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Abstract

Air quality is degrading in developing countries, and severe health issues are associated with
increasing air pollution. It is imperative to monitor and predict air quality online in real-time.
Although offline air-quality monitoring using hand-held devices is common, online air-quality
monitoring is still expensive and uncommon, especially in developing countries. Also, existing
technologies do not perform forecasting of air pollution ahead of time. This thesis's first
objective was to address these literature gaps and propose a scalable, low-cost real-time air-
quality monitoring, prediction, and warning system (AQMPWS). The proposed AQMPWS
monitored and predicted seven pollutants: PMi.o, PM2s, PMio, carbon monoxide, nitrogen
dioxide, ozone, and sulphur dioxide. The AQMPWS also monitored five weather variables:

temperature, pressure, relative humidity, wind speed, and wind direction.

This thesis' second objective involved the forecasting of air pollution ahead of time.
Individual and ensemble univariate and multivariate time-series forecasting models were
developed and tested for predicting air pollution, which could forecast one step ahead in time
(i.e., forecasting was done on the time dimension). Five individual time-series forecasting
models, namely, multilayer perceptron (MLP), convolution neural network (CNN), long short-
term memory (LSTM), and seasonal autoregressive integrated moving average (SARIMA),
were investigated. Also, a new weighted ensemble model of these individual models was
developed. Among the individual univariate models, the CNN performed the best, and this
model was followed by the LSTM, MLP, and SARIMA models both during training and test.
The investigation revealed that multivariate models performed better than their counterpart
univariate models. Furthermore, the weighted ensemble model performed the best among all

models.

In the third objective, the developed AQMPWS was benchmarked against an industrial-
grade air-quality monitoring system deployed at the ACC Cement Factory in Barmana, India.
A high correlation between the collected data from AQMPWS and the industrial-grade system
showed that the developed system was on par with the industrial system. Three statistical
models, namely, Vector Autoregressive (VAR), Vector Autoregressive Moving Average
(VARMA), and SARIMA and an ensemble model, were developed to predict the future values
of PM2.s and PMo in the industrial system from the PM2.s and PMio values measured by the
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AQMPWS. Results showed that the ensemble model performed the best, and VAR performed

the second-best in predicting the PM2.s and PMio values in the industrial system.

Lastly, we performed a preliminary study to find the public perception of the adverse effects
of air pollution. About 90 percent of those surveyed (N = 500) requested a daily update on their
localities' air pollution. Results showed that people preferred periodic SMS alerts to learn about
air quality compared to other methods. Results from the study helped shape the alerting system
in the AQMPWS.

Keywords: Air pollution, 1oT, Time-series forecasting, Machine Learning, Deep Learning,

Statistical Modelling



vii

Table of Contents

TRESIS COITIICALE ...ttt sttt ettt b e e sb et st esbeentesaeens i

Declaration by the Research SCholar ............occiiiiiiiiiiei e i

Declaration by the Research AdVISOT .......c.coooiiiiiiiiiiiie e e i1

ACKNOWIEAZEIMENLS ....c..eiiieiiiieeiieeciie ettt e et e e et e e st aeessaeeessbeeesaeesssaeesnseeensseeenns v

AADSETACT ...ttt h et e et b e e ht e e e bt e e bt e bt e eabeenhteenbeenneeenteans \

(O] 1F:1 o1 1<) ol IO U PSR OSUURPSRR 1

INEEOAUCTION ..ottt et h ettt sb bt et s bt et s e s bt e beestesbeenees 1

LT TNEEOAUCIION ...ttt ettt sttt et e b e 1

1.2 BACKGIOUNA ......oiiiiieciiee ettt ettt e et e et e e et e e entaeeeenseeenaeeennneas 2

1.2 ODBJECHIVES ..eeeueiieeiiieeiiee ettt eeite e etee ettt e et e e et e e saaeesstaeessseeeasseeessaeenssaeansseeensseeensseesnseas 4

1.3 Experimental INVEStIZAtIONS .....ccveeeriiriiiieiiiieeiieeeeteeesreeeiteeeseeeesaeeesnreeessveeessneesnneas 5

1.4 Contribution Of TRESIS ....ccoueiiiiiiiiiiiee ettt 7

1.5 Structure and Organization of the Thesis .........cceeiiriiiiiiiriieieee e 8

(O] 1F:1 01153 o TSRS PRRTRI 10
Development of an [oT based low-cost real-time air-quality monitoring, prediction, and

warning system (AQMPWS) .. ..ottt eaaee e 10

2.1 INEEOAUCHION ...ttt ettt et s b s esaee e 10

2.2 BACKZIOUNG ....cuiiiiiieiiiie ettt ettt ettt et et e et esnne s eeaesnbeesneeenne 10

2.3 MEthOAOIOZY ...eveeiiieeiieeiie ettt et ettt e et e s e s taeenseesaeeenne 11

2.3.1 CArCUit D@SIZN ..ceuvieiiieiieeieeiie ettt ettt ettt e be et eeabeesaaeenneens 11

2.3.2 System ATCRItECTUIE .....ccvvieeiieeeiie ettt e e e e e e e e eaaeeens 12

2.3.3 POWET CONSUMPLION ....ccctiieiiireeiieeriieesireeeiteeeestreesseeesseeessseesssseesssseesssseesssseenns 13

2.3.4 Designing the External HOUSING ........ccoovviiiiiieiiiieeiieeciee e 14

24 RESUILS ..ttt ettt ettt ettt nb e et e e 16

2.5 Discussion and CONCIUSION ........cc.eiieriiriirienieiteieet et 17

(O] 1F:1 01153 S USROS RPRRTSI 18

Developing forecasting models to predict future air pollutant concentration in the atmosphere

.................................................................................................................................................. 18

3.1 INErOAUCTION ...ttt et ettt et e e 18

3.2 BaCKEIOUNG .......oiiiieiiiece ettt e 19

3.3 MEthOOIOZY ..ottt ettt et 20

B30T DA .o s 20

3.3.2 Data Pre-ProCESSING ......cccvteruieriieitieniieeiieeteesiee et e eite et e siteeteesateenseesseesnneesaeeenne 21

3.3.3 MO ISttt 22

3.3.4 Optimization of model Parameters.........cceevveeerieeeriieeeeiieeeiee et eree e 24



3.3.5 ACCUTACY MEASULIE ....eeruiieiuiiieeiieeeiieeeitte ettt e eitee st e e st e e sbteesabeeesabeesnnaeeeneeesnnne 25

34 RESUILS ...ttt sttt ettt 26

3.4.1 Univariate Models ReSUIt ..........cccieriiiiiiiiiiiiieecee e 26

3.4.2 Multivariate Models Result..........cccooiiiiiiiiiiiiiiee e 28

3.5 Discussion and COonCIUSION ..........ooiuiiiiiiiiiiiiieiie e 29

(O] 1103 (5 S RS URRRRPSRRRSR 31
Benchmarking of the developed loT AQMPWS against an industrial-grade air quality

TNONTEOTING SYSTEIML.....eieutieiieeiiertieeteeetteeteesteeeteetteeseesseeesseesseessseenseessseenseassseenseeenseensseenseenseas 31

4.1 INEEOAUCTION ...ttt ettt ettt et e bt s bt e s aeeenaeeenee 31

4.2 BaCKEIOUN ... ..oiiiiiii ettt e e e et e e aae e et e e estaeessbeeeenseeenneeens 32

4.3 MEthOAOIOZY ....veeieiieeiiie ettt et e et e e e e et eeetteeesaeeesbaeessbaeesnseeennaeaens 33

T D 1 TSRS 33

4.3.2 MOACIS ...ttt 33

4.3.3 Model Calibration .........cceeouerieneriinieieniesteeee sttt 36

A4 RESULL ..ttt st 36

4.5 Discussion and CONCIUSION .......eeuiiiiiiiiiiiiiieiieiee et 39

(0] 1103 (< S SRPSRRPSR 40

Conclusion and Future Work ..........coouiiiiiiii e 40

5.1 CONCIUSIONS ...ttt sttt ettt ettt et sb et ettt e saeenees 40

5.2 Research IMpPliCAtIONS .........eevuiiiiiiiieeiieiie ettt et 41

5.3 LIMIALIONS ..e.vvetieiiiiiiesieeie ettt ettt ettt ettt ettt et st b et sbe et e bt et e bt enees 42

5.4 FULUIE SCOPE «eeeeeniiiieeeeiiiie ettt etee e ettt e e ettt e e e ettt e e s et ee e e s nnaeeeeenssaaeesenssaeeeesnnnseeens 43

List of Publication and Patent..............cooiiiiiiiiiiii e 44

Conference ProCEEAINGS ......ccueiiiiieiiiieeiiie ettt et sre e e ree s e e ebee e enreeeasee e 44

BOOK CRAPLETS. .. ceeeiiiiiiie ettt ettt e st e e aeeesea e e estaeeesaaeeessaeessnseesnseesnsaeanns 44

ANNEXUTE A ..ottt ettt ettt st et e st e et s bt et e s et et e e s e e e naees 45

Preliminary study on public perception of air quality and their technological preferences ....45

AT INEOAUCHION ...ttt sttt et st sae e 45

A2 BaCKEIOUNG ........oiiiiiiiiicii ettt ettt sttt 45

A3 MEthOAOIOZY ...veeieeiie ettt e e e et e e e ta e e esbee e e aseeensneeens 46

A.3.1 Data Collection and Experiment DeSign..........cccveevieeerieeeiiieeniieeeiie e 46

AL3.2 PartiCIPANTS .....veeeiieeeiieeeiieeeiee ettt e e e tte et e et e e et e e etaeeenbeeeenbeeennbeeenaeeens 46

AL RESUILS ..ottt st st 46

A AT PICEPIION. ..ceueiiiiieiie ettt ettt ettt ettt et e et e et e et e seeeebeesaaeenbeennneenneens 47

A.4.2 Attitude towards ENVIrONMENt .........cceeviiiiiiiiiiiieiie e 48

A 4.3 FaCtOr ANalySIS.....uueeeuieeeiieeeiie ettt te et e et e e e e e e e s e e ebeeenbeeeaaeeens 48

A.4.4 Information TeChNOIOZY .....cc.eevviiiiiiiieiieee e e 49



A5 DiISCUSSION AN CONCIUSION ..evvvviieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeneeenenesesenennnenes

References

X



