisagée. A cela s'ajoutent
un certain nombre de suggestions concernant les futures exigences afférentes aux capteurs a
faible colt et s'adressant aux fabricants, aux utilisateurs et, d'une maniére générale, aux
spécialistes de I'atmospheére.



Le rapport souligne le fait qu'a I'neure actuelle, les capteurs a faible co(it ne constituent pas en
soi une solution de remplacement des instruments de référence, surtout dans le cadre
d'applications standard. Ils n'en constituent pas moins une source d'informations
complémentaires sur la qualité de I'air, pour autant que des dispositifs adaptés soient mis en
oeuvre. Il importe que les utilisateurs potentiels commencent par définir leurs besoins dans le
cadre de I'application envisagée, se penchent sur des études de cas ou des réseaux de
capteurs qui présentent des caractéristiques similaires, recensent les contraintes probables
inhérentes a l'usage de capteurs a faible colt et déterminent alors si I'approche ou la
technologie adoptée en la matiére remplirait de fagcon adéquate I'objectif de mesure.

De précédentes études menées en laboratoire ou sur le terrain ont révélé que la qualité des
données de capteurs a faible colt était trés fluctuante et qu'il n'était pas facile de répondre a
la guestion de savoir si ce type de capteur est fiable. Méme lorsque ce sont les mémes
composantes de base qui sont employées, les résultats obtenus sur le terrain peuvent varier
lorsque les méthodes d'étalonnage et de correction des données différent. La question de la
qualité des données peut donc s'avérer trés complexe pour I'utilisateur, dans la mesure ou si
un capteur produit par tel ou tel fabricant donne de bons - ou mauvais - résultats, cela ne
veut pas dire que des dispositifs analogues émanant notamment d'autres fabricants se
comporteront de la méme fagon.

Les fabricants devraient fournir, a propos des caractéristiques des capteurs et de leur
fonctionnement, des informations aussi complétes que possible et en particulier des résultats
d'essais effectués sur le terrain. Les données ainsi communiquées devraient autant que
possible s'accompagner des critéres appliqués pour les spécifications des instruments de
référence, notamment en ce qui concerne les conditions d'étalonnage. Méme si elles ne
servent pas directement les besoins de tous les intéressés, ces informations contribueront a
établir le cadre général d'utilisation des capteurs a faible co(it. Des indications claires sur le
fonctionnement des capteurs dans diverses conditions environnementales seraient trés utiles
pour orienter |'utilisateur qui envisage de nouvelles applications et favoriseraient I'essor de ce
domaine d'activité.

Utilisateurs et exploitants de capteurs a faible colt doivent pouvoir se référer a un champ
d'application clairement défini et répondre a une série de questions qui les concernent avant
d'opter pour un type de capteur. Cela les aidera a choisir la technologie la mieux adaptée au
projet visé.

Il importe de redoubler d'efforts pour développer les échanges de connaissances et de
compétences entre les experts en données et les spécialistes de I'atmosphére, entre autres, et
renforcer la participation des divers groupes intéressés, afin d'améliorer les méthodes de
traitement et d'analyse des données de capteurs a faible co(it. Pour renforcer les échanges
d'informations entre fabricants et utilisateurs, il conviendrait de maintenir un dialogue
permanent sur les nouvelles thématiques concernant le fonctionnement des capteurs, les
pratiques conseillés par les experts et les applications. L'adoption de politiques privilégiant le
libre échange des données et le libre accés a celles-ci revét une importance capitale pour les
activités de développement, les diverses applications et I'exploitation des données de capteurs
a faible co(t. De telles pratiques faciliteraient I'échange d'informations entre des parties
prenantes tres diverses - autorités nationales et locales, chercheurs, décideurs, entreprises et
grand public — et inciteraient les responsables a rendre compte de la qualité des données de
capteurs a faible co(it et des conseils ou prescriptions qui pourraient en découler.



Cette évaluation a été entreprise a la demande de la Commission des sciences de I'atmospheére
(CSA) de I'OMM et avec le soutien de I'ensemble de la communauté des sciences de
I'atmosphére, notamment des acteurs suivants: Projet international d’étude de la chimie de
I'atmosphére du globe (IGAC), Groupe d’étude chargé de la surveillance et de la modélisation
relevant du Programme concerté de surveillance continue et d’évaluation du transport a longue
distance des polluants atmosphériques en Europe (EMEP) dans le cadre de la Convention sur la
pollution atmosphérique transfrontiére a longue distance, ONU-Environnement, Organisation
mondiale de la Santé et Réseau de laboratoires de référence pour la mesure de la qualité de
I'air (AQUILA) relevant de la Commission européenne.



RESUMEN EJECUTIVO

Las medidas de contaminantes atmosféricos reactivos y de los gases de efecto invernadero se
utilizan como base de una gran variedad de aplicaciones, que comprenden tanto la
investigacion académica como las funciones reguladoras y los servicios para individuos,
gobiernos y empresas. Si bien la inmensa mayoria de estas observaciones requieren métodos
analiticos de referencia ya establecidos, la miniaturizacion ha traido consigo un mayor
protagonismo de una generacidon de dispositivos que con frecuencia se describen
genéricamente como “sensores de bajo coste”. Ademas del precio, en la practica los sensores
de bajo coste pueden tener otras caracteristicas interesantes que los diferencian de los
sensores previos, como son su menor dimension y peso y su bajo consumo energético. Dentro
de esta categoria encontramos diversas tecnologias, como los sensores electroquimicos
pasivos y los sensores de 6xidos metalicos, que pueden llegar a tener un coste de tan solo
unos ddlares la unidad, o dispositivos micro-electromecanicos mas complejos que utilizan los
mismos principios analiticos que los instrumentos de referencia, pero que son de menor
tamafio y menor gasto energético. Los sensores de bajo coste, entendidos como categoria,
abarcan una amplia gama de tecnologias y, en consecuencia, generan mediciones de una
calidad sumamente diversa. Al escoger un sensor de bajo coste para una aplicacion concreta,
los usuarios deben asegurarse de que el sensor especifico que vayan a utilizar cumpla los
requisitos de calidad de los datos que requiera esa aplicacion.

En este informe se examinan los sensores disefiados para medir las concentraciones
ambientales que componen la atmdsfera, centrandose en los contaminantes gaseosos
reactivos (CO, NOx, Oz, SO,), las particulas en suspension y los gases de efecto invernadero
CO, y CH4. En el informe se analizan ejemplos de aplicaciones en las que con una red de
sensores se pueden adquirir perspectivas cientificas y técnicas nuevas respecto a las que se
obtienen con mediciones mas dispersas. El acceso a los sensores de bajo coste parece ofrecer
nuevas y prometedoras aplicaciones atmosféricas, puede dar soporte a nuevos servicios y
facilitar la inclusion de nuevos usuarios. No obstante, segun la bibliografia cientifica disponible
hasta finales de 2017, es evidente que el uso de los sensores de bajo costo plantea algunas
desventajas frente al de los métodos de referencia existentes, a saber, los dispositivos mas
pequefos y/o de menor costo tienden a ser menos sensibles, menos precisos y menos
especificos respecto a la naturaleza quimica del compuesto o la variable de interés. Esto puede
equilibra en algunos casos con una mayor densidad espacial de las mediciones que puede
lograrse mediante una red de sensores.

En el informe se describe el estado actual de la tecnologia en términos de precision, fiabilidad
y reproducibilidad de una gama de sensores diferentes junto con los principios analiticos
fundamentales y las ensefianzas extraidas hasta ahora acerca de los sensores de bajo coste a
partir de estudios de laboratorio y de ensayos reales. Se incluye ademas un resumen de
conceptos acerca de como utilizar los sensores y los instrumentos de referencia
conjuntamente, asi como con modelos de forma complementaria, para mejorar la calidad de
los datos y generar conocimientos adicionales sobre el comportamiento de la contaminacion.
Asimismo, se ofrecen algunos consejos sobre consideraciones esenciales a tener en cuenta
cuando ha de escogerse una estrategia de vigilancia con sensores adecuada para un proyecto,
un estudio o una aplicacion, y sobre los requisitos mas generales sobre calibracidn y calidad de
los datos especificos de cada aplicacion. El informe contiene también algunas sugerencias
sobre necesidades futuras de los sensores de bajo coste dirigidas a fabricantes y usuarios, asi
como a la comunidad atmosférica en general.



En el informe se pone de relieve que, en la actualidad, los sensores de bajo coste no son
sustitutos directos de los instrumentos de referencia, especialmente con fines preceptivos; sin
embargo, pueden ser una fuente complementaria de informacién acerca de la calidad del aire,
siempre que se utilice un sensor adecuado. Es importante que los usuarios potenciales
determinen previamente sus necesidades especificas en cuanto a la aplicacion de que se trate,
que analicen ejemplos de estudios o usos que compartan caracteristicas similares, detecten las
posibles limitaciones asociadas con los sensores de bajo coste y a continuacion evallen si el
enfoque o la tecnologia que han escogido cubrird adecuadamente las necesidades del objetivo
de medicidn.

Estudios previos tanto en laboratorio como sobre el terreno han demostrado que la calidad de
los datos obtenidos con sensores de bajo coste varia de manera considerable, y que no hay
respuestas sencillas a preguntas basicas como “éson fiables los sensores de bajo coste?”.
Incluso cuando se utilizan los mismos componentes basicos de un sensor, el rendimiento real
puede variar a causa de diferentes criterios de calibracidn y correccién de datos. Esto puede
hacer de la comprensidn de la calidad de los datos una tarea ardua para los usuarios, pues un
buen o mal rendimiento mostrado por un dispositivo o un proveedor comercial no significa que
dispositivos similares de otros proveedores funcionen del mismo modo.

Los fabricantes deberian facilitar la informacion sobre las caracteristicas de los sensores y el
rendimiento del sistema de sensores de una manera lo mas comprensible posible, incluidos los
resultados de los ensayos sobre el terreno. Cuando sea posible, esos datos deberian
suministrarse conjuntamente con los parametros empleados para las especificaciones de los
instrumentos de referencia, en particular la informacidn sobre las condiciones de calibracion.
Aungue no todos los usuarios utilizaran de forma activa esta informacion, servira de apoyo al
marco general relativo al uso de los sensores de bajo costo. Una evaluacién sincera del
rendimiento de los sensores en diversas condiciones ambientales resultaria de gran valor para
orientar nuevas aplicaciones de los usuarios y contribuiria a desarrollar mas rapidamente el
sector.

Los usuarios y los operadores de sensores de bajo coste deberian tener un objetivo de
aplicacion claramente definido y plantearse las cuestiones que quieren resolver antes de
seleccionar un tipo de sensor. Ese ejercicio les ayudara a escoger la tecnologia mas adecuada
para llevar adelante un proyecto.

Es necesario renovar los esfuerzos para fomentar la colaboracion y el intercambio de
conocimientos y competencias entre la comunidad de cientificos de datos, la comunidad de
cientificos atmosféricos y otros expertos a fin de mejorar los métodos de procesamiento y
analisis de los datos obtenidos con sensores de bajo coste. Las mejoras en el intercambio de
informacidn entre los fabricantes y las comunidades de usuarios deberian ir acompanadas de
un didlogo continuo acerca de asuntos emergentes relacionados con el rendimiento de los
sensores, las mejores practicas y las aplicaciones. Es esencial adoptar politicas de acceso libre
y formatos abiertos para facilitar aln mas el desarrollo, las aplicaciones y el uso de los datos
obtenidos con sensores de bajo coste. Esas practicas mejorarian el intercambio de informacién
entre la amplia gama de comunidades interesadas, entre ellas los gobiernos nacionales,
regionales y locales, los investigadores, los responsables de la formulacién de politicas, las
empresas y el publico en general, y alentarian su responsabilidad con respecto a la calidad de
los datos de los sensores de bajo coste, asi como a orientaciones que se deriven de los
mismos.



Esta evaluacidn se inicidé a peticion de la Comision de Ciencias Atmosféricas (CCA) de la
Organizacién Meteoroldgica Mundial (OMM), y recibid el apoyo de la comunidad general de
interesados en la atmosfera, y en particular del Proyecto Internacional de la Quimica de la
Atmosfera Global (IGAC), el Grupo especial sobre mediciones y modelizaciones del Programa
Europeo de Vigilancia y Evaluacién del Convenio sobre la contaminacion transfronteriza a larga
distancia (EMEP), ONU-Medio Ambiente, la Organizacion Mundial de la Salud y la Red de
Laboratorios de Referencia de la Calidad del Aire (AQUILA) de la Comisién Europea.
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PE3IOME

N3MepeHne KOHLEHTPALMN XUMUYECKN aKTUBHbBIX 3arpsisHUTeNen Bo3ayxa u NapHMKOBbIX ra3oB
NIEXNT B OCHOBE CaMbiX pa3HOO6pa3HbIX MPUMEHEHWUI B AMANA30HE OT Hay4YHbIX NCCea0BaHMN
00 perynmpytowmnx gyHKUnMmn n obcnyxmBaHms oTaeNbHbIX UL, NPAaBUTENLCTB U AEN0BbIX
Kpyros. XoTs B nogasnsioweM 60/bWNHCTBE CydYaeB NogobHble HabnwaeHMs No-npexHeMy
OMMPatTCs Ha XOPOLLO MPOBEPEHHbIE aHANIMTUYECKME 3TaIOHHbIE METOAbI, MUHMATIOpM3aLMS
npuaana 60MblUy0 3HAUMMOCTb NMOKOJSIEHUKD YCTPONCTB, KOTOpbIe B O6LWNX TEPMUHAX YaCTO
ob603HavatloTCa Kak «Hegoporocroswmne gatumkm» (HAO). B npaktnyeckom niaHe, NOMUMO
ctoumocTtun, y HAl MoryT 6bITb 1 Apyrve LeHHble 0CO6EeHHOCTHN, OTIMYaKLWmMe UxX oT NpeablayLmnx
TEXHOOIMMMN, BK/tOYas 60/blIYI0 KOMMAKTHOCTb, MEHbLUNIA BEC U CHUXEHHOEe
SHepronoTpebneHne. PasnnyHbie BUAblI TEXHONOMNIA, OTHOCALLMECS K STOW rpynne, BKAOYAOT
KaK MacCMBHbIE 3/1IEKTPOXMMUYECKNE N METANIOOKCUAHBbIE AATYMKN CTOMMOCTbLIO HE Bbille
HEeCKONbKMX A0S1S1apoB, Tak 1 6onee cnoXHble MUKPO3SIEKTPOMEXaHMYEeCKne yCTpOnCTBa,
NCNONb3YyHLWME Te XKe aHaNMTUYECKME NPUHLMMbI, YTO U 3TasIOHHbIE NPNBOpPbI, HO MEHbLUEro
dopmaTa n MOLWHOCTM. Hegoporocrosiwme AaT4MKM KaK KiiacC yCTPOMCTB NpeacTaBaatoT cobom
CaMbIN WMPOKNIN CNEKTP TEXHONOMMI N, KakK cneacrtene, obecneunBaloT LWNMPOKUIM CNEKTP
KayecTBa namepeHuii. lenas soibop B nonb3y HA ans BbiMONHEHMS onpeaeneHHOon 3a4aun,
nonb3oBaTento Tpebyetcs ybeanTbCs B TOM, YTO MCMNOJIb3YEMbIA KOHKPETHbIM AaTuMK 6yaeT
YAOBNETBOPSATb TPE6OBAHUAM K KauecTBY AaHHbIX MPUMEHEHMUS.

B naHHOM OTueTe paccMaTpuBaloTCsA AaTUMKKU, NpeAHa3HavYeHHble ANs U3MepeHus CocTaBa
aTMocdepbl U KOHUEHTPaLUMN B OKpYXatloLlen cpege C YNopoM Ha XMMUYeCKM aKTUBHbIe
raszoobpa3sHbie 3arpsasHuTenm sosgyxa (CO, NOx, Oz, SO,), B3BewweHHble yacTuubl (BY) n
napHukosble rasbl CO; n CH,. B HeM u3yyarTcs npuMmepbl MPUMEHEHWI, KOrga MCNob30BaHue
CeTn AaTYMKOB, B CpaBHeHUU C 6onee pa3po3HEeHHbIMU HabMAEHUAMIN, NOTEHUNANIbHO MOXET
NPUBECTU K MOSTYYEHMIO HOBbIX HAaYYHO-TEXHUYECKNX 3HaHMN. [JOCTYyNn K HeAOpOroCTosLWmMM
AaTymKaM, cyasi Mo BCeMY, OTKPbIBAET NMyTb MHOroobewamwmm HOBbIM aTMOC(EepPHbIM
npuMeHeHusaM, cnocobeH nogaep>katb HOBblE BUAbI 06CY>XXUBaHUS 1, BO3MOXHO, COAENCTBYET
NpUBAEYEHUNIO HOBOW rFpynnbl Nosib3oBartesnien. O4HAaKo U3 HAay4YHOW inTepaTypbl, 4OCTYMHOM Ha
KoHeu 2017 roga, SICHO criefgyeT, YTo ucnosib3oBaHne H BMeCTO CyLLeCcTBYIOWMX 3TasIOHHbIX
MeTOAO0B COMpPSIXXEHO C onpeaeneHHbIMM KoMpoMmccamMu. bonee komnakTHble U/Mnun MeHee
AOpOrocTosilme yCcTponcTea, Kak npaBmio, MeHee YyBCTBUTENbHbI, TOYHbI U XMMUYECKMU
WHMOPMaTMBHbI B NjiaHe HabnaaeMoro CoeaMHEHNS UKW NepeMeHHON. ITO KOMNEHCUPYETCS
NOTEHUMASNbHbIM YBENIMYEHNEM NMPOCTPAHCTBEHHOM MNOTHOCTU U3MEPEHUN, LOCTUraeMoln 3a cyeT
CceTn AAaTUYMNKOB.

Hapsay ¢ kno4YeBbiMM aHaIMTUYECKUMU MPUHLUMIAMWN U 3HAHUSAAMWU, MOJTYYEHHbIMU O
HeLopOroCcToAWMX AaTumKax n3 nabopaTtopHbIX NCCNEA0BaHMI U NONEBOro TECTUPOBaHUS,
OMNKNCbIBAETCH TeKyLlee NosIoXKeHne gen B nnaHe TOYHOCTU, HaAeXHOCTU N BOCNPOM3BOAMMOCTM
psiAa passiNYHbIX AaTUYMKOB. B OTYET BKIOYEHO pe3toMe KOHLUEeNUMin 04HOBPEMEHHOIO
NCMNONIb30BaHMSA AAaTYMKOB M 3TASIOHHbIX MPUOOPOB MU AOMOJIHEHUS UMW MOAENMPOBAHUS C LIENbLO
MOBbIWEHMS KayecTBa AaHHbIX U (POPMUPOBAHNA AOMOSHUTESbHbLIX 3HAHUIA O MeXaHu3Max
3arpasHeHuns. B oTueTe paroTca MeTogmMyeckme ykasaHus No KYeBbIM acnekTaM COOTHeCeHUs
npoekTa/nccnenoBaHus/NpUMeHeHNa C Haanexallen ctpaterme MOHUTOPUHIA C
NCMosIb30BaHMEM aTUMKOB, a Takxe 6onee obwue TpeboBaHMs K KannbpoBKe N Ka4vyecTBy
OAHHbIX KOHKPETHOro NpuUMeHeHus. B oTyeTe coaepXuTcs psa NpeanoXeHuni, KacarmLmxcs
byaywunx TpeboBaHn K HeAOPOroCTOSALWMM AaTYNKaM, aapecoBaHHbIX N3rOTOBUTENSM,
NONb30BaTENSAM U LUMPOKOMY KPYry 3KCNEpPTOB MO BOMPOCaM, CBSA3aHHbIM C aTMOChepoii.

B oTueTe noguyepkMBaeTCs, YTO B HacToslLLee BPEMS HEAOPOroCTosIlWME AATUMKM HE SABNAOTCS
HenocpeaCTBEHHOM 3aMEHOWN 3Ta/IOHHbIX MHCTPYMEHTOB, B 0CO6eHHOCTM A1 o6a3aTenbHbIX



Luenen, oaHaKo, ecnu UCNoJb3YHTCS Haanexallne AaT4nKn, OHU CyXaT AOMOJIHUTENbHbIM
MCTOYHMKOM MHGOpMaLMM 0 KayecTBe Bo3ayxa. [MoTeHUManbHbIM MO/Ib30BaTENSIM BAXHO
CHayana naeHTMULUMpoBaTb NOTPEBHOCTU UX KOHKPETHOIrO NMPUMEHEHUS, U3YUYUTb NPUMEpHI
NCCNeaoBaHUN UM pasMELLEHUIA CO CXOXMMU XapaKTEPUCTUKAMKN, ONpPEAEUTb BO3MOXHbIE
OrpaHUYeHuns, CBS3aHHbIE C UCMOJIb30BaHMEM H/, 1 3aTeM YCTaHOBUTb, B Kakoli Mepe
n36paHHbI NOAX0A/TEXHOMOMMSA C UCMOMb30BaHMEM H/] No3BoOSISIET BbINOJIHUTL 3a4a4uun
N3MepeHus.

Mpeabiaywme nabopaTopHbie U NONEBbIE UCC/EAOBAHNS MPOAEMOHCTPUPOBAN KpaliHe
HeoAHOpPOAHOE KayecTBO AaHHbIX ¢ HI M OTCYyTCTBME OAHO3HA4YHOro OTBETa Ha OAUH U3
OCHOBHbIX BOMPOCOB: 3aC/y)XXWBAOT IN AOBEPUS HEAOPOroCTosALMNE AATYMKM? [Jaxe B clydae
NCMo/sb30BaHUsA OAMHAKOBbIX 63a30BbiX KOMMOHEHTOB AaTunka pakTUYeckue pesynbTaTbl MOryT
6bITb Pa3HbIMK BBUAY OT/IMUMIA B NOAXOAAX K KOPPEKTUPOBKE ZlaHHbIX U KannbpoBke. ITo
CrMoco6HO 3aTPYAHUTb MHTEPNPETALMNIO KAuecTBa AaHHbIX NMOIb30BaTENAMMU, NOCKObKY
YOOB/TIETBOPUTENbHbBIE UM HEYAOBNETBOPUTE/IbHbIE 3KCM/TyaTauMOHHbIE NoKa3aTenn 04HOro
YCTPOMCTBa MM KOMMEPYECKOro NMocCTaBLUMKa He 03HAYaloT, YTO aHaNIorMUHble YCTPOWCTBA
OPYrvX NoCTaBLMKOB 6yayT dYHKLMOHNPOBATh TakMM Xxe 06pasoM.

N3roToBuTensaM crnepyeTt NpeaocTaBisiTb MaKCMMasibHO NoAPO6HY MHpOPMaLMIo O
XapaKTepUCTMKax AAaTYMKOB U OYHKLMOHUPOBAHUM CUCTEM AATUYMKOB, BKJIOYasa pe3ynbTaThl
noneBblX NCMbITaHUN. Korga 3To BO3MOXHO, Nepegava Takmx AaHHbIX AO/XHA CONpOBOXAAaTbCS
MeTpMKaMm1, UCMosb3yeMbIMN Ans cneundukaumin aTafoHHbIX Npubopos, BKAOYas nHdopMaunto
06 ycnoBusax kannbpoBkn. HecMoTps Ha To, YTO He BCe Nosib3oBaTenn 6yayT akTUBHO
NPUMeHsTb 3Ty MHdOpMaumto, oHa byaeT cnocobcTBOBaTb CTAHOBAEHUIO 06LWMX paMOK
ncnonb3oBaHua HA. OTKpbiTas oueHka PYHKUMOHANbHbIX XapaKTepUCTMK A4aTUYMKOB B
pa3Ho06pa3HbIX YC/IOBUSAX OKpYXatoLlen cpeabl Mmorna 6bl ctaTb LEHHbIM OPUEHTUPOM ANs
HOBbIX MOJIb30BaTE/IbCKMX MPUMEHEHUI N coaencTBoBaTb 6osiee 6bICTPOMY pPa3BUTUIO AAHHOWN

cepbl.

Monb3oBaTenM U onepaTopbl HEAOPOroCTOAWMX AATYMKOB AOMKHbI YETKO ONpeaennTb chepy
npuMeHeHus n Tpebytlowme oTBETa BOMPOCHI, MPexXae YeM caenaTb Bbi6op B Mosb3y noaxoaa,
OCHOBAHHOIO Ha MCMOJIb30BaHUMN AaTUYMKOB. DTO MO3BONIUT 0TO6paTh Hanbonee NOAXOASLLYO
TEXHOJIOrUI0 B NoAAEPXKKY MpoeKTa.

OT coobuecTs, 3aHMMaKOLWMXCS aHANM30M AaHHbIX, aTMOC(EPHbIMX HAayKaMn, N OT NPOYNX
Kpyros TpebyeTca yaBOUTb YCUAUS B Ae/le aKTUBM3aLUNM B3auMoaencTemsa n obmMeHa 3HaHUaMun
N HaBblKaMW 419 COBEpPLUEHCTBOBAHMA MeToA0B 06paboTku aaHHbIX ¢ HO 1 MeToaoB aHanusa.
Cnepyet okasaTtb nogaepxky 6onee apdhekTMBHOMYy 06MeHy MHGOpMaUmen Mexay
npoussoaMTensaMm n coobuecTsamMn nosib3oBaTteniel NocpeacTBOM NpPOBeAEHNS PErysipHOro
Auanora no Bo3HMKawWwmMm npobnemam, CBA3aHHbIM C PYHKUNOHANIbHbIMU XapaKTepUcTMkamm
[aTUMKOB, a TakXXe Mo BONpocaM nepesoBOn MPaKTUKN U NMPUMEHEHUN. B ganbHenwem
pPasBUTMKN, MPUMEHEHMUSAX N NCNOSb30BaHNM AaHHbIX C H[ KNO4YeBYO ponab UrpaeT NnoanTmka
OTKPbITOro AOCTYyMNa M OTKPbITbIX AaHHbIX. NogobHaa npakTuka cogencrtesoBana 6bl o6MeHy
MHopMaunen cpean camoro LWMpPOKOro Kpyra 3anHTEpeCcoBaHHbIX COOOLLECTB, BKOYas
HaLWOHabHblE NPaBUTENbCTBA WU OpraHbl MECTHOIO cCaMOynpaBfieHns, nccneaoBaTesibCKkue,
NOMUTUYECKNE, MPOMbILIEHHbIE U 06LLECTBEHHbIE KPYrM. DTO TakXe CTUMyAnpoBaso 6bl
NOAOTYETHOCTb B MJlaHe KayecTBa AaHHbIX M N060ro COOTBETCTBYIOLWEro NpeasioXeHuns,
CBSA3@aHHOro ¢ AaHHbiMM ¢ HJ.



MpoBeneHne gaHHOM oueHKM 6b1n0 nHuuMmnpoBaHo Kommnccmen BMO no aTtMocdepHbIM HaykaM
(KAH) 1 nogaep>xaHo 6onee WWMPOKMM COOBLLECTBOM, 3aHMMAOLWMMCS BONpOCaMu aTtMocdepsl,
BK/ItOYast MexayHapoAHbIM MPOEKT Mo M3ydeHuto XxmMmun rnobanbHomn atmocdepbl (UIFAK),
LleneByto rpynny rno namepeHmsM n MmoaenupoBaHuto EBponenckon NnporpaMmmbl MO MOHUTOPUHTY
N oueHke KoHBEHUWM O TpaHCrPaHWUYHOM 3arpsisaHeHUn Bo3ayxa Ha 6onblume paccTossHUA
(LRTAP), Mporpammon OOH no okpyxxatwen cpene, BcemmpHon opraHmsaumnen
34paBooxpaHeHuns, CeTblo 3TaNOHHbIX labopaTopuii No KayecTBy Bo3ayxa EBponenckon
KOMUCCUMN.
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Facilitating atmospheric chemistry research
toward a sustainable world igacproject.org

14 March 2018
Dear Oksana,

Thank you for the request to have IGAC endorse the document on Low-cost sensors for
the measurement of atmospheric composition: overview of topic and future collaborations.
After some discussion and guidance from Ally Lewis, the IGAC Scientific Steering
Committee (SSC) has agreed to endorse the current effort by WMO to conduct a review
of low cost sensors for a target audience of non-specialist, other UN agencies,
development bodies, government departments and NGOs. IGAC is very supportive of
WMO producing and publishing this review and aims to garner support from the IGAC
community to help review this document. Note that since the document is under
review, we cannot endorse the document itself, but do endorse the activity to produce
and review the document.

We look forward to continuing to work with WMO on the issue of low cost sensors and
other areas of atmospheric chemistry research.

Sincerely,
oy ~ 4 ' ) 7
VUt S Lo} TS iy 1 I
Dr. Mark Lawrence Dr. Hiroshi Tanimoto Dr. Megan L. Melamed
IGAC Co-Chair IGAC Co-Chair IGAC Executive Officer
IASS NIES IGACIPO
Potsdam, Germany Tsukuba, Japan Boulder, CO, USA

Mark.Lawrence@iass-potsdam.de  tanimoto@nies.go.jo megan@igacproject.org






1. OBJECTIVE OF THE DOCUMENT

This document provides a view of the current state of the art in terms of performance of a
range of different sensor approaches for the measurement of outdoor air pollutants and
greenhouse gases when compared to reference instruments. The document is intended to be a
resource for: (i) the atmospheric science community including research, operational and
pollution management sectors; (ii) WMO Member States, other UN agencies with direct
interests in air pollution and greenhouse gases (World Health Organization, UN Environment,
etc.) and; (iii) sensor manufacturers and other organizations including governmental,
intergovernmental and NGOs, citizen science and community users with broader interests in
the evolution and management of pollution emissions.

The document is not a full systematic review of evidence in the domain, but instead represents
the consensus expert opinion of an international group convened by WMO, drawing from the
peer-reviewed literature published though December 2017.! The rapidly changing nature of the
field in terms of basic technologies means some of the sensors referred to in the document
may have been superseded by new versions.

This document provides a brief summary of the main scientific principles of key sensors, their
capabilities and limitations as learned so far from both laboratory studies and real-world tests.

This document provides guidance describing the environments in which such low-cost sensors
can be applied and the associated challenges and conditions that need extra consideration, as
well as guidance for procedures to ensure reasonable data quality.

This document includes a summary of concepts on how sensors and reference instruments
may be used together with modelling in a complementary way, to improve data quality and
generate additional insight into pollution behaviour.

This document also identifies some applications where new scientific and technical insight may
potentially be gained from using a network of sensors when compared to sparsely located
high-quality/reference observations. Advice on key considerations when matching a
project/study/application with an appropriate sensor monitoring strategy, and the wider
application-specific requirements for calibration and data quality is provided. Future outlook on
low-cost sensor development and applications is also presented.

Finally, while this document was written from a perspective of ambient measurements, we
recognize that measurements of indoor air quality are also an important growing field, both for
assessing personal exposure and to support building environmental management. Much of the
information included here will be equally applicable to indoor, personal, and workplace
exposure applications, although there is not an explicit focus on these applications for the
sensors in this document.

! where pre-prints or online advanced versions were available in 2017, these have been included in this

review, although some of those papers have final publication dates in 2018.



1.1 Introduction to the report

Measurements of air pollution and greenhouse gases underpin a huge variety of applications
that span from academic research through to regulatory functions and services for individuals,
governments, and businesses. Two such examples are observations of long-lived greenhouse
gases used to support national and international climate commitments and obligations, as well
as the measurement of short-lived air pollutants which are frequently compared against legally
binding standards for air quality and for the protection of human health.

In contrast to some basic meteorological parameters, atmospheric composition measurements
have traditionally been the preserve of specialist organizations and skilled users. The
substantial cost-barrier to buying and operating instruments and the technical complexity of
enabling such measurements have limited the adoption/use of the technology. The cost of
atmospheric data comprises both the expense of the initial purchase of
instrumentation/hardware and then the (usually) considerable ongoing costs of operation,
including electricity, servicing, data processing and calibration.

The majority of current atmospheric composition measurements used by researchers and
regulators are designed to deliver traceable and reproducible measurements that meet
predefined quality standards. For many species there have been global efforts to promote and
establish equivalence of atmospheric composition and chemical measurements through WMO
programmes such as the Global Atmosphere Watch (GAW) and wider technical endeavours of
meteorology and metrology institutes working to report universal, traceable SI units. Air
pollution measurements of relevance to human health typically follow highly prescribed
analytical methods, set by national or international conventions and following agreed technical
guidelines (see 1.2 Definitions).

Whilst the vast majority of observations of both greenhouse gases and reactive air pollutants
continue to use established analytical reference methods, electronic miniaturization has led to
a growth in the prominence of so-called low-cost instruments (see 1.2 Definitions). These
measurement systems are often described generically as “low-cost sensors” (sometimes
abbreviated to LCSs). Low-cost in this context is typically referring to the cost of the hardware
component needed to make a measurement. Later sections provide more details on some
different technologies but falling within this class are completely passive sensors that may
have costs of only a few dollars, through to more complex microelectromechanical (MEMs)
devices that use the same analytical principles as reference instruments, but in smaller
footprint packages; costs here may reach thousands of dollars. It should be appreciated that
whilst low-cost sensors have become a convenient short-hand term for such devices they often
have other valuable defining features that differentiate them from older technologies. Low-cost
sensors are very often smaller, lower weight and lower power consumption that reference
equivalents. They are often passive and have fewer high-energy components. These features
can sometimes be more valuable to the user than the hardware cost.

The possible applications of low-cost sensors are explored in later sections, but the emergence
of devices of this kind, in principle, greatly reduces the initial cost-barrier to making
measurements. The implications of this are only now being explored, but access to low-cost
sensors creates exciting new potential atmospheric applications, offers new atmospheric
services and potentially supports the inclusion of a new cohort of users. Many low-cost sensors
are often small and portable, enabling access to far more diverse monitoring applications
where conventional instruments simply cannot be practically deployed. In addition, they may



place measurements in the hands of individuals and communities who, in turn, may take a
greater ownership of issues related to local air quality or climate change. This, in turn, may
lead to behavioural changes in individuals. For research and government users, they may offer
an additional route to test knowledge of atmospheric processes, dispersion and emissions and
provide a means to validate atmospheric models and forecasts at high temporal and spatial
resolution. For regulators, LCSs may allow finer scale assessment of air pollution
concentrations, for example to identify hotspots and inform more targeted policy action. For
the air quality and health community using portable sensors with high time resolution means
that more representative data on personal exposure can be obtained. The possibilities enabled
by low-cost sensors go far beyond the fact that they are low-cost.

The exciting technological potential brings with it new challenges and at present there are
measurement limitations that need to be assessed and characterized. The ongoing cost of
supporting observations is yet to be fully defined for low-cost sensors. At one extreme, a
sensor may never be calibrated or serviced after it is purchased, the data not archived and
perhaps only a real-time indicative readout given to a user. At the other extreme, sensors
might be used in similar ways to existing approaches, with regular calibration, data storage,
quality assurance/quality control (QA/QC) and so on, with a commensurate cost associated
with taking this approach. An expensive outright purchase of sensor systems may be replaced
by a model where they are provided for free, and the processed data is purchased, thereby
potentially allowing end users to set up large networks at lower cost.

Recent scientific literature shows that there are some trade-offs that arise when a low-cost
sensor device is used rather than a reference method. Smaller and/or cheaper devices tend to
be less sensitive, less precise and less chemically-specific to
the compound or variable of interest. This may be because
they use different measurement principles to reference

Recent scientific
literature shows

methods, or they are fundamentally limited, for example that there are
through shorter optical path lengths for absorption (a trade-offs that arise
common reference measurement technique for certain when low-cost
compounds). Low-cost sensors may report measurement sensors are to be

values differently (for example in different units, e.g. voltage, used in place of
particle number) than reference approaches and conversion to B a1, (¢ =) (=] = (el
more meaningful or prescribed units (e.g. ppb, mass per methods.

volume) may not be straightforward.

The emergence of devices with less well characterized and evolving uncertainties and that do
not necessarily fit easily within the existing technical frameworks for data quality or calibration
creates important quantification challenges. To date, the vast majority of information on
atmospheric composition that is in the public domain is derived from trained practitioners
following accepted and traceable methods of measurement. In the future, information on
atmospheric composition may come from a far more diverse range of sources and with a wider
range of data quality indicators. Low-cost sensors, despite their current limitations, do
however represent a highly plausible tool to expand research and operational capacity beyond
traditional practitioners and approaches. However, one must be cognizant of the inherent
limitations of these devices.



Definitions

This report will refer frequently to three key technical descriptors, “reference
instruments”, “sensors”, and “sensor systems” alongside a general classification of
devices as being “low-cost”. There is no single internationally agreed definition of these

terms, but for clarity we define these here as:

Reference instrument: in an air pollution context, a reference instrument is most
commonly understood to be one with a certification that comes from an official
regulating body and can be associated with a reference method notified in legal drivers.
For example, instruments to measure air pollutants for regulatory compliance purposes
must be approved by the Environmental Protection Agency (EPA) for use in the USA or
nominated for type testing according to European Committee for Standardization (CEN)
for use in the European Union. Reference instruments measure specific air pollutants to
predefined criteria, such as precision, accuracy, drift over time and so on, to provide
data that meets regulatory requirements. In extremis reference data on air quality can
have validity in courts of law. In the context of this report we also consider as
reference instruments any instrument with well- established prior art, for example
where the analytical methodologies have been rigorously tested and reported through
peer-reviewed literature and where suitable reference materials are available to
calibrate such instruments. Any instrument that has been demonstrated to meet the
data quality and traceability requirements of international programmes such as
WMO/GAW, for example, would be considered a reference instruments in this context.

Sensor: the basic sub-component technology that actually makes the analytical
measurement of a greenhouse gas or an air pollutant. The presence of a relevant gas
or particle is typically converted into an electrical signal where the relative magnitude
of that signal is related to the atmospheric concentration. Examples include low-cost
sensors for temperature and pressure, capacitive sensors, electrochemical sensors,
metal oxide sensors, or self-contained optical sensors including ultra-violet (UV) or
nondispersive infrared sensor (NDIR) absorption cells or optical light scattering sensors.
A range of sensor examples is illustrated in Figure 1.

) e
NO2-A!
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Electrochemical Photochemical
r;“ég‘e'oc / voltammetric e.g. VOCs Micro-optical
-85 e.g. Oy NO, ~$200 e.g. PM, CO2
~ 1960 ~ 850 ~ 1990 >$100

~ 1980 ~ 2005

Figure 1. A range of typical low-cost sensor components, example measurement
compounds, and approximate cost




Definitions

Sensor system: an integrated device that comprises one or more sensor sub-
components and other supporting components needed to create a fully functional and
autonomous detection system. A sensor system can include components that reside
remotely from the physical sensor and include remote data transfer and data processing
steps.

Low-cost: in the context of this work, “low-cost” refers to the initial purchase cost of a
single functional sensor system when compared against the purchase cost of a single
reference instrument measuring the same or similar atmospheric parameter(s). The
definition of low-cost is intentionally not defined in a prescriptive way in this report but
could be inferred to mean an initial capital cost reduction of at least one order of
magnitude, and commonly be greater than this, over reference instruments. Low-cost in
this report does not refer to the costs of installing a sensor, the costs of operating a
sensor system or a larger network of multiple sensors, since these will vary
considerably depending on desired data quality and data coverage. Simple, low-cost
single pollutant sensors are available for below 50 USD, though more sophisticated
multi-parameter, fully autonomous sensors systems are available with hardware costs
for more than ~10,000 USD. Within this document we consider a single sensor system
as “low-cost” if the price of such a system is 1-2 orders of magnitude lower than a
comparable reference instrument. It should be noted that some agencies have different
low-cost definitions, and it should be recognized that “low-cost” might have a different
meaning to different communities. In both sensors systems and reference instruments
there may be unavoidable additional costs that must be borne before measurements
can be made, including operational costs, calibration standards, telemetry, electrical
supplies and so on, and these are unaccounted for when purchasing or building a LCS.

We do not limit our discussions of LCSs to systems with any minimum or specific
configuration or range of functionalities, but we do highlight that a very broad range of
different sensor devices can conceivably be classed as low-cost, relative to the
hardware cost of an equivalent reference approach. We also acknowledge that for some
atmospheric parameters the cost differential between reference methods and LCSs is
rather small.

1.3 Current and future applications

Within this report we consider a range of different applications and science domains that rely
on information about atmospheric composition. The report considers specifically sensors that
are designed for the measurements of atmospheric composition at ambient concentrations of
the following constituents:



(a) Reactive gases including NO, NO,, O3, CO, SO,, and an operational metric defined as
“total vOC”

(b) Long-lived greenhouse gases: CO, and CH4

(c) Airborne particulate matter (PM) in various size classes (e.g. PM;, PM, s and PMyy).

There is a range of peer-reviewed literature that is available for consideration, although the
depth and volume of that literature is variable depending on the measurement parameter in
question. A very important point to note is that the technical
field is rapidly evolving, and individual sensor models are in
many cases frequently updated by manufacturers. The general The general trajectory
trajectory for low-cost sensors is clearly one of ever-improving gl Ao E gl
capability, and newer sensors tend to outperform older clearly one of ever-
versions. The rate of technological change does mean that in improving capability
some cases sensors and sensors systems may be available and newer sensors
commercially now, but there is currently no peer-reviewed or tend to outperform
open-source traceable method of evaluation that this report older versions.

can refer to. When new sensors are being launched we
strongly advise manufacturers to engage in validation
activities that place independent traceable evidence of performance in the public domain. A
notable strength of LCS systems is that they are typically modular in nature and new sensor
components can be introduced much more easily by manufacturers than is the case for many
existing reference methods.

At present, there are six broad areas where atmospheric composition measurements are
required, and which are currently serviced by established reference instruments. Each is
described very briefly in Table 1 alongside the key data requirements from measurements that
service that application area, and how that application is supported in terms of data quality
and traceability.

Table 1 is intended to provide an illustrative view of current applications and the supporting
frameworks that ensure measurement methods/instruments report data to a quality that is
appropriate for that application. It is notable that LCSs are particularly attractive for the
emerging applications of air quality management, public information and estimation of
exposure to air pollution. These areas often, but not always, have less stringent requirements
for data quality. It is notable that at present only modest supporting frameworks or guidelines
exist to ensure data is fit for purpose, and indeed in some cases there is no consensus on what
would constitute appropriate data quality standards. This can be contrasted with some of the
other application areas where the requirements for traceable and accurate data have resulted
in extensive national and international supporting frameworks and best practice being built up
around individual methods of measurement. These may well emerge for LCSs over the next
few years and the ongoing work of international bodies such as the European Committee for
Standardization (Comité Européen de Normalisation, CEN) is acknowledged in this regard.
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Low-cost sensors and their application in the atmospheric
sciences therefore need to be evaluated not only in terms of the Low-cost sensors and

technical performance of individual devices but also in terms of their application in the
the hardware, software, and data analysis frameworks that can atmospheric sciences
successfully support their use for specific kinds of tasks. The needs to be evaluated
kind of services that may be enabled by LCSs are only now not only in terms of
emerging conceptually and in trial experiments and so it is the technical
inevitable that the supporting infrastructure (e.g. data quality performance of
approaches, calibration, maintenance and so on) will take time individual devices but
to develop around the new applications as consensus is reached also the supporting
on best practice. framework that can
successfully support
For academic users of low-cost sensors it would be expected their use for specific

that the overarching data quality framework associated with kinds of tasks.
peer-review will persist well into the future. For those interested
in using such devices for "new science” the responsibility will be
placed largely on those making the measurements to demonstrate that data meets an
appropriate quality threshold in their publications. Over time the need to demonstrate this may
diminish as methods and sensors become accepted and others repeat and confirm sensor and
sensor system performance.

For operational users making measurements that must meet some predetermined standard of
data quality, whether legally defined or through participation in some broader international
activity, the existing framework (based around reference instruments) for data quality
assurance will likely apply initially. Many existing atmospheric applications (for example
regulatory compliance, long-term global change) have well-established requirements in terms
of data quality for particular parameters, and it is unlikely that performance requirements will
be relaxed. It is essential for these types of high precision applications that low-cost sensors
are considered in terms of what complementary information or outcomes they might produce,
rather than whether they are a like-for-like replacement, just at lower purchase cost to the
user.

The most interesting space for new thinking is for future users of
The most interesting LCSs who may be trying to achieve new insight with atmospheric
space for new thinking composition data, e.g. for applications such as city air pollution
is for future users of management or public information, where sensor system data
LCSs who may be requirements have yet to be firmly established and methods of
trying to achieve new exploiting sensor data are only in their infancy. In parallel, the
insight with users of low-cost sensors already include NGOs, campaigning
atmospheric and advocacy groups or individuals. These users may not
composition data. necessarily be experienced in measurement science, air quality
monitoring, or indeed data interpretation. These new non-expert
user-led applications may particularly benefit from the
development over time of targeted guidance and support frameworks, as currently exist for
research and operational users and through the various type testing schemes.
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1.4 Summary of areas to be covered in later sections

The report aims to cover four broad areas relating to the application and use of
low-cost sensors drawing primarily from the peer-reviewed literature available at the end of
2017. It aims to:

« Provide a view of the current state of the art in terms of accuracy, reliability and
reproducibility of a range of different sensor approaches when compared to reference
instruments. It will highlight some of the key analytical principles and what has been
learned so far about atmospheric low-cost sensors from both laboratory studies and
real-world tests.

+ Provide a summary of concepts on how sensors and reference instruments may be
used together with modelling in a complementary way, to improve data quality and
generate additional insight into pollution behaviour.

+ Identify some applications where new scientific and technical insight may potentially
be gained from using a network of sensors when compared to sparsely located
observations.

* Provide advice on key considerations when matching a project/study/application with
an appropriate sensor monitoring strategy, and the wider application-specific
requirements for calibration and data quality.

2. MAIN PRINCIPLES AND COMPONENTS

Low-cost sensor systems (see example in Figure 2) contain a number of common
components in addition to the basic sensing/analytical element that is used for detection.
Additional components within a sensor system may include hardware for signal amplification,
analogue to digital conversion, signal processing, environmental controls, power handling,
batteries, physical enclosure and software components for data processing, data storage,
telecommunications (e.g. WiFi, GSM, GPSRC, 3/4G, LPWAN) and visualization. These are
ancillary technical components in a sensor system that assist with data processing, user
convenience and usability, or support the use of a sensor as a stand-alone instrument. Many
commercial sensor systems combine multiple air pollutant sensors in one system and often
include sensors for non-pollutant parameters such as humidity or temperature. For those
considering using LCSs, it is generally the cost of the sensor system that is most relevant to
users (see definitions 1.2).

Common core components and functions may include:

 The sensing element or detector

« Sampling capability, e.g. pump or passive inlet

« Power systems, including batteries and voltage/power stabilization
« Sensor signal processing

e Local data storage

. Data transmission capability (WiFi, GPRS, 3/4G etc)

e Server-side software for data treatment

e« Housing and weatherproofing
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Anemometer
GPS

Cellular
communications

3 B : | Weatherproof
Gas sensor (CO,) - enclosure
\ 3 PM sensor
Gas sensor (VOCs) - Flash drive
Temperature and storage
humidity
Gas sensors
Power
connector (NO, CO, NO,, SO,, O5)

Figure 2. Sensor system showing enclosure, sensors, and supporting hardware

Source: Rod Jones, University of Cambridge, UK

In this section we summarize some key analytical principles and recent work that has
compared a range of different LCSs against some reference methods, in the lab and in the
field. It is very important to appreciate however that each study is essentially relevant only to
the performance of the exact sensors used in that particular evaluation. The inevitable time-
lag between a research study and final publication, set alongside rapid technological
developments of new sensors, means that any performance reported in these examples is not
necessarily informative of what might be achieved if the same experiments were conducted
now with the most recent technologies. In addition, any given
study is unlikely to experience the full range of real-world
meteorological or environmental parameters and so may only  [ateleIS el

capture a subset of possible effects. A number of different different approaches
approaches and locations are needed to evaluate the and locations are
applications and capacities where LCSs can be successfully needed to evaluate
implemented. Earlier in the document, it is noted that the the applications and
current generation of LCSs are not necessarily intended to be capacities where
direct like-for-like replacements for reference instruments. low-cost sensors can
Nonetheless, some form of comparison against those be successfully

reference instruments is essentially the only way in which implemented.
their potential utility as complementary devices can be
assessed.

Accepting that current low-cost sensor systems are not always attempting to directly replicate
reference instruments, it is still informative to examine some recent users experiences and to
identify some of the generic issues that have been seen in the comparison of sensor-based
approaches against reference methods. A more detailed summary of influencing factors for
various sensor types is given in the Annex.
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3. SENSOR PERFORMANCE

3.1 Low-cost sensors for gaseous air pollutants

The gaseous air pollutants that are most typically measured using sensors are nitrogen
monoxide (NO), nitrogen dioxide (NO;), ozone (03), sulphur dioxide (SO,), carbon monoxide
(CO), and to a more limited extent, total volatile organic compounds (VOCs). These gases are
important because of their direct and/or indirect adverse health and ecosystem effects or for
their role as Os precursor species. NO,, O3z and CO are known to be directly harmful to health
as are some individual VOCs (e.g. benzene, formaldehyde, 1,3 butadiene). These species have
regulatory limit or target values for their concentrations in ambient air in many countries.
Other gaseous air pollutants (other VOCs, NO etc.) are important because they are precursors
to the formation of secondary pollutants such as Os in the ambient air. Measurements of the
gaseous pollutants are typically reported either as a mixing ratio (e.g. ppm or ppb), or in mass
concentration units (e.g. ug m™). It is also relevant to note that sensor performance, e.g.
sensitivity and measurement error might be different not only between sensors but also
between pollutants measured by the same sensor.

In general air pollutants/reactive gases are detected using either electrochemical (EC) sensors,
metal-oxide semiconductor (MOS) sensors, or miniature photoionization detectors (PIDs). For
a literature review of the subject area, see Baron and Saffell (2017). The field of gas sensors is
rapidly evolving and new generations of sensors are released regularly by manufacturers.
Many of the studies reported here will have used sensors that are no longer available, and
better performance may well be achievable now.

In electrochemical (EC) sensors a gaseous pollutant undergoes an electrochemical reaction
that results in a signal - manifested as a current - which is related to the concentration of the
target gas in the air. EC sensors are available for a variety of gases which vary in their
accuracy and reliability depending on the species being measured (see summary of literature
for further results). In addition, EC sensors have been shown to have interferences with
relative humidity and temperature, requiring additional measurements to be made in order to
obtain reliable results (e.g. (Aleixandre and Gerboles, 2012a; Castell et al., 2017; Cross et al.,
2017).

Metal oxide sensors (MOS) have an exposed surface film onto which a target gas adsorbs, a
process which then results in a change in conductivity or resistance of the film itself. The small
change in conductivity/resistance is measured and corresponds to the concentration of the gas
at the surface. This relationship is in general non-linear in nature and these sensors have some
sensitivity to changing environmental conditions, and interferences from other gases that may
be present (e.g. Fine et al., 2010; Peterson et al., 2017; Rai et al., 2017; Wetchakun et al.,
2011).

Photoionization detectors (PIDs) are commonly used in LCS applications and use ultraviolet
light to break organic molecules apart; as they are ionized, a small current is induced and is
measured by the sensor. The PID lamps have specific photon energy levels and the
compounds that have similar or lower ionization energies can be ionized and detected. PID has
some limitations because it does not ionize VOCs with equal efficiency across different
compounds; some compounds are efficiently ionized (and detected) while other compounds
are less efficiently ionized (and less efficiently detected). As a result, PID-based sensors give
values for total ambient VOC that are influenced by the actual VOC mixture itself.
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There are numerous studies that report laboratory calibrations of different sensor types and
evaluation experiments that aim to quantify a specific sensor’s sensitivity towards target
gases. Experiments can test sensors under a wide range of different conditions and it is
important to extract from reviews and papers the extent to which comparisons against
reference instruments have been made under controlled conditions vs field conditions
(knowing also that field conditions can change for a specific site), and whether other
parameters such as temperature and humidity, and the concentrations of other pollutants have
been allowed to vary.

A general consensus that has emerged over the past ten years
is that laboratory-based sensor calibrations performed under
controlled lab conditions tend to produce better analytical In-field comparisons of
agreements between sensors and reference instruments than is gas phase sensors are
achieved when side by side comparisons are performed against widely considered as

naturally varying atmospheric composition in the field. the most direct and
Laboratory comparisons are useful however in that they offer a  [RclgalgelelgEii=Ra(Sldglols el
means to rapidly screen for responses and behaviour in a comparing different
simplified setting. In-field comparisons of gas phase sensors measurement

are widely considered as the more direct and appropriate approaches.
method for comparing different measurement approaches in
the real world, although sensor performance can differ when
used in a different locations.

A number of studies report differences in how a particular sensor performs between laboratory
test conditions and when the sensor is applied in ambient air (Castell et al., 2017; Jerrett et
al., 2017; Lewis et al., 2015; Mead et al., 2013; Spinelle et al., 2017b) and that each sensor
type can have specific sensitivities towards the target compound and other interferences. It
should be noted that in this regard sensors are actually no different from many reference
instruments, but for reference instruments those interferences are generally accounted for in
their uncertainty budget. LCSs often have different characteristics when calibrated in the
laboratory with synthetic materials compared to their responses and performance in real
ambient air.

Numerous evaluations have used co-location alongside reference instruments as a means to
evaluate performance. Many cities have Air Quality Monitoring (AQM) sites whose locations and
measurement methods are well defined in local and regional regulatory frameworks. These
reference measurements are typically located in climate-controlled enclosures, have trained
operators, function with prescribed methods of QA/QC and provide a useful benchmark for
comparison. LCS systems are typically deployed at such sites, roof mounted at similar inlet
heights, but not inside the climate-controlled environment of the reference measurements.
Given often limited or no climate control of the sensor system, meteorological conditions can
then be a factor and some, but not all, commercial systems perform temperature and humidity
corrections to improve sensor performance.

Some gas sensors have been seen to be susceptible to cross-sensitivities from other
environmental factors including ambient temperature, humidity and also other common
atmospheric compounds. The comparison studies that have been completed over the last
decade have been important in driving change in the underlying sensors themselves, with
improved devices released by manufacturers as a result. As an example, a particular
generation of NO, electrochemical sensor was found to have up to a 100% interference to
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ozone when used in the field (Mead et al., 2013), and that this degree of interference was
dependent on the relative concentrations of the target compound and interferents (Lewis et
al., 2015). In response to the field comparison results the sensor manufacturer then adapted
the sensor type, reducing this effect through use of an ozone trap prior to nitrogen dioxide
measurement.

The outdoor environment is a complex mixture of varying pollutant concentrations, changing
meteorology and physical effects which necessitates the evaluation of sensor system
responses in the field (De Vito et al., 2009). The most common method for performance
evaluation is to co-locate sensor systems alongside existing reference instruments.
Comparisons are often made using regression statistics, commonly reported as an R? value, an
intercept and a slope. This type of comparison is frequently used in both the academic and
commercial literature describing commercial sensor systems, and in addition to a growing
number of organized independent intercomparison assessments.

Most studies reported in the literature focus on intercomparisons of sensor-derived
measurements of NO, NO,, CO, and Os co-located with existing air quality monitoring sites.
This is largely for pragmatic reasons in that these compounds are typically the most commonly
monitored by existing measurement networks and have the most significant user interest in
terms of air quality compliance with standards. Performance comparison is often defined by
the correlation statistics between the reference and sensor time series, the linearity of the
sensors to the compound concentrations and the variability of the sensors compared to
reference. Less commonly reported are the inter-sensor statistics, LCS and reference
comparative pattern analysis, and