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Locality Avg PM 2.5 (ug/m3) :

Chitragupta Nagar, Siwan - BSPCB ;
MIT-Daudpur Kothi, Muzaffarpur - BSPCB
Central Jail, Buxar - BSPCB
Darshan Nagar, Chhapra - BSPCB

Mariam Nagar, Purnia - BSPCB

New DM Office, Arrah - BSPCB
Mirchaibari, Katihar - BSPCB 5
SDM Office_Khagra, Kishangan;j - BSPCB
Kareemganj, Gaya - BSPCB ‘
Town Hall, Munger - BSPCB

Source: NCAP Tracker. Data Courtesy: CPCB Monitor
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Delhi is the world's most polluted capital for the fourth consecutive year, with pollution rising almost

15 per cent over the previous year, says a report by IQAir 2 Lahore, Pakistan
15 dem Lucknow, India

All India | Written by Chetan Bhattacharji, Edited by Debanish Achom | Updated: March 23, 2022 7:09 am IST

*NOTE: In the below table, the green up arrow indicates that the readings taken for
selected year(s) for selected city is more than the ideal number of readings
and red down arrow conveys vice-versa.

Percentage of No. of Readings
taken more/less than Ideal No.
of Readings
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India’s National Clean Air Program (NCAP)

Manual AQ Monitoring Continuous AQ Monitoring
India's flagship national policy Besides manual monitors,
"National Clean Air Programme 349 continuous ambient
(NCAP)" has identified 132 “Non- AQ monitors (CAAQMS)
Attainment” cities in India based across 180 cities of India
on Particulate Matter (PM10) provide ‘real-time’
data collected from the 'manual’ continuous air quality data
monitors in 818 monitors from every 15 mins

352 cities of India.
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NCAP Target

NCAP target is to reduce key air
pollutants PM10 and PM2.5 (ultra-
fine particulate matter) by 20-30% in
2024 taking the pollution levels in
2017 as the base year to improve
upon.
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Respirer Living Sciences is one of India’s leading
loT and Big Data enabled Climate Sciences and
Environment-Tech startup working at the
intersection of Air Quality and Climate Change
building strategic monitoring technologies &
solutions - for Government pollution regulators,
Aerosol scientists, Industrial emissions
monitoring, Sustainability researchers,
Communities and Citizens.

7 ST
Department of Industrial Policy and Promotion
Ministry of Commerce and Industry ‘

Government of India

DIPP Certificate: 5311/IMB @
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By #startupindia
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. Respirer has been an industry partner to a 3-year
O t | | OS Federal Government supported Indo-US scientific

National Startup Awards
2020 finalist in Internet of

Things category real-time air quality . project led by IIT Kanpur & Duke University to
® Sissssion. . develop technology for the Rs. 1350 Crore
an initiative of W twitter.com/UrOugey : . :
| @ URBAN SCIENCES SRS, Particulate Matter (PM) monitoring market in

ndia.
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SUSTAINABLE ENERGY MAHARASHTRA
Our journey - tifr o7
| " f h\ | / 4
O ICrosoft Maharashtra Pollution
A
TRENDS | ERICSSON = Resea rc h Control Board
2015 2016 2017-2018 2019-2020 2021

SCIENTIFIC GROWTH LARGE DEPLOYMENTS &
LAUNCH
VALIDATION INNOVATIONS Deployments across NEW PRODUCT LINES
_ 26 cities in India and Field evaluation study led by
Developed and Research Gas sensor device

launched prototype
as part of a Data
Journalism
Non-Profit initiative -
#Breathe.

partnerships with
Shakti Foundation,
lITK, Duke
University. Azure
Research Grant from
Microsoft Research

Data dissemination
and awareness
building on AQ.

development (NO ,
O,, CO) as industry

partner for DST-Intel
funded project.

Collaboration with
Microsoft Research
to develop mobile
AQ monitoring
dashboards.

global deployments
to the US, Sweden,
South Africa and
South Asia.

Collaboration with
Ericsson to develop
Patent Pending
Technology for
low-powered NBloT
realtime AQ
monitoring.

MPCB & IIT Kanpur.

Data analytics for NCAP
tracker with Climate Trends.

MoU with MOHFW to evaluate
key objectives of PMUY
Initiative.

Built O2 Analyzers, confirmed
project with MCCAI; Indoor
AQ with CEPT.
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real-time air quality

Innovation for affordable and accurate air quality data

To build, calibrate and deploy low-cost
loT-enabled air quality monitoring devices,

integrated with PM, ., PM. , NO _and O,

pollution sensors using wireless sensor
network technologies and advanced
machine learnings & Al algorithms to provide
real-time access to accurate city-level air
quality data.

Patent Pending Technology for “Low-Power Dense NBIoT Realtime

Ambient Air Quality Monitoring Network”

Co-inventors (Patent Application No: 202011022321, Filed 28 May,

2020):

e Dr SN Tripathi, Expert Committee Member, National Clean Air
Programme and Head, Dept. of Civil Engg, lIT Kanpur

e Ronak Sutaria, Founder, Respirer Living Sciences Pvt Ltd

e Dr Abhay Karandikar, Director, IIT Kanpur and Member, TRAI

Yk AL
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Air Quality Sensor Integrated
Digital Laser Scattering Sensor for PM_ , Count, PM, .
and PM_ concentrations
Electro-Chemical Gas Sensors - NO_and O,

loT Wireless Sensor Network Communications
NBIoT (Narrow Band loT) - Patent Filed
6LoWPAN (IPv6 Low-Power WAN)
Cellular 2G, 802.11 WiFi

Big Data APlIs/Machine Learning Algorithms
Fast Time-Series/GIS Spatio Temporal Database
Linear Regression/KNN Machine Learning models
implemented
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Evaluation of Air Quality Low-Cost Sensors (LCS) at foremost Air Quality Research Institute in South
Africa (NWU)

Atmos (graphs 22 & 23). Atmos Correlation R: is 0.94 and 0.96 with intercept of 0.9 and 1

v
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Sensor Technology Assessment Project at MPCB
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real-time air quality

Bhiwandi
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PM, s mass conc. (ug-m”)

Technical benchmarking with regulatory grade AQ monitors
SATVAM - Streaming Analytics over Temporal Variables for Air quality Monitoring. Industry partner to IITK.
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Inter-Device Correlation Performance

Extremely reliable for relative hotspot tracking / monitoring, urban planning, health
communications

Percentage Correlation Heatmap
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real-time air quality

loT integration across data sensing, access, analytics and ===
democratisation

Real-time data access via standardized streaming APIs for air quality data

New APIs have been developed which provide real-time data access 10 the streaming spatio- ¢ Archit Srivastava @ ArchieSriva 12 Nov
temporal data from the SATVAM devices anxan | o - - s
#Breathe Punjabi Bagh

API Request Response format is as follows: m

Anput: Chamber )

‘mobl lepm/inel /<value>/atarc/<yyyysoddhhem> /ond/ <yyyymmddhhem> /type/<xm X ) RN

Sebatbe s kst b it bR e #b #Breathe & o

: 1 W da t insutu @IndiaSpendAir

l;,-., palcanc=illipalent=204pm2 , SCne Jepel . lont=404pmlOcr S0ipmliOcne=CoLpal, ) [_:'.l:" L

RN b Sl A el o e e ok ko0 18 Central Store IIT Kanpu "',-:"‘."j]_'.»O 1 Air quality levels as recorded over the past 1 hour. #breathe
¢ d ¢ g AT - O pic.twitter.com/HkZha6Kalt

= then it fa raw data Q - 9:40 AM - Nov 12, 2017
: ¢ Vo -~ India tute
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Shakti Ofhce, Munika Phase
1. New Delhi. Delhi NCR

O

Figure: Streaming air quality temporal data access via JSON APIs _  Sth
Hall™? \anpu o Hall of Residence 4 O

Other data formats supported by the APLare XML, KML and CSV. New GIS enabled features are

being added to the Streaming data APLs which will allow more advanced geo-spatial querics to be G

run on the data - for ¢.g. to return all air quality data from devices within a 5 kms radwus of a Hall s O . .
oLl Hockey Ground HTK

location. Football Limundo Q

Girls Hoste
Hall 118Y IT Health Centrs .’.’.O’.'-- N

APIs implemented with big

data technologies - Apache

Cassandra, KairosDB, Java
APls

loT technologies implemented
- 6LoWPAN, GPRS, NBloT,
WiFi, Bluetooth

AQ loT integrations on

Wepbesednistalisations citizen-friendly platforms



Hybrid Air Quality Data Applications

Tamil Nadu Pollution Control Board
SOlPHENG e SLU_EUUTG eumflwb

EETINGS v INFORMATION v GALLERY AWARDS CONTACT US REAL TIME MONITORING v TNPCB & YOU ONLINE LOGINS v

-
. \
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17 Category of Highly Polluting Industries

17 CATEGORY /

The Ministry of Environment and Forests, Government of India have classified the following 17 category of Industries as highly polluting industries which are to

be closely monitored.

View Details

Category View Details : Category

AQ Monitoring Locations Fenceline

Leading wind direction l

1 Sugar Click Here 10 Caustic Soda Click Here
2 Cement Click Here 11 Pharmaceuticals Click Here
3 Distillery Click Here 12 Dye and Dye Stuff Click Here
4 Petrochemical Click Here 13 Refinery Click Here
5 Pulp & Paper Clich Here 14 Copper Smelter Clich Here
6 Fertilizer Click Here 15 Iron & Steel Click Here
7 Tannery Click Here 16 Zinc Smelter Nil
8 Pesticides Click Here 117 Aluminium Nil (a)
9 Thermal Power Station Click Here
. : 5 o (b)
Maharashtra is the most industrialized state of India with over
1,00,000 industries:
. . . *Official MPCB data
* 23,500 high pollution potential (c)
» 25,500 medium pollution potential )

* 51,000 low pollution potential
()

AQ Monitoring Locations Downwind

Leading wind direction l

Reference point

: .
Reference point 120°

)

)

A >

7‘,

Construction site

. i Boundary
Construction site g

.
Monitoring points e §
5 ec0o 00 .
| Monitoring points
o i

Air quality monitoring is not necessarily limited to regulatory purpose but have its
use for planning, neighborhood monitoring, hot spot identification etc, and therefore
relying on CAQMS only leads to high cost monitoring.

AQMS is regular requirements, and enabling provision shall be made to promote

Atmabharat program and also to provide opportunity to the scientific studies being
undertaken by leading Indian institutes in this domain

A hybrid system for AQM is viable solution and shall be worked out.
Optimization of present CAAQMS units and rationalization of its requirement

Protocol to be developed for use of LCS and corresponding hybrid AQMS
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Scaling Up Via Construction Zone Monitoring Services

Air pollution classified as carcinogenic to

humans (Group 1)

International Agency for Research on Cancer

PRESS RELEASE
N° 221

17 October 2013

IARC: Outdoor air pollution a leading environmental cause of cancer deaths

Lyon/Geneva, 17 October 2013 — The specialized cancer agency of the World Health Organization, the
International Agency for Research on Cancer (IIARC), announced today that it has classified outdoor air

Residents gasp for air as Metro work turns
Sabarmati, Motera into dust bowls

By Megha Bhatt, Ahmedabad Mirror | Updated: May 3, 2019, 06:00

@@y World Health IST s A A+
(&% Organization -
L Sabarmati and Motera areas of

the city have registered a
significant rise in number of
people suffering from
respiratory ailments due to
construction of Metro rail

pollution as carcinogenic to humans (Group 1).
project. The excavation work

along a three-kilometre stretch,
from Sabarmati toll naka to
Motera gam, has damaged the
road while the extracted sand
has not been removed and
dumped by the roadside.

In India, over 1.2 to 1.6 million deaths are attributed to air
pollution. Indoor air pollution (from solid cooking fuels in chulahs)
accounted close to 1 million deaths.

20 million people have reduced quality of life due to air pollution.
(PIC: ANCELA JAMINDAR)

Delhi's deadly dust: how construction
sites are choking the city

() THIS STORY 15 FROM JANUARY 9. 2019

Construction dust, open waste
dumping top polluting activities
Ritam Halder | TNN | Updated: Jan §, 2019, 5:14 IST (<] 6 A- A+

NEW DELHI: In December,
garbage burning, violations of
dust norms during construction
and demolition activities and
open dumping of waste
topped the polluting activities
in the city, revealed the ground
visits of Central Pollution
Contral Board teams across
Delhi and complaints received

on its Sameer app.

A Around 70% of the buildings that will exist in India’s cities by 2030 are yet to be built. Photograph: Money
Sharma/AFP/Getty Images

Sources: The Times Group, Guardian, The New Indian Express, Ahmedabad Mirror

Mumbai grows, pollution soars: Construction dust ups
risk of stroke, shows data

Level of dangerous particles in the air you breathe has risen drastically in 3 years; PM 10 levels in city 2.5 times the annual safe limit,
shows environment ministry study

Updated: Jul 30, 2018 14:15 IST
Badri Chatterjee
Hindustan Times
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People walk through dust created by roadwork in Mumbai. (Pratik Chorge/HT Photo)
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Scaling Up Via Geofencing Services

Geofencing Industrial Clusters, Townships, State Boundaries,

GeoFencing Industrial Clusters

Townships

Requires a combination of ground-based low-energy low-cost
sensors and remote sensing (ISRO / NASA / Other Satellites)

A series of ground-based sensors (particulate, gases, and
toxics — Methane, Hydrogen Sulfide) are placed upwind,
downwind, and cross-wind based on meteorology and air
dispersion modeling

Hyperlocal monitoring leads to better decision-making on
process upsets during normal operations and flaring which lead

to air quality exceedances

Improved monitoring for worker safety, health, and compliance o et 4 et it
with environmental permit and ambient air quality standards © oare pee I

| I | [ R T | ||
1 centimeter = 235 meters
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Global & India — Market Size of Air Quality Sensor Technology

PM Monitoring Solutions End-to-end Monitoring Solutions Cost of Govt AQ Monitoring in India

Expected to reach USD 2.5 Expected USD 6.5 Billion by Each Govt AQ monitori%g site costs the
s 1 Govt. Rs. 1.5 Crore (US%$200,000) per site.

Billion (INR 18,223 Crores) by 2025. As of Oct 2021, 312 sites running having

2025. costed > Rs. 450 Crores

India and China expected to Continuous monitoring largest Each city in India requires ~ 30 to 100 AQ

sites. Budget per city is ~ 50 Crores.
Need across India is for 4000 AQ
monitoring sites - at Rs. 6,000 Crores

dominate growth in Asia. revenue share (includes
industrial emissions).

Indian market size is said to be INR  India estimated at over INR 4,000 Cost of AQ sensor technology is ~ Rs.
1.350 Crores Crores 50,000 per pollutant and 2.5 Lakhs for key

pollutants. Entire city can be monitored in
Rs. 2.5 Crore.

1 Global PM sensor market: https://www.industryarc.com/Report/19233/particulate-matter-sensor-market.htmi
2 Global gas sensor market: https://www.fnfresearch.com/gas-sensor-market



Applications of UAV/Drones for AQ Plume Tracking

Vertical profiles of PM mass concentration (Hazy and Non Hazy Morning)

= . : B 5 : 5 (Hazy morning) 20" March, 2021 (Non-Hazy morning) 22" March, 2021
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(a) (b)

Vertical variation in PM mass concentration. The measured PM mass conc. in pg/m? with standard deviations at 20, 40, 60,

e ATMOS PM Monitor for measurement of

PM,, PM, 5 and PM;, 80 and 100 m respectively. The black, blue and red lines denotes PM,, PM, s and PM,, mass concentration measured in

* AE-51 for eBC measurement ug/m3. Figure (a) The measured profiles are on 20" March, 2021 (Hazy morning) (b) The measured profiles are on 2214

* Temperature and humidity sensors (HYT March, 2021 (Non-Hazy morning) Ajit Ahlawat et al., 2021, In preparation
939) ) ’

2020 recorded the highest number of Crop Residue Burning (CRB) fires (~70,000) when compared to last three years
farm fires (VIIRS data from FIRMS). UAV Swarms can provide highly granular 3-dimensional spatial & temporal PM, 5
levels at varying atmospheric layers which will help forecasting and warning systems for the city of Delhi.



 Department of Science & Technology
supported project with llIT Delhi to
install High-Precision GPS-enabled
Mobile AQ monitors on Delhi
Transport Corp buses

* AQ monitors enabled with Solar
Panel integration for completely :
autonomous power supply sl

¢ Delhi Bus Journey

pm25raw: 0

dt_time: 2021-09-25 12:15:30
pm2.5cnc: 54

temp: 37

rh: 52

o30p2: 0

* Interpolation of AQ data across the =,

pm10cnc: 67
PM10:0

city to find cleanest routes for city oy

pm1icnc: 35
pmO0.3cnt: 9607

commuters using non-air conditioned -

pm2.5cnt: 30
pmScnt: 5
. . . pm10cnt: 2
ublic transit services
lon: 77.2129601620231
no: 0
nox: 0
nh3: 0
co: 0
co2:0
benzene: 0
deviceid: 000000003123757
aqi: 90

Mobile AQ Monitoring on Public Transit Buses
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SATVAM

Streaming Analvtics over Temporal Variables for Air qualit Monitorin
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Ozone, NO2 Calibration across 20+ cities
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= o= Linear Mixture Model
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Who is talking about us? - Awards & Recognition

. o o NDTV i . . ;
Collaborative project with IITK, IITB, 11ISc and @ bl Ericsson India @ @Ericssonindia - Dec 18, 2019 ® Hinhustan Times
D k . h R . I d P Partnering with @IITKanpur & @airtelindia, we showcased our initiative to me ¢
uke WIt esplrer asin UStry artner . improve air quality in #Delhi at #MC2019. Know how we are using the
¢ p— Call to ban firecrackers across country, Supreme Court power of Nb-loT, to provide real time air quality data and drive awareness. Mumbai gets sensor-based monitors as low cost air
,,,lSSlTF @INDOUSSTF decision today ndtv.com/india-news/cal... #EricssonAtIMC @explorelMC #Delhaioll;)n monitoring feasibility study begins
India’s first scientifically validated and calibrated air #firecrackers #AirPollution #Pollution ?ﬁﬁf?;?f&&ﬂﬁﬁf:ﬁ :gﬁi?g&g (PO, ENZ.9) nzene axides

quality monitoring network is now live at @lITKanpur.
'SATVAM' can monitor pollutants like PM2.5, PM10

w Hindustan Times, Mumbai | By B

and Ozone. Supported by @IndiaDST, @Intellndia and NI T LISHI

@INDOUSSTF; with @iitbombay, Duke University and : W ali ~ Rh,_ ﬂq

@urbanscienceslN. e F
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IUSSTF & Technology

Streaming Analytics over Temporal Variables for Air quality Monitoring

1:37 ' 3.1K views

- —-— f Ericsson India talking about Respirer/Atmos
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India’s first scientifically validated and calibrated Air-Quality monitoring network for pollutants

PM2.5, PM10, NOx and Ozone has been deployed and running at IIT Kanpur. How FI RECRACKERS TR'G”GER #AirEer p en B Microsoft eee
\

i 15,337,591 followers

R D S Bmo - ®
E3 3 EX = % :;g = 9 N, R - . . e )
0 0.9 e9 \ 7.6KAiews 0:55/3:29 <p 7 India tops the list of the most polluted cities in the world but there's not
P ey "“95‘,’ =5 Clear FATCoNUtion lemboral lrend seen In multole enough awareness outside big cities. Here's how Respirer Living Sciences' Low-cost monitoring sensors measure ambient air quality based on light
t] [mas - .09.9.0.9 c . P i Ronak Sutaria is using #PowerBI to provide air quality data across 122 cities as scattering technology using much smaller equipment as compared to existing air
locations of #Delhi. As part of #GRAP need to enable quality measuring technology.(HT PHOTO)

part of MSR India’s SCAI program. http://msft.it/6042VBrDn

0 v B better mandatory timings when children are forced to
) Abhay Karandikar @karandi65 - Sep 7, 2018 be outdoors. Schools should start late. @rsutaria in Coverage in HT on project with MPCB. Mumbai
@ The team at Centre for Environmental Science & Engineering @I TKanpur conversation with @divyawadhwa on @ndtv. !
in collaboration with social enterprise @urbansciences!N & support from @CBhattacharji @NavrozDubash

@ShaktiFdn has calibrated & deployed the Atmos - Realtime Low-Cost
#AirQuality Monitoring network in 10 cities of #India
@IndiaDST

National Startup Awards 2020 finalist in the Internet of Things/Industry 4.0 category
https://www.startupindia.gov.in/nsa/

Democratization of Data & Technology

[I'T-K starts monitoring
air quality in 1l cities ~ _
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real-time air quality

Respirer Living Sciences

A BitChem lFLP  BOSCH We are a core member of the CII-ITC
| Centre of Excellence for Sustainable
‘ Development’s initiative titled “India
Dal 7 R ODSM .
oy CEQO Forum for Clean Air”.

Bharat Cement

A 3¢ JAKSON  sx(Zmeat. v, The forum brings together leaders
across high-emissions industries to
A collaborate on solving the problem.

) PAHARPUR

Business Centre

praj
Airshed Management

Clean Air Better Life propagates the scientific evidence for
implementation of actionable and cost-effective solutions in
participatory manner with local communities and

In 2020, we started working in one of India’s fast developing
logistic and business hub, Indore Metropolitan Region, to
demonstrate airshed management and planning approach in

TAT  stakeholders to improve air quality. partnership adhya Pradesh Pollution Control
# WeAl: Board 2 alifornia Air Resources Board and
Cll partnered with NITI Aayog in 2017 to create four multi- Indigh Institute of Technolog\(Delhi), Lung Care Foundation

stakeholder Task Forces to design source-specific action
plans for severely polluted Delhi NCR based on the latest
scientific evidence and consultation with stakeholders
across common airshed.
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OXYM OS PO RTAB LE HAN D - H ELD \ Equipment worth 3100 crore deployed under ‘Mission Vayu’

Our Bureau | Pune | Updated on May 07, 2021

Costs shared by Temasek,
Temasek Foundation,
ACT Grants, the Swasth

Alliance and over 1,000
donors and members of

! PPCR

CET -
g\ v Pune Platform for Covid-19

Response (PPCR), anchored at Mahratta Chamber of
Commerce Industries and Agriculture (MCCIA), supported by

O, concentration / purity sensing

Flow rate and air temperature tracking

Geo-tagged and, time-stamped 02 data

Data transmitted in real time to cloud server,

stored on SD card, displayed on LCD screen on

device

e Device with in-built battery to run for 8 hours on
a single charge

e Can be used in-line for continuous monitoring,

ACT Grants and the Swasth Alliance has successfully
implemented two phases of Mission Vayu by donating 7,800
oxygen concentrators, 875 BiPaP ventilators, and 50,000 pulse

oximeters across India.

B Ahah 498 g8 A
& & 3 E o

MEMORANDUM OF UNDERSTANDING

This Memorandum of Understanding (“MOU”) is executed as of date: 12* July 2021 (“Effective Date”)

. Aurangabac D MEEe between
to enable usage tracking St 1]
Solapur S i Party 1 #
. I
® O C au d |'tS ('to 'tra C k d oOwn s h O d dy . N-60  61-90 91120 21250 250+ MAHRATTA CHAMBER OF COMMERCE, INDUSTRIES AND AGRICULTURE, a company registered under
Davanagefé l fa I the erstwhile Section 25 of the Companies Act, 1956 (Section 8 of the Companies Act, 2013), having

its registered office at 5™ Floor, International Convention Center, Trade Tower, S.B. Road, Pune —

malfunctioning OCs) s e

e O, resource map 02 RESOURCE
. U S a g e a n a |yS i S MAP & USAG E Respirer Living Sciences Pvt. Ltd., an entity incorporated under the laws of India, having its registered

office at 302, 3" Floor, Rayaba, Near Terraza Society, New DP Road, Aundh, Pune 411 007 ("Respirer”).
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loT based N95 mask testing resource in collaboration with =«

TIFR, Mumbai and selected for DST CAWACH

TSI - Mask Tester with Accessory

Open to air

»\‘M"/O\‘:’—fkwn Blue 3'W

o

”\ surgical mask  Open to air

\ | —_ . l M/‘ T \_O“Q\ Venus V4420 /‘
. s i E l\ \ 0—43‘
— . o \ X f

. .;-: : N . - L >15% \ ~94% ///

AQI sensor

Particle count

A — . " " s " |

Time -
Venus 4400N95 mask
- |
Opento air |Mask Mask attached | Opento air Open to air
atached (edges taped) oz Steam exposed % Pristine mask W
(not taped) S Open mask ’ |
g to air ;i }
= | |
. Ed ' :
< o L\/ 4 ta;?:; |
= | ‘ ~92% !
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§ | Time -
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Centre for Augmenting WAR with Commercial-grade design of
i MITR with Phantom head for
COVID-19 Health Crisis D fittesting

( CAWACH )

Respirer Living Sciences
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real-time air quality

Indoor air quality monitoring for buildings and offices

Sensor positions to Study the Spatial distribution of particulate ma tt r with
regards to the ventilation system and concurrent imp act of the undings.
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[ The Setup

= | Locations the monitors were installed —
j|jU1CtIZ — Patient Breathing Zon

@ZC ntre of the room - Nurse Statio

—" 3- Ambient conditions - Fresh Air intake (AHU) "
00
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Fig 11: Plan of the ICU showing the mea

MAPIE Atmos . . -
Collaborative work done with Building Energy
Indoor Thermal Comfort Performance researchers at Centre for
and Air Quality Advanced Research in Building Science and
Measurement Kit Energy (CARBSE) CEPT, Ahmedabad and
Respirer Living Sciences, Mumbai
CARBSE &5 | CRDF i
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Mission: democratization of data and technology

(What are we solving?)

atMmaos

real-time air quality

Respirer Living Sciences

Participatory urbanism and data democratization using loT and Big Data - for improving quality of living

Societal Challenge

= 21 of the 30 most polluted global cities are in India

= /935 cities and towns in India need real-time air
quality monitoring, across 4,000 to 8,000 locations.
At present, available at 310 locations nationwide.

- Regulatory grade PM, . monitoring costs up to Rs. 15
Lakhs (S20K) per Iocatlon Total cost per air quality
monitoring site Rs. 1.5 Crore ($S200K) for all notified
pollutants.

Contribution

Establishing Make-In-India loT-monitoring products
& solutions as among the leading solutions in the
domain of low-cost, sensor-based air quality
monitoring network solutions, to bridge the
affordability and scalability gap.

IT STATES THAT IN 2016,

DIED
FROM RESPIRATORY INFECTIONS
CAUSED

Founder with his 4 week old baby (born Sept
2021) looking for a clean air city to live in.

World Health Organization (WHO): Air pollution and child health, 2018

1.67 million deaths in India attributed to ambient air pollution and
over 20 million living with disability adjusted life years.

Source: Lancet - Health and economic impact of air pollution in the
states of India: the Global Burden of Disease Study 2019
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Field evaluation of low-cost particulate matter sensors in high- and
low-concentration environments
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Gaussian process regression model for dynamically calibrating
and surveilling a wireless low-cost particulate matter
sensor network in Delhi
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David E. Carlson'”

lDepartment of Civil and Environmental Engineering, Duke University, Durham, NC 27708, USA

2Respirer Living Sciences Pvt. Ltd, 7, Maheshwar Nivas, Tilak Road, Santacruz (W), Mumbai 400054, India
3Department of Civil Engineering, Indian Institute of Technology Kanpur, Kanpur, Uttar Pradesh 208016, India
4TSI Inc., 500 Cardigan Road, Shoreview, MN 55126, USA

5Department of Biostatistics and Bioinformatics, Duke University, Durham, NC 27708, USA

Correspondence: Tongshu Zheng (tongshu.zheng @duke.edu)

Received: 11 February 2019 — Discussion started: 1 March 2019

Abstract. Low-cost particulate matter (PM) sensors are
promising tools for supplementing existing air quality moni-
toring networks. However, the performance of the new gen-
eration of low-cost PM sensors under field conditions is not
well understood. In this study, we characterized the perfor-
mance capabilities of a new low-cost PM sensor model (Plan-
tower model PMS3003) for measuring PM3 5 at 1 min, 1 h,
6h, 12 h, and 24 h integration times. We tested the PMS3003
sensors in both low-concentration suburban regions (Durham
and Research Triangle Park (RTP), NC, US) with 1h PM; 5
(mean # SD) of 949 and 1043 pgm™3, respectively, and
a high-concentration urban location (Kanpur, India) with 1 h
PM, 5 of 36+ 17 and 116 & 57 pgm~> during monsoon and
post-monsoon seasons, respectively. In Durham and Kan-
pur, the sensors were compared to a research-grade instru-
ment (environmental 8 attenuation monitor, E-BAM) to de-
termine how these sensors perform across a range of PM 5
concentrations and meteorological factors (e.g., temperature
and relative humidity, RH). In RTP, the sensors were com-
pared to three Federal Equivalent Methods (FEMs) includ-
ing two Teledyne model T640s and a Thermo Scientific
model 5030 SHARP to demonstrate the importance of the
type of reference monitor selected for sensor calibration. The
decrease in 1h mean errors of the calibrated sensors using
univariate linear models from Durham (201 %) to Kanpur
monsoon (46 %) and post-monsoon (35 %) seasons showed
that PMS3003 performance generally improved as ambi-
ent PMy 5 increased. The precision of reference instruments

(T640: £0.5pgm= for 1h; SHARP: +2ugm—> for 24h
better than the E-BAM) is critical in evaluating sensor perfor
mance, and B-attenuation-based monitors may not be idea
for testing PM sensors at low concentrations, as underscore:
by (1) the less dramatic error reduction over averaging time
in RTP against optically based T640 (from 27 % for 1h t
9 % for 24 h) than in Durham (from 201 % to 15 %); (2) th
lower errors in RTP than the Kanpur post-monsoon seasoi
(from 35 % to 11 %); and (3) the higher T640-PMS3003 cor
relations (R2 > 0.63) than SHARP-PMS3003 (R? > 0.25)
A major RH influence was found in RTP (1h RH= 644
22 %) due to the relatively high precision of the T640 mea
surements that can explain up to ~ 30 % of the variance i1
1 min to 6h PMS3003 PM; s measurements. When prope
RH corrections are made by empirical nonlinear equation
after using a more precise reference method to calibrate th
sensors, our work suggests that the PMS3003 sensors cai
measure PM, 5 concentrations within ~ 10 % of ambient val
ues. We observed that PMS3003 sensors appeared to ex
hibit a nonlinear response when ambient PM; 5 exceede«
~ 125 pgm~> and found that the quadratic fit is more appro
priate than the univariate linear model to capture this nonlin
earity and can further reduce errors by up to 11 %. Our result
have substantial implications for how variability in ambien
PM 5 concentrations, reference monitor types, and meteoro
logical factors can affect PMS3003 performance characteri
zation.

Published by Copernicus Publications on behalf of the European Geosciences Union.

Revised: 19 July 2019 — Accepted: 30 August 2019 — Published: 26 September 2019

Abstract. Wireless low-cost particulate matter sensor net-
works (WLPMSNs) are transforming air quality monitor-
ing by providing particulate matter (PM) information at
finer spatial and temporal resolutions. However, large-scale
WLPMSN calibration and maintenance remain a challenge.
The manual labor involved in initial calibration by colloca-
tion and routine recalibration is intensive. The transferability
of the calibration models determined from initial collocation
to new deployment sites is questionable, as calibration fac-
tors typically vary with the urban heterogeneity of operating
conditions and aerosol optical properties. Furthermore, the
stability of low-cost sensors can drift or degrade over time.
This study presents a simultaneous Gaussian process regres-
sion (GPR) and simple linear regression pipeline to calibrate
and monitor dense WLPMSNSs on the fly by leveraging all
available reference monitors across an area without resorting
to pre-deployment collocation calibration. We evaluated our
method for Delhi, where the PM; 5 measurements of all 22
regulatory reference and 10 low-cost nodes were available
for 59d from 1 January to 31 March 2018 (PM3 5 averaged
138431 ug m—3 among 22 reference stations), using a leave-
one-out cross-validation (CV) over the 22 reference nodes.
We showed that our approach can achieve an overall 30 %
prediction error (RMSE: 33 ug m~3) at a 24h scale, and it
is robust as it is underscored by the small variability in the
GPR model parameters and in the model-produced calibra-
tion factors for the low-cost nodes among the 22-fold CV. Of

the 22 reference stations, high-quality predictions were ob-
served for those stations whose PM3 s means were close to
the Delhi-wide mean (i.e., 138 31 ugm~3), and relatively
poor predictions were observed for those nodes whose means
differed substantially from the Delhi-wide mean (particularly
on the lower end). We also observed washed-out local vari-
ability in PMj 5 across the 10 low-cost sites after calibra-
tion using our approach, which stands in marked contrast to
the true wide variability across the reference sites. These ob-
servations revealed that our proposed technique (and more
generally the geostatistical technique) requires high spatial
homogeneity in the pollutant concentrations to be fully ef-
fective. We further demonstrated that our algorithm perfor-
mance is insensitive to training window size as the mean pre-
diction error rate and the standard error of the mean (SEM)
for the 22 reference stations remained consistent at ~ 30 %
and ~ 3 %—4 %, respectively, when an increment of 2d of
data was included in the model training. The markedly low
requirement of our algorithm for training data enables the
models to always be nearly the most updated in the field,
thus realizing the algorithm’s full potential for dynamically
surveilling large-scale WLPMSNs by detecting malfunction-
ing low-cost nodes and tracking the drift with little latency.
Our algorithm presented similarly stable 26 %-34 % mean
prediction errors and ~ 3 %—7 % SEMs over the sampling
period when pre-trained on the current week’s data and pre-
dicting 1 week ahead, and therefore it is suitable for online

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Abstract: In the present study, we assessed for the first time the performance of our custom-designed
low-cost Particulate Matter (PM) monitoring devices (Atmos) in measuring PM;( concentrations.
We examined the ambient PMj( levels during an intense measurement campaign at two sites in the
Delhi National Capital Region (NCR), India. In this study, we validated the un-calibrated Atmos for
measuring ambient PM;o concentrations at highly polluted monitoring sites. PMjo concentration
from Atmos, containing laser scattering-based Plantower PM sensor, was comparable with that
measured from research-grade scanning mobility particle sizers (SMPS) in combination with optical
particle sizers (OPS) and aerodynamic particle sizers (APS). The un-calibrated sensors often provided
accurate PMjp measurements, particularly in capturing real-time hourly concentrations variations.
Quantile-Quantile plots (QQ-plots) for data collected during the selected deployment period showed
positively skewed PM;, datasets. Strong Spearman’s rank-order correlations (r; = 0.64-0.83) between
the studied instruments indicated the utility of low-cost Plantower PM sensors in measuring
PMjg in the real-world context. Additionally, the heat map for weekly datasets demonstrated
high R? values, establishing the efficacy of PM sensor in PMjy measurement in highly polluted
environmental conditions.

Keywords: urban air pollution; PM;; real-time monitoring; low-cost sensors; data merging tool;
data validation
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Abstract. Low-cost sensors offer an attractive solution to
the challenge of establishing affordable and dense spatio-
temporal air quality monitoring networks with greater mo-
bility and lower maintenance costs. These low-cost sensors
offer reasonably consistent measurements but require in-
field calibration to improve agreement with regulatory instru-
ments. In this paper, we report the results of a deployment
and calibration study on a network of six air quality moni-
toring devices built using the Alphasense O3 (OX-B431) and
NO; (NO2-B43F) electrochemical gas sensors. The sensors
were deployed in two phases over a period of 3 months at
sites situated within two megacities with diverse geographi-
cal, meteorological and air quality parameters. A unique fea-
ture of our deployment is a swap-out experiment wherein
three of these sensors were relocated to different sites in the
two phases. This gives us a unique opportunity to study the
effect of seasonal, as well as geographical, variations on cal-
ibration performance. We report an extensive study of more
than a dozen parametric and non-parametric calibration al-
gorithms. We propose a novel local non-parametric calibra-
tion algorithm based on metric learning that offers, across de-
ployment sites and phases, an R? coefficient of up to 0.923
with respect to reference values for O3 calibration and up to
0.819 for NO; calibration. This represents a 4-20 percent-

age point increase in terms of R? values offered by classi-
cal non-parametric methods. We also offer a critical analysis
of the effect of various data preparation and model design
choices on calibration performance. The key recommenda-
tions emerging out of this study include (1) incorporating
ambient relative humidity and temperature into calibration
models; (2) assessing the relative importance of various fea-
tures with respect to the calibration task at hand, by using an
appropriate feature-weighing or metric-learning technique;
(3) using local calibration techniques such as k nearest neigh-
bors (KNN); (4) performing temporal smoothing over raw
time series data but being careful not to do so too aggres-
sively; and (5) making all efforts to ensure that data with
enough diversity are demonstrated in the calibration algo-
rithm while training to ensure good generalization. These re-
sults offer insights into the strengths and limitations of these
sensors and offer an encouraging opportunity to use them
to supplement and densify compliance regulatory monitor-
ing networks.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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ABSTRACT

The Tamil Nadu Air Pollution and Health Effects study (TAPHE-2) aims to evaluate the
relationship between air pollution and birth outcome in a rural-urban cohort of 300 pregnant
women. Due to COVID-19 related lockdowns, some TAPHE-2 activities were delayed; however,
continuous indoor and outdoor air quality data were collected in and around Chennai, India. We
report here the impact of graded COVID-19 lockdown on indoor particulate matter (PMzs and
PM1o) levels based on calibrated data from affordable real-time PM sensors called atmos™ and
ambient PM levels from publicly available regulatory monitors. The study period was between
11 March and 30 June 2020 (i.e., 100 days of continuous monitoring), which coincided with four
phases of a nationwide graded lockdown. Field calibration coefficients for the atmos PM were
derived by collocating them with reference-grade PM monitors. The normalized root mean
square error (NRMSE) of the atmos hourly PM2.s (PM10) improved from 41% to 15% (33% to 18%)
after applying the field calibration coefficients. Lockdowns resulted in significant reductions in
indoor and ambient PM levels, with the highest reduction observed during lockdown phase 2 (L2)
and phase 3 (L3). Reductions as high as 70%, 91%, and 62% were observed in ambient PM2s, indoor
PMzs, and indoor PMio relative to pre-lockdown levels (PL), respectively. The indoor PM2.5/PM1o
ratio decreased during the lockdown, suggesting a decline in the fine mode dominance in PM1o.
The indoor-to-outdoor (I/O) ratios in PM2s marginally increased during L1, L2, and L3 phases
compared to that of PL levels, suggesting an uneven reduction in indoor and ambient PMz:s levels
during the lockdown.

Keywords: Optical scattering, PM2s, PM1o, Beta Attenuation Monitor, Indoor to outdoor ratio

1 INTRODUCTION

Air pollution continues to be a significant environmental and public health issue in Indian
megacities. The disease burden attributable to air pollution is predominantly driven by PM2s
(mass concentration of particulate matter with an aerodynamic diameter of 2.5 um and less). An
estimated 0.67 million (95% uncertainty interval: 0.55-0.79) and 0.48 million (95% uncertainty
interval: 0.39-0.58) premature deaths in India (in 2017) were attributed to ambient and household
particulate matter pollution, respectively (Balakrishnan et al., 2019). The annual average
population-weighted PM2;s exposures in India have been increasing steadily from 62 pg m=in
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CurrentSense: A novel approach for fault and drift detection in
environmental loT sensors
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ABSTRACT

Sensor data quality plays a fundamental role in increasing the adop-
tion of IoT devices for environmental data collection. Due to the
nature of the deployment, i.e., in-the-wild and in harsh environ-
ments, coupled with limitations of low-cost components, sensors
are prone to failures. A significant fraction of faults result from
drift and catastrophic faults in sensors’ sensing components leading
to serious data inaccuracies. However, it is challenging to detect
faults by analyzing just the sensor data as a faulty sensor data can
mimic non-faulty data and an anomalous sensor reading need not
represent a faulty data. Existing data-centric approaches rely on
additional contextual information or sensor redundancy to detect
such faults. This paper presents a systematic approach to detect
faults and drifts, by devising a novel sensor fingerprint called Cur-
rentSense. CurrentSense captures the electrical characteristics of
the hardware components in a sensor, with working, drifted, and
faulty sensors having distinct fingerprints. This fingerprint is used
to determine the sensors’ health, and compensate for drift or diag-
nose catastrophic faults without any contextual information. The
CurrentSense approach is non-intrusive, and can be applied to
a wide variety of environmental sensors. We show the working
of the proposed approach with the help of air pollution sensors.
We perform an extensive evaluation in both controlled setup and
real-world deployments with 51 sensors across multiple cities for 8
months period. Our approach outperforms existing anomaly detec-
tors and can detect and isolate faults with an F; score of 98% and
compensate for sensor drift errors by 86%.

CCS CONCEPTS

« Computer systems organization — Embedded and cyber-
physical systems; « Hardware — Fault tolerance.

KEYWORDS

Fault detection and isolation; Drift detection

1 INTRODUCTION

The proliferation of the Internet of Things (IoT) devices has led
to the deployment of billions of sensors in various domains to
sense and monitor the environment [25]. Applications of IoT in
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environmental monitoring range from air pollution monitoring,
water quality monitoring, extreme weather sensing, endangered
species protection, to commercial farming and many more. Since
these applications rely on the fidelity of the sensed data for making
decisions, it is fundamental to determine the quality of the sensor
data, by detecting whether the sensor is working, faulty, or drifted.

A vast majority of IoT devices deployed today utilize compact
digital sensors owing to their reliability and ease of installation.
While these digital sensors have paved the way for large-scale IoT
deployments, it is quite challenging to determine the accuracy, and
the fidelity of the data, just by analyzing the digital data stream.
Especially, given the nature of the IoT deployments in environ-
mental monitoring, i.e., in-the-wild and in harsh conditions, IoT
sensors are prone to failures [32]. A majority of these faults are due
to drift and catastrophic faults in sensors’ sensing components [35].
Typically, when a sensor fails, either due to malfunctioning of a
few components (leading to catastrophic faults) or wear and tear
(leading to drift), they do not just stop sending data, but continue
to transmit faulty or dirty data [16, 19]. Given the uncontrolled
environment in which these sensors are deployed, it is impossible
to assess the accuracy of the data without additional contextual
information or sensor redundancy [32].

In this paper, we present a novel approach called CurrentSense
to detect catastrophic faults and drift in digital sensors, going be-
yond traditional data-centric approaches. CurrentSense is based
on the following simple idea: Every electrical or electro-mechanical
sensor draws current from the IoT device for its operation. By
sampling the current drawn by the sensor we can derive a unique
electrical characteristic fingerprint that differs between working,
faulty, and drifted sensors. Our key observation based on theoreti-
cal and extensive experimental evidence is that when any sensor
component accumulates damage that causes a fault or drift, the
damage also changes other physical properties of the sensor, which
affects its current consumption. Thus, by monitoring the current
consumption of the sensor without any additional details of the
sensor, we can now accurately derive the status of the sensor.

Current signature analysis has played a key role in fault diag-
nosis over the past decade mostly in household appliances (such
as HVAC) or industry equipment’s (such as induction motors) [23].
The focus has been limited towards detecting abnormalities in
power consumption patterns of an appliance. This limitation is due
to the dynamic change in consumption patterns either due to the
complexity of the appliance being monitored (e.g., multiple states
in a washing machine cycle) or usage variations due to the pres-
ence of users (turning on/off appliances at any point). Our work
is inspired and build upon the recent works in energy monitor-
ing area [26, 34, 36]. Our key novelty is the application of current
monitoring for accurate fault detection and isolation in low-cost



