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Abstract 

Monitoring and Correlating Toxic Gases Emitted by Cars in Public Indoor 

Garage in Real-Time Using Internet of Things (IOT) 

By 

Khalid Altheiab 

Dissertation Advisor: Ivica Kostanic, Ph D. 

The study was developed to adequately depict the behavior of indoor 

pollutant matter in public garages, the underlying factors influencing this behavior 

and gauge the pollutant exhaust emission patterns. In depicting the behavior of 

indoor pollutant matter, the research aimed at studying the emission-pollutant 

relationship and any variations in concentrations found at different locations within 

the study site. In terms of measuring the factors influencing the pollutant behavior, 

the research quantified the concentrations of four gaseous contaminants. The 

pollutant behavior was studied to better understand the different variables 

influencing the indoor air-quality. Finally, based on these parameters overall patterns 

in exhaust emissions were deduced. With the aforementioned factors in background, 

an experiment was designed to collect, process and analyze significant amounts of 

data points within the experimental site.  

The indoor air-quality in the experimental site was measured using an 

Alphasense™ Unit comprising of four sensors as depicted in the methodology 
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section. The four sensors measured the levels of Carbon Monoxide, Nitrogen 

Dioxide, Ozone and Sulphur Dioxide. These are electrochemical sensors functioning 

in an amperometric mode. Thus, based on the volume of the gas present, the sensors 

report a linearly proportional current. As can be seen from the figure, the sensors 

primarily consist of electrodes, wetting filters and an electrolyte reservoir.  
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Chapter 1 : Introduction 

1.1. Background and Context 

The ever-rising vehicular traffic required to sustain the associated 

urbanization and growing population has resulted in a corresponding increase in 

levels of harmful pollutants. Automobile emissions are primarily the by-products that 

are released when fuels combust inside of a car’s combustion chamber located within 

its engine. The exhaust of an automobile then releases them to the atmosphere via a 

process known as fugitive evaporation [1].  

Author in [2] mention the concept of Vehicle Specific Power (VSP) which is 

essentially a profile created for an automobile that depends upon the average speed 

delivered by the automobile, its mass and acceleration. This profile can be used to 

calculate and even predict the emission concentrations of an automobile. In a related 

study [3], reported that the NOx emissions vary by a factor of as high as three when 

measured for different chassis dynamometer. The reported data showed that the 

variances in the times of injections can raise the NOx emissions up to double the 

original value. 

In addition to NOx, Carbon monoxide (CO) referred to as a “silent killer” [4], 

is known to cause suffocation with death being reported in some extreme cases within 

a few minutes. The Center for Disease Control and Prevention (CDC) estimates that 
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CO poisoning kills about 500 people a year and requiring another 15,000 to visit 

emergency rooms to treat severe headaches, nausea and fatigue each year. Children 

and pets are reportedly more easily affected with less concentration and have more 

risk of dying faster than adults. A study by [5], indicated significantly higher levels 

of CO in public parking garages. California, a highly urbanized state has passed 

regulation to limit the levels of CO in public parking garages [6]. Thus, the intent of 

furthering such research studies and contributing more to scientific knowledge for 

benefit of public health provided a foundation for this research. 

1.2. Focus and Scope 

The research focusses on a multi-level public parking garage located in an 

academic institution in Florida. In terms of the pollutants studied, the scope included 

four harmful gaseous pollutants, namely O3, CO, NO2 and SO2. The number of 

vehicles for which the pollutant levels were measured ranged from 3 to 7 vehicles. 

All vehicles observed for data collection fell in the category of compact, medium and 

full-sized passenger cars, trucks and Sport Utility Vehicles (SUVs). No commercial 

vehicles including class 4 and above and vehicles requiring 9’ of clearance were 

included in the study.  
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1.3. Problem Statement 

A research by [7] reported higher concentrations of particulate matter in three 

public parking garages analyzed by the researchers.  For three garages, 

concentrations of particulate matter were higher by 71%, 121% and 140% as 

compared to World Health Organization (WHO) standard values. For the same three 

garages, the values were higher by 22%, 58% and 71% as compared to United States 

Environmental Protection Agency (USEPA) reference values. All three garages also 

reported the presence of both types of particulate matter – fine and coarse. A thorough 

review of literature by the researcher, however, found a thorough lack of research 

focusing on harmful pollutant gases – namely O3, CO, SO2 and NO2. Thus, this 

research aims to make a meaningful contribution by providing a systematic 

characterization of gaseous pollutant behavior observed in public garages like the 

one used for this study. 

1.4. Research Objective 

The research was designed to adequately depict the behavior of indoor 

pollutant matter in public garages, the underlying factors influencing this behavior, 

quantifying fine pollutant particles and study the pollutant exhaust emission patterns. 

In depicting the behavior of indoor pollutant matter, the research aimed at studying 

the emission-pollutant relationship and any variations in concentrations found at 

different locations within the study site. In terms of measuring the factors influencing 
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the pollutant behavior, the research quantified the concentrations of four gaseous 

contaminants. The pollutant behavior was studied to better understand the different 

variables influencing the indoor air-quality. Finally, based on these parameters 

overall patterns in exhaust emissions were deduced. With the aforementioned factors 

in background, an experiment was designed to collect, process and analyze 

significant amounts of data points within the experimental site as detailed in chapter 

3 of this dissertation. 

1.5. Overview of Dissertation Structure 

The dissertation has been organized into five chapters based on the content 

presented. The first chapter outlines a brief background of the research, states the 

problem statement, lists research questions and provides the potential contribution of 

this study to the research field.  

The second chapter provides the underlying review of literature that provided 

a strong foundation to this study. This chapter discusses the existence of the 

pollutants and particulate matter in modern-era urban areas and the technology 

behind the different devices used to measure the concentration of the pollutants in 

the atmosphere. The chapter also presents a case study outlining a similar study 

performed in three garages in Belgium. Studies pertaining to automobile emissions 

and their effects on air quality. 
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The third chapter details the methodology followed by this researcher to 

successfully complete this study. This chapter is further compartmentalized into four 

sections each describing technology, instrumentation, data collection protocol and 

data analysis respectively.  

The fourth chapter outlines the results of the data analysis and discusses the 

same. The fifth and final chapter provides a summary of this dissertation, presents 

limitations and offers future recommendations to build on this study.  
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Chapter 2 : Literature review 

2.1. Studies on Automobile Emissions 

A study [8] (Tao et al, 2006) found that despite the comparatively lower 

number of diesel-powered vehicles on the streets, the emissions for the 

corresponding gases, namely nitrogen oxide and particulate organic matter are 

released in a disproportionate fashion to the atmosphere. These levels of harmful 

pollutants are further enhanced by the high emission rates, inadequate engine upkeep 

and high automobile mileage. In a related research by [9], changes made to an 

engine’s combustion protocol, mode of operation and fuel components are also 

reported to have contributed to the increased emissions to the atmosphere. 

Author of [10], reported that engine function and operating style can greatly 

affect the concentration of pollutants being released in the atmosphere. Thus, an 

engine operating at higher power can result in an increased release of pollutants, 

whereas an engine that processes combustion at a slower pace, may release lower 

amounts in the same time duration. The study by [2] also reports that the 

concentration of pollutants released in the atmosphere also greatly depend on the 

speed and acceleration of an automobile. The concentrations of CO and NOx were 

found to vary under the same speed and acceleration but differed significantly when 

it came to the driving cycle and combustion of fuels.  
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An important factor that plays a pivotal role in vehicular emissions are the 

routine inspections and maintenance performed by the owners [11]. The study 

reported that older vehicles due to lack of maintenance and extreme wear and tear of 

its engine parts. These resulted in an inferior combustion cycle, which in turn leads 

to a release of higher concentrations of pollutants. Several alternative fuels termed 

as biodiesels are being developed that claim to have lower levels of harmful 

pollutants as compared to conventional fuels. However, a study by [12] reported no 

significant differences in pollutant levels between biodiesels and conventional fuels. 

The study also reported that the particulate matter released by the two also had almost 

identical chemical and physical properties. 

2.2. Use of Wireless Sensor Network in Measuring Pollutant Levels 

In [13], a study was conducted wherein pollution was monitored in real time 

via the use of Wireless Sensor Networks – a protocol like the one followed for this 

research. The researchers reported high costs and operational difficulties in stationing 

and transporting of the air pollutant measurement systems. Furthermore, the 

equipment offered relatively lower payoff in terms of scalability. These drawbacks 

are however, offset by modern day innovative devices, such as the one used for this 

study. These devices are equipped with versatile gas sensors. The primary advantage 

that this device offers is scalability which in turn allows the setup size of the wireless 

sensor network to be adapted based on the level of application demand. A typical 
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design of such a device consists of three components - a libelium wasp mote for 

housing the various gas sensors, a middleware component for back-up and graphical 

data transmission. These three components work in tandem to report to a base station 

that receives the data and connects it to other users via the network interface. The 

researchers set this device up in an industrial zone of Patancheru in Hyderabad, India. 

The findings of this study indicated a consistency in adoption of such a mode of 

wireless network in air pollution measurement over different durations. So, from a 

technical perspective, the researchers could successfully check the sensor calibration, 

while also deploying the same for installing an air-pollution monitoring protocol, 

which would not had been otherwise possible in such a dense industrialized area.  

A similar study by [14], utilizing 10 sensor nodes was carried out in Lemesos, 

Cyprus. The system highlighted two gateways and a web-based interface for 

collecting and analyzing of data. The sensors measured the harmful gases in the air 

coupled with the particulate matter. A XBee system was based on the meshlium 

transmitted data to other channels. The data was stored in a MySQL database and 

analyzed based on different variables.  Even though good data coupled with analyses 

was rendered, the system demonstrated lags from spatial obstructions when it came 

to transmission of data to the station. In other localities the pollution monitoring 

sensors even though wireless, demonstrated a comparatively downgraded 

performance. This included decreased range of one kilometer, as against seven 
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kilometers that is typically accomplished in a wide-open civil space that is devoid of 

any clusters. Urbanized localities are primarily based on these optimal settings 

wherein the meshlium as well as the waspmotes are at fifteen meters and four meters 

respectively. This placement is above the ground level and results in a 

communication range ceiling of over a thousand meters. The waspmotes were 

installed on light poles 300 cm above ground level. The entire installation of the 

Libelium WSN technology required approximately two weeks, a subtle indicator of 

addressing miscellaneous issues of waspmote deployment in a heavily populated 

downtown setting such as Lemesos, Cyprus.  

Communication problems were witnessed between the waspmotes and 

gateway only 60 m apart because of the constrictive structural environment within 

the city. An example of the same could be said to be that of a bulging tree wherein 

the stems of the tree presented in the blockage of the line of vision that exists between 

the gateway and the sensor nodes. The need for pre-calibrated sensors was also 

highlighted as part of this research in which calibration techniques were not able to 

robustly equate the characteristic patterns of the sensors with the ambient conditions. 

This demonstrates the requirement for an improved and refined algorithmic protocol 

pertaining to the software coupled with the need for negating any discrepancies that 

may arise out of the calibration of the Libelium sensors.  
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In yet another study [15], a laboratory simulation was performed wherein the 

in-field environmental settings were simulated to depict the real-world system. The 

research which was carried out at Sundsvall city located in Sweden, proposed an 

implementation of a wireless sensing system in air pollutant detection offers a 

broadly viable solution in comparison to conventional technology was extensively 

investigated. The study divided the system into sensing, data storage, and data access 

layers. The sensing portion contained the waspmote housing on an Atmel controller 

with its quality of low power consumption as the most important reason cited for its 

use in addition to other capabilities. The harmful gases and pollutants measured were 

CO, Pb, PM, SO2, NO2 and O3. However, because of constraints in terms of 

measurement capacity, it was not feasible for all the elements to be monitored 

simultaneously. The study sensed that the operational frequency of the transceiver 

was 2.4 Ghz, with the protocol stack being purchased from Digi International Inc.  

The power source for the sensor nodes was lithium batteries, and the software 

side of waspmote was complemented with API functionality. The sensor node was 

awoken from an energy preservative mode periodically every 15 minutes. Regarding 

the middle layer of data storage, it was responsible for collection or quantification of 

sensor inputs and enabling access to measurements of external components; this was 

incorporated with a meshlium design commercially sourced 968 from Libelium. The 

next data access facilitated the high-level management of particulate pollution 
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monitoring functionality, that consisted of resources needed for the different 

configurations of the network in addition to the sensor node adaptability. Upon 

evaluating, the sensor nodes demonstrated that the ones that were powered by battery 

were more lasting – lasting close to thirty-four days more than the conventional. 

Their operational duration changed significantly based on their level of displacement 

from the sink. It should be however noted, that those that were charged with the use 

of solar panels had an operational duration that were as high as a few months.  

The review of the systems mentioned here led to some important inferences 

being drawn that formed the underlying foundation of this study. Firstly, it should be 

noted that the power drainage of the system was observed to not be merely a 

byproduct of radio communication, but the sensing of the sensors themselves 

contributed most to power drainage that exceeded 1000% of that of communication 

activities. Secondly, in terms of cost-data output metrics, the ratio was not 

sufficiently low to suggest or convince that the wireless sensor nodes utilized were a 

significantly better economical alternative as opposed to conventional counterparts 

using non-wireless traditional technology.  

Lastly, the wireless sensors that were not previously calibrated were found to 

be more susceptible to production of unsatisfactory output, wherein inferior quality 

data was being reported. Based on these inferences, the researcher for this study 
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considered the commercial readiness as well as the viability of the device required 

for this type of monitoring and reporting of data.  

2.3. Harmful Pollutants and Particulate Matter in Modern Urban Areas 

Researchers regard particulate matter as particles that are being dispersed in 

air as by products, either in a solid or a liquid state. Primarily, these could be 

characterized as primary and secondary in nature based on how they are formed [16]. 

The primary particulate matter particles are emitted directly into the air, whereas the 

secondary ones are generated from their precursors via various chemical reactions 

taking place in the atmosphere. Other than this qualification, the particles are further 

classified as fine and coarse depending on their sizes. Thus, particles that have a size 

smaller than 1μm are classified as fine particles, whereas those with a size larger than 

1μm are classified as coarse particles. The denotations of PM1, PM2.5 and PM10 

essentially reference that particulate matter which has a size smaller than 1μm, 

2.5μm, and 10μm respectively [17]. In tandem with the harmful gases released from 

the vehicles exhaust, particulate matter is regarded as a harmful pollutant with severe 

health hazards depending on the levels of exposure and its travel down the respiratory 

system .  

The modern 21st century architecture coupled with increase in the number of 

vehicular traffic has resulted in extensive pollution of air we breathe every day. With 
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an ever-increasing population and urbanization, parking garages have now become 

an integral part of city plans. Most modern-day plans for traffic systems, especially 

in densely populated cities, rely heavily on adequate parking structure being provided 

to the city dwellers [18]. Public garages form an important part of modern-day 

business establishments and are categorized as underground garages, multi-floor 

parking garages (as used for this study) and open-air parking garages. Most smaller 

garages enjoy the benefit of natural ventilation, whereas large garages may have to 

be mechanically ventilated. With increasing environmental awareness and growing 

legislations, pollution of air is being emphasized and studied closely to monitor its 

effect on public health. The exhaust from an automobile is known to contain complex 

mixture of harmful gases with the primary ones being carbon monoxide (CO), 

Carbon dioxide (CO2), Nitrogen oxides (NOx), Sulphur oxides (SOx), volatile 

organic compound (VOC) and particulate matter [19]. These harmful gases and their 

components are being sent into the air directly from vehicles. Additional chemical 

processes such as evaporation of fuels and their by-products from engines can further 

add to air-pollution [20].  

The release of harmful gases in the garages depends on several conditions, 

primarily the operating state of a car’s engine and fuel combustion mechanism. The 

conditions within the garage are further amplified by the volume of the garage, its 

parking capacity, ventilation, rate of exchange of air and more. In addition to the 
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pollution caused within the garages, it has been shown that these harmful gases travel 

to the neighboring, thereby further enhancing their effects on human health [21]. A 

study by [6], researched the levels of CO and particle bound polycyclic aromatic 

hydrocarbons (pPAH) in a public parking garage. The measurements were carried 

out by a L15 CO Exposure Monitor and a PAS2000 Monitor which had a flowrate of 

2 liter per minute (lpm). The device reported CO concentrations that had average 

values of 3.3 mg/Nm3 and 1.5 mg/Nm3 during weekdays and weekends respectively, 

with the pPAH values reported at 19 ng/Nm3 and 2.6 ng/Nm3. In yet another study 

by [22], pollution in terms of particulate matter and harmful gas emission was 

measured at Florence, Italy. The researchers harnessed a pDR 1200 particle sample 

that had a flow rate of 4lpm, which was mounted inside four diesel busses and four 

taxis over a course of a week. The findings reported average PM2.5 concentrations 

of 32 Ag/Nm3 and 20 Ag/Nm3 for buses and taxis respectively, which was 

significantly higher than the average values for that area.  

In another study [23] researched particulate matter that had a size 2.5 Am at 

a rider shed at bus stops. Two 8520 DustTrak Aerosol devices that had a flowrate of 

1.7lpm were used to simultaneously record the concentrations of particulate matter. 

The study reported above average concentrations of 17.24 Ag/Nm3 and 14.72 

Ag/Nm3 for inside and outside the shed respectively. Thus, the findings suggested 

that public health was more at risk inside the rider sheds as compared to that outside 
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the shed. Author in [24], conducted a study wherein aerosols concentrations were 

measured in a road tunnel that stretched over slightly over three kilometers, with 

three sections dividing it via tubes for a one-direction vehicular traffic measured at 

two sites during weekdays and weekends. The first site was roughly a hundred meters 

into the tunnel near the entrance, whereas the second data collection site was at 

hundred meters from the tunnel’s exit. Two oscillating microbalance (TEOM) 

devices having a flow rate of 3lpm were used to measure the concentrations of 

particulate emissions. The results showed that the concentrations at the site towards 

the exit of the tunnel were significantly higher – by about 8 times – as compared to 

those by the site at the entrance. Another in [25], conducted a study that measured 

the concentrations of the air pollutants in two streets in Amsterdam. One of the streets 

was high on traffic, whereas the other one showed comparatively light traffic. 

Harvard impactors functioning at 10lpm were used to measure readings. The 

measurements were performed at 24-hour intervals for a total of nineteen days. The 

study revealed that the outdoor particulate concentrations for street with high traffic 

were lower by about 10% than indoor concentrations.   

The studies cited in this sub-section show the concentration of pollutants as 

it relates to emissions within tunnels, bus-sheds and vehicles. However, in the 

extensive literature review performed by this researcher shows no studies being 

performed specifically for a public parking garage. These studies and their findings, 
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however, do form the underlying foundation of this study and were used to construct 

methodology and data collection techniques.  

2.4. A Case Study Pertaining to Pollution Measurements in Parking 

Garages 

In this section, the researcher will cite case studies pertaining to emissions 

from enclosed parking garages and streets [7]. In the first case study three enclosed 

parking garages in Belgium. The researchers measured concentrations of particulate 

matter in terms of their concentrations and sizes in real time via the use of an 

Electrical Low-Pressure Impactor Plus (ELPI+) instrument. The researchers 

specifically investigated sizes that were pertaining to sizes that were 1μm, 2.5μm and 

10μm signified as PM1, PM2.5 and PM10 respectively. The reported values were 

then compared with the standards as recommended by World Health Organization 

(WHO), United States Environmental Protection Agency (USEPA) and the European 

Union (EU). 

The three garages had varying layouts, the construction of which was based 

on the intensity of vehicles within those garages. The first two garages (A and B) 

were located on first floor and basement respectively. The third garage (C) was at the 

basement of a multi-floored building. While garage A had natural ventilation, garages 

B and C had a combination of natural and mechanical ventilation. In terms of hours, 
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garages A and B were open on the weekdays, whereas garage C was open all week 

long. In terms of the capacities, the parking garages A, B and C had capacities of 50, 

130 and 185 respectively. The measurements were carried out using an Electrical 

Low-Pressure Impactor Plus (ELPI+). The experimental set-up is denoted in figure 

2.1 below.  

 

Figure 2-1 An Electrical Low-Pressure Impactor Plus (ELPI+). 
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Prior to commencing measurement, the ELPI+ device was turned on at least 

45 minutes before, thereby allowing it to calibrate. Readings were collected for 

several days during the week but excluding the weekends. The collected data was 

then transferred to the system’s software analysis part, wherein it was processed and 

analyzed. The results of this measurement showed that the concentrations ranged 

from 6nm to 10μm as summarized in table below. The values obtained were then 

compared to the standard values as presented by WHO, USEPA and EU, listed in 

table 2.2 [21]. It should be noted that no values for 1μm were provided by any of 

these agencies and as such are not listed here. As can be seen from the values 

presented, the particulate matter concentrations were significantly higher than the 

standard recommended values by the world environmental organizations.  

Table 2-1 Average concentrations of particulate matter 

at three parking garages. 

Site PM1 (μg Nm-3) PM2.5 (μg Nm-3) PM10 (μg Nm-3) 

Garage A 28.27±1.0 42.63±3.24 58.27±12.55 

Garage B 42.11±3.31 55.23±7.34 90.18±27.01 

Garage C 49.81±4.77 59.79±9.02 75.95±40.78 
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Table 2-2 Particulate matter values per WHO, USEPA and EU. 

Particle size fraction WHO USEPA EU 

PM2.5 

Annual mean (μg m-3) 10 15 Not set 

24-hour mean (μg m-3) 25 35 Not set 

PM10 

Annual mean (μg m-3) 20 50 20 

24-hour mean (μg m-3) 50 150 50 
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Chapter 3 : Methodology 

3.1. Background 

The research was designed to adequately depict the behavior of indoor 

pollutant matter in public garages, the underlying factors influencing this behavior, 

quantifying fine pollutant particles and study the pollutant exhaust emission patterns. 

In depicting the behavior of indoor pollutant matter, the research aimed at studying 

the emission-pollutant relationship and any variations in concentrations found at 

different locations within the study site. In terms of measuring the factors influencing 

the pollutant behavior, the research quantified several gaseous contaminants and 

particulate matters.  

The pollutant behavior was studied to better understand the different 

variables influencing the indoor air-quality. Fine pollutant particles were quantified 

based on the number of particles measured per unit volume to ultimately determine 

their concentrations and abundance in the study area. Finally, based on these 

parameters overall patterns in exhaust emissions were deduced. With the 

aforementioned factors in background, an experiment was designed to collect, 

process and analyze significant amounts of data points within the experimental site 

detailed subsequently. 
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3.2 Instrumentation 

3.2.1. Overview 

The indoor air-quality in the experimental site was measured using an 

Alphasense™ Unit comprising of four sensors as depicted in figure 3.1 below. The 

four sensors measured the levels of Carbon Monoxide, Nitrogen Dioxide, Ozone and 

Sulphur Dioxide. These are electrochemical sensors functioning in an amperometric 

mode with specifications as shown in figures 3.2, 3.3, 3.4 and 3.5 below. Thus, based 

on the volume of the gas present, the sensors report a linearly proportional current. 

As can be seen from the figure, the sensors primarily consist of electrodes, wetting 

filters and an electrolyte reservoir.  

 

Figure 3-1 Alphasense™ Unit comprising of four sensors 
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Figure 3-2 Alphasense™ Carbon Monoxide sensor 

 

Figure 3-3 Alphasense™ Nitrogen Dioxide sensor 
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Figure 3-4 Alphasense™ Ozone sensor 

 

Figure 3-5 Alphasense™ Sulfur Dioxide sensor 
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3.2.2. Electrochemical Toxic Gas Sensors 

The electrode make-up consists of a working electrode, a counter electrode 

and a reference electrode. A schematic representation of the sensors’ working is 

depicted in figure 3.6 below.  

 

Figure 3-6 Working of the three electrochemical sensors 

The working electrode augments the oxidation or reduction reactions of the 

gases being measured. Via this electrode interface, the gas being measured contacts 

with the electro catalyst and the electrolyte. This results in the generation of solid, 

liquid and gaseous interfaces, required for gauging the gas levels. The counter 

electrode in tandem with the working electrode helps in creating a circuit that then 

applies and measures the current passing through the system. As the name suggests, 

the counter electrode balances the reactions taking place at the working electrode. 



25 
 

So, for instance if oxidation takes place at the working electrode, reduction occurs in 

the counter electrode. The reference electrode facilitates the measurement of 

potential without the requirement of passing an electric current through it. So, when 

oxidation takes place at the working electrode equivalent amount of reduction is 

observed at the counter electrode. Consequently, no current flows between the 

reference and working electrode, thereby allowing for accurate measurement of 

electrode potential. Thus, the three-electrode system was chosen for this research 

allowed for measuring accurate values, as compared to a more commonly used two-

electrode system. The chemical compositions of the Alphasense™ reference and 

counter electrodes is identical to that of the working electrode.  

The wetting filters offer hydrophilic separation to facilitate the capillary 

transport of sulfuric acid, which is the cell electrolyte. This cell electrolyte at 3 to 7 

molarity facilitates the ionic and electric contact between the two electrodes. Using 

the potential at the reference electrode as standard, a fixed potential is maintained at 

the working electrode via a potentiostatic current. The electro-chemical oxidation 

reactions of the gases measured takes place at the surface of the working electrode. 

The sensor performance is further optimized by a high surface area catalyst 

generating a high sensor capacitance of 50 to 200 mF. The working electrode 

encounters the outside air and thus reports all the gases this research has reported.  
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The counter electrode keeps the reactions balanced, wherein an oxidation at 

the working electrode results in a reduction at the counter electrode. This eventually 

results in the generation of an equivalent amount of current in the system, thereby 

balancing the chemical reactions. So, for instance, when CO is oxidized at working 

electrode, O2 is oxidized at the counter electrode as demonstrated in the equation 

below:  

Working electrode: CO + H2O          CO2 + 2H+ + 2e- 

Reference electrode: 1/2O2 + 2H+ + 2e-         H2O 

Balanced reaction in the system: CO + 1/2O2           CO2  

Thus, an increased amount of Carbon Monoxide at the working electrode 

results in an increased amount of oxygen consumption at the counter electrode. 

Contrary to the counter electrode, the working electrode is designed to handle 

varying potential. If tested under clean air conditions, the potential difference at 

counter electrode is same as that of working electrode, but increasing potential 

consequently increases as the system demand increased current. To keep the 

reactions balanced, the circuit is so designed as to supply adequate current to the 

counter electrode to enable its functionality at the required potential. Even though 

reduction reactions to balance the oxidation at the working electrode is the primary 
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responsibility of the counter electrode, this electrode essentially is designed to 

perform whatever is necessary to balance the reactions at the working electrode. So, 

during the data collection, the working electrode often generated lower levels of 

currents when the concentrations of gases were extremely low. During such low gas 

concentrations, the counter electrode works comparatively less hard and easily 

generates lower O2 levels, thereby maintaining the reactive balance required to keep 

the system stable. However, in the event of higher gas levels, the system gets low on 

O2. When this happens, the counter electrode resorts to reducing protons to produce 

hydrogen as oxygen levels get low.  

As mentioned previously, the AlphasenseTM sensors are based on a three-

electrode system. In addition to the working and counter electrode, the system is 

characterized by a reference electrode. The role of the reference electrode is to ensure 

that the working electrode is functioning in the right region of current and voltage, 

as indicated in figure 3.6 above. The reference electrode is kept at a constant 

potential, which consequently ensures that the working electrode stays at the right 

potential resulting in a steady sensitivity and accurate linearity. The circuit is so 

assembled, to provide the counter electrode with as much current as it requires. 
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3.2.3. Current-Voltage Range and Sensitivity 

The current flowing through the working electrode varies as the potential 

applied changes resulting in a current-voltage curve depicted in figure 3.7 below. We 

can note a flat plateau region for hundreds of millivolts wherein the current produced 

is independent of the potential being applied. The plateau region is caused due the 

fact that the current is fully controlled by the mass transportation of the gas being 

measured by the working electrode. This gas creates a diffusional flux, which in turn 

remains independent of the potential that the working electrode applies. The areas 

where we do not see a plateaued region are the areas where current generated depends 

on the electrochemical kinetic reactions taking place at the electrode. The gas sensor 

functions within the potential at the working electrode, wherein the diffusion remains 

restricted in the plateau region. This keeps any minor fluctuations in the reference 

electrode potential from affecting the overall performance of the working electrode. 

So, for the toxic gases measured during this research, an application of zero volts to 

the working electrode with reference to the reference electrode results in a plateau 

region. With this premise in background, the working electrode is geared towards 

maximizing the current produced in response to the electrochemically active gas 

being measured. The concentration of this gas as well as the sensitivity is moderated 

by a gas diffusion barrier present above the working electrode. This barrier regulates 
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the flux sent to the working electrode. Thus, larger the diffusion barrier, higher the 

sensitivity and consequently lower the corresponding concentration.  

 

Figure 3-7 Current-voltage range and sensitivity graph 

3.3 Experiment Design 

3.3.1. Test Site 

The test site for this research was a four-story parking garage located at 

Florida Institute of Technology.  With the first and fourth story being open-air, only 

the second and third story were used for collecting data. This parking garage, 

depicted in figure 3.8, lacks mechanical ventilation; therefore, it was important to 

investigate the levels of CO, SO2, NO2 and O3 emitted in this location.  
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Figure 3-8 Test site – multi-leveled parking lot 

As shown in figure 3.9 below, the first story has a higher ceiling and it is more 

open to the air than the second and third stories. So, as mentioned before data was 

not collected for this story. 

 

Figure 3-9 Test site – first level 
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As depicted in figures 3.11 and 3.12, the second and third stories have limited 

airflow because they are more enclosed. 

 

Figure 3-10 Test site – second level 

 

Figure 3-11 Test site – third level 
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Lastly, as shown in figure 3.13, the fourth story is not enclosed and has no ceiling. 

 

Figure 3-12 Test site – fourth story 

3.3.2. Testing Procedures 

As mentioned previously, ekoNet™ Unit comprising of four sensors, 

networked to a programmed Arduino board was used to collect data. The data points 

collected by the device are sent to a cloud-connected database via a Microsoft Azure 

interface. The system was be taken to a running car and the sensor placed near the 

exhaust. This ekoNetTM monitoring system was deployed on all levels of the parking 

garage. The data was transmitted from the sensors to the base station using Wi-Fi 

module. All data was recorded and monitored at the base station.  
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Chapter 4 : Results and discussion 

4.1. Overview 

Regression analysis was performed to analyze the data replete with a 

trendline and a R2 value. Analyzing the data using the regression analysis technique 

was vital since it brought forth the different trends in terms of identifying and 

characterizing the relationships between the concentration levels of pollutants for all 

three levels of the parking garage. Using this technique also helped in identifying 

those elements that posed a prognostically relevant risks in terms of depicting the 

concentrations of pollutants from an individually prognostic factors for each gas.  

Evaluation of data via regression analysis helps in description, estimation and 

prognostication [26]. In terms of description, the findings indicate the relationship 

between the dependent and independent variables of a research study. The estimation 

element helps in estimation of the value for a dependent variable based on that of the 

value of an independent variable. Finally, in terms of prognostication, prognoses are 

performed on individual values and the influence that any possible risk factors can 

have on the results is outlined.  
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4.2. Dependent and Independent Variables 

As mentioned previously, a linear regression is a relationship between the 

dependent and independent variables, denoted along the Y-axis and X-axis 

respectively. An underlying requirement for this relationship to occur is that the 

dependent variable must be continuous, while the independent variable could be 

continuous, binary or even categorial. In case of this study, both the dependent and 

independent variables were continuous in nature. The dependent variable is the 

central element any study is working towards predicting. Independent variables are 

the values that influence the dependent variables. To run a regression analysis test, a 

study denotes a dependent variable and hypothesizes that it is influenced by one or 

more independent variables. The most common type of regression analysis is linear 

regression. In this type of analysis, the data-points are adjusted around a trendline 

that is created via the use of a mathematical equation and a linear function. 

4.3. Underlying Assumptions 

To establish a relation between the dependent and independent variables, 

linear regression analyses is required to make certain set of assumptions [27]. The 

first assumption is that of linearity, wherein the study assumes that a linear 

relationship exists between the dependent and independent variable. The second 

assumption is the assumption of homoscedasticity in the data, wherein it is assumed 

that the values of data associated with the dependent and independent variables are 
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equal in terms of variances. The third assumption is that of assumption of absence of 

collinearity or multicollinearity, wherein the researcher assumes that no correlation 

exists between the independent variables. The fourth assumption is that of 

assumption of normal distribution, wherein one assumes that there is normal 

distribution for data associated with dependent and independent variables. 

4.4. Initial Judgement 

In case of regression analysis and as it applies to this study, an initial 

judgement is usually made based on a scatter plot. This is required to determine if 

the relationship between the dependent and independent variables is linear or non-

linear. A linear relationship is set of points from a dataset that are fitted around one 

straight trendline. A non-linear relationship is not fitted around a straight line and 

could be curved or in other non-linear shape. In case of this study, a linear 

relationship was observed as evidenced in one of the initial judgement graphs during 

analysis. Following the creation of such initial judgement graphs and based on the 

variables and data collected for this project, univariable linear regression method of 

analysis was applied, the details of which are explained in the next section. 

4.5. Univariable Linear Regression 

A univariable linear regression is used for analyzing the relationship between 

just one independent variable X and a dependent variable Y, which in case of this 
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study are the number of cars and the concentration of pollutant gases [28]. The 

dependent variable is typically represented by a straight line and expressed by the 

equation Y = a + b × X.  In this equation, the ‘a’ denotes y-intersect of the line 

whereas ‘b’ is the slope of the line. Regression analysis in most cases starts with the 

estimating of the parameters ‘a’ and ‘b’ of the regression trend line. These values of 

parameters ‘a’ and ‘b’ are estimated based on the values of the dependent variable 

denoted by Y in the above equation and the independent variable denoted by X in the 

above equation. The ‘b’ or the slope of the regression line is also referred to as the 

regression coefficient. This element provides a measure that shows the contribution 

of ‘X’ or the independent variable in terms of determining ‘Y’ – the dependent 

variable. In order to appropriately interpret these values, it is imperative that we give 

careful attention to the units of measurement. This requires for the researcher to 

ensure that if the independent variable is continuous – as it is in case of this study – 

the dependent variable is continuous as well. This thereby ensures the linearity of the 

correlation. 
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4.6. Regression Trendlines 

An important aspect of regression analysis is the regression trendline, also 

referred to as the regression line. A regression trendline is created using the best 

fitting curve for the equation above. Essentially, it is the fit of the least squares, 

wherein the distances from the points to the line are squared and are minimized along 

the Y-axis. Thus, we can say that the role of a trendline is to smooth the results and 

decreasing the peak.  

There are six types of trendlines, namely exponential, logarithmic, 

polynomial, power, moving average and linear.  An exponential regression line is a 

curved line that demonstrates an increase or decrease in data values at a rate that is 

increasing. So, as can be seen from the image above, this line is usually more curved 

at one side. The logarithmic regression line is usually a best-fit line that is typically 

used to represent data-points that rapidly rise or fall, but then even out eventually. 

This type of regression line typically can have positive as well as negative values 

associated with it. The polynomial regression line is more appropriate for large 

datasets that are typically characterized with oscillating data sets that increase and 

decrease. In most cases, a polynomial regression line is characterized by the how 

high its largest exponent is. A polynomial regression line is also characterized by the 

number of bends on the graph. Ideally, most quadratic polynomial regression lines 

have one bend, with a cubic polynomial regression line having up to 2 bends and a 
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quartic polynomial regression line having up to 3 bends. A power regression line 

could be regarded as an extension of the exponential curve, with the main difference 

is that it has a comparatively more symmetrical arc. This type of regression line is 

ideally utilized to represent datapoints that are increasing exponentially but at a fixed 

rate.  

A moving average regression line is utilized when the dataset consists of 

points that have a several peaks and valleys. Such regression lines smooth out the 

high level of fluctuation in the dataset, thereby allowing a researcher to clearly 

synthesize a pattern. Finally, the last type of regression line is the linear regression 

line, used in this study. This type of regression line is ideal for data sets such as the 

one for this study, since it consists of data points that are in a straight line with a 

certain pattern of rise and fall observed in unit time. 
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4.7. Analysis of Pollutant Concentrations 

4.7.1. Overview of trends and behavior observed for all pollutants 

4.7.1.1. Mathematical Model Between Cars and Gases in Level 2 

The box plot below shows the average pollutant concentrations for level 2. 

O3 recorded values of 8.63 PPB, 10.94 PPB, 13.80 PPB, 15.35 PPB and 17.39 PPB 

for 3, 4, 5, 6 and 7 cars respectively. The values for CO were 0.96 PPM, 0.82 PPM, 

1.20 PPM, 2.38 PPM and 4.36 PPM for 3, 4, 5, 6 and 7 cars respectively. Likewise, 

SO2 values were 4.49 PPM, 15.45 PPM, 16.43 PPM, 18.73 PPM and 21.58 PPM for 

3, 4, 5, 6 and 7 cars respectively. And lastly, NO2 concentrations were found to be 

12.66 PPB, 16.72 PPB, 20.36 PPB, 20.94 PPB and 23.40 PPB for 3, 4, 5, 6 and 7 

cars respectively. Thus, increase in the number of cars corresponded with increase in 

the pollutant gas concentrations for all the gases for level 2.  
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- The mathematical model for the result in level 2 is: 

N of Cars (L2) = -0.74 +(0.11*O3) +(0.20*CO) +(0.05*SO2) +(0.16*NO2) 

 
 

 

Figure 4-1 Box plots of pollutant concentrations for level 2 

4.7.1.2. Mathematical Model Between Cars and Gases in Level 3 

The box plot below shows the average pollutant concentrations for level 3. 

O3 recorded values of 7.5 PPB, 8.5 PPB, 10.95 PPB, 13.35 PPB and 14.54 PPB for 

3, 4, 5, 6 and 7 cars respectively. The values for CO were 0.69 PPM, 0.75 PPM, 0.85 

PPM, 0.91 PPM and 1.24 PPM for 3, 4, 5, 6 and 7 cars respectively. Likewise, SO2 

values were 11.99 PPM, 12.80 PPM, 13.55 PPM, 13.91 PPM and 14.87 PPM for 3, 

4, 5, 6 and 7 cars respectively. And lastly, NO2 concentrations were found to be 11.55 

PPB, 12.73 PPB, 14.59 PPB, 15.70 PPB and 16.36 PPB for 3, 4, 5, 6 and 7 cars 
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respectively. Thus, increase in the number of cars corresponded with increase in the 

pollutant gas concentrations for all the gases for level 3. 

- The mathematical model for the result in level 3 is: 

N of Cars (L3) = -1.08 +(0.18*O3) +(1.82*CO) +(-0.02*SO2) +(0.199*NO2) 

 

Figure 4-2 Box plots of pollutant concentrations for level 3 
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4.7.1.3. Mathematical Model Between Cars and Gases in Level 4 

The box plot below shows the average pollutant concentrations for level 4. 

O3 recorded values of 5.83 PPB, 8.24 PPB, 9.69 PPB, 11.20 PPB and 12.07 PPB for 

3, 4, 5, 6 and 7 cars respectively. The values for CO were 0.56 PPM, 0.64 PPM, 0.74 

PPM, 0.85 PPM and 1.43 PPM for 3, 4, 5, 6 and 7 cars respectively. Likewise, SO2 

values were 10.47 PPM, 12.24 PPM, 12.80 PPM, 14.75 PPM and 15.09 PPM for 3, 

4, 5, 6 and 7 cars respectively. And lastly, NO2 concentrations were found to be 11.32 

PPB, 13.10 PPB, 16.15 PPB, 18.05 PPB and 18.89 PPB for 3, 4, 5, 6 and 7 cars 

respectively. Thus, increase in the number of cars corresponded with increase in the 

pollutant gas concentrations for all the gases for level 4. 
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- The mathematical model for the result in level 4 is: 

N of Cars (L4) = -1.187 +(0.1*O3) +(0.89*CO) +(0.07*SO2) +(0.24*NO2) 

 

 

Figure 4-3 Box plots of pollutant concentrations for level 4 
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4.7.2. Pollutant concentrations 3 cars for level 2 

Step1. Create a box plot to get means and compare trends. 

Mean values of 8.63, 0.86, 14.49 and 12.66 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4.4 below. 

 

Figure 4-4 Box plot of O3, CO, SO2 and NO2 for 3 cars for level 2 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4.5 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-5 Scatter matrix of O3, CO, SO2 and NO2 for 3 cars for level 2 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-1 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.239, 0.132 and 0.034 respectively. Thus, there is no correlation of O3 with CO, 

SO2 and NO2. In terms of CO, with Pearson coefficients of 0.175 and 0.188 for SO2 

and NO2 respectively, no correlation can be said to exist. Lastly, a Pearson coefficient 

of 0.299 was observed between NO2 and SO2, indicating a strong correlation. 

Table 4-1 Regression analysis showing correlation between gases. 
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Step 4. Perform ANOVA  

Table 4-2  ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-3 Model summary 

 

The model summary shows a value of 0.089 for R Square, indicating that the 

model using the predictor variables explains only 8.9% of variance in data. 
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Step 6. Interpretation of results 

The positive value indicates positive correlation between these two gases. So, 

as concentrations of SO2 increase one can expect concentrations of NO2 to increase 

correspondingly. Furthermore, the correlation indicates that there is a high likelihood 

that the gases are emitted from the same source. For all other gases, we can interpret 

that rise or fall in level of one of the gases, does not necessarily correspond to a 

similar behavior of the other gas. The R square value of the model explains only 

8.9% of the variance in the data, indicating most of the variance in the model is 

governed by other external factors. Finally, the statistical significance value of the 

model was well within the statistical significance value 0.05 indicates that the model 

is poised to make accurate predictions. 
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4.7.3. Pollutant concentrations for 3 cars for level 3 

Step1. Create a box plot to get means and compare trends. 

Mean values of 7.5, 0.69, 11.99 and 11.55 respectively were deduced for O3, 

CO, SO2 and NO2 as shown in figure 4-6 below. 

 

Figure 4-6 Box plot of O3, CO, SO2 and NO2 for 3 cars for level 3 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-7 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-7 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-4 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.102, 0.282 and 0.128 respectively. Thus, there is no correlation of O3 with CO and 

NO2. A positive correlation is observed between O3 and SO2. In terms of CO, with 

Pearson coefficients of 1.24 and -0.017 for SO2 and NO2 respectively, no correlation 

can be said to exist. Lastly, a Pearson coefficient of 0.333 was observed between 

NO2 and SO2, indicating a strong correlation. 

Table 4-4 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-5 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-6 Model summary for all gases 

 

The model summary shows a value of 0.099 for R Square, indicating that the 

model using the predictor variables explains only 9.9% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.282 indicates a positive correlation between O3 and SO2. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. Similarly, a strong positive correlation between SO2 and NO2 can 

also be observed. Thus, increase or decrease in levels of NO2 will result in 

corresponding rise and fall of SO2 levels. These strong positive correlations also 

indicate that there is a high likelihood of the correlated gases being emitted from the 

same source. For all other gases, we can interpret that rise or fall in level of one of 

the gases, does not necessarily correspond to a similar behavior of the other gas. The 

R square value of the model explains only 9.9% of the variance in the data, indicating 

most of the variance in the model is governed by other external factors. Finally, the 

statistical significance value of the model was well within the statistical significance 

value 0.05 indicates that the model is poised to make accurate predictions. 
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4.7.4. Pollutant concentrations for 3 cars for level 4 

Step1. Create a box plot to get means and compare trends. 

Mean values of 5.83, 0.56, 10.47 and 11.32 respectively were deduced for O3, 

CO, SO2 and NO2 as shown in figure 4-8 below. 

 

Figure 4-8 Box plot of O3, CO, SO2 and NO2 for 3 cars for level 4 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-9 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-9 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-7 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.136, 0.325 and 0.396 respectively. Thus, there is no correlation of O3 with CO. O3 

shows a positive correlation with SO2 and NO2. In terms of CO, Pearson coefficients 

of -0.46 and 0.482 for SO2 and NO2 respectively are observed. Thus, no correlation 

exists between CO and SO2, whereas a positive correlation exists between CO and 

NO2. Lastly, a Pearson coefficient of 0.143 was observed between NO2 and SO2, 

indicating a no correlation. 

Table 4-7  Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-8 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-9  Model summary for all gases 

 

The model summary shows a value of 0.231 for R Square, indicating that the 

model using the predictor variables explains only 23% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.025 indicates a positive correlation between O3 and SO2. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. Similarly, a strong positive correlation between CO and NO2 can 

also be observed. Thus, increase or decrease in levels of CO will result in 

corresponding rise and fall of SO2 levels. These strong positive correlations also 

indicate that there is a high likelihood of the correlated gases being emitted from the 

same source. For all other gases, we can interpret that rise or fall in level of one of 

the gases, does not necessarily correspond to a similar behavior of the other gas. The 

R square value of the model explains only 23% of the variance in the data, indicating 

most of the variance in the model is governed by other external factors. Finally, the 

statistical significance value of the model was well within the statistical significance 

value 0.05 indicates that the model is poised to make accurate predictions. 
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4.7.5. Pollutant concentrations for 4 cars for level 2 

Step1. Create a box plot to get means and compare trends. 

Mean values of 10.94, 0.82, 15.45 and 16.72 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-10 below. 

 

Figure 4-10 Box plot of O3, CO, SO2 and NO2 for 4 cars for level 2 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-11 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-11 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-10 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.189, 0.20 and 0.322 respectively. Thus, there is no correlation of O3 with CO and 

SO2. O3 shows a positive correlation with NO2. In terms of CO, Pearson coefficients 

of 0.189 and 0.009 for SO2 and NO2 respectively are observed. Thus, CO shows no 

correlation between SO2 and NO2. Lastly, a Pearson coefficient of 0.108 was 

observed between NO2 and SO2, indicating no correlation. 

Table 4-10 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-11 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-12 Model summary for all gases 

 

The model summary shows a value of 0.141 for R Square, indicating that the 

model using the predictor variables explains only 14.1% of variance in data. 
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Step 6. Interpretation of results 

A strong positive correlation can be observed between O3 and NO2. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. This strong positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 14.1% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.6. Pollutant concentrations for 4 cars for level 3 

Step1. Create a box plot to get means and compare trends. 

Mean values of 8.50, 0.75, 12.80 and 12.73 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-12 below. 

 

Figure 4-12 Box plot of O3, CO, SO2 and NO2 for 4 cars for level 3 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-13 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-13 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-13 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.311, 0.102 and0.186 respectively. Thus, there is no correlation of O3 with SO2 and 

NO2. O3 shows a positive correlation with CO. In terms of CO, with Pearson 

coefficients of 0.155 and 0.174 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of 0.245 was observed between NO2 and 

SO2, indicating a no correlation. 

Table 4-13 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-14 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-15  Model summary for all gases 

 

The model summary shows a value of 0.115 for R Square, indicating that the 

model using the predictor variables explains only 11.5% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.311 demonstrate a positive correlation between O3 and CO2. 

So, as concentrations of O3 increase one can expect concentrations of CO to increase 

correspondingly. This strong positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 11.5% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.7. Pollutant concentrations for 4 cars for level 4 

Step1. Create a box plot to get means and compare trends. 

Mean values of 8.24, 0.64, 12.24 and 13.10 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-14 below. 

 

Figure 4-14 Box plot of O3, CO, SO2 and NO2 for 4 cars for level 4 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-15 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-15 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-16 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.237, 0.547 and 0.550 respectively. Thus, there is no correlation of O3 with CO. O3 

shows a positive correlation with SO2 and NO2. In terms of CO, with Pearson 

coefficients of 0.129 and 0.29 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of 0.526 was observed between NO2 and 

SO2, indicating a strong correlation. 

Table 4-16 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-17 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-18 Model summary for all gases 

 

The model summary shows a value of 0.482 for R Square, indicating that the 

model using the predictor variables explains only 48.2% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.526 indicates a positive correlation between NO2 and SO2. So, 

as concentrations of NO2 increase one can expect concentrations of SO2 to increase 

correspondingly. This strong positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 48.2% of the variance in the data, which is very close to the 

required 50%. Finally, the statistical significance value of the model was well within 

the statistical significance value 0.05 indicates that the model is poised to make 

accurate predictions. 
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4.7.8. Pollutant concentrations for 5 cars for level 2 

Step1. Create a box plot to get means and compare trends. 

Mean values of 13.80, 1.2, 16.43 and 20.36 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-16 below. 

 

Figure 4-16 Box plot of O3, CO, SO2 and NO2 for 5 cars for level 2 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-17 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-17 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-19 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.454, -0.93 and 0.106 respectively. Thus, there is no correlation of O3 with SO2 and 

NO2. O3 shows a positive correlation with CO. In terms of CO, with Pearson 

coefficients of 0.284, 0.113 for SO2 and NO2 respectively. Thus, CO shows a 

positive correlation with SO2 and no correlation with NO2. Lastly, a Pearson 

coefficient of -0.61 was observed between NO2 and SO2, indicating a strong 

negative correlation. 

Table 4-19 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-20 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-21 Model summary for all gases 

 

The model summary shows a value of 0.261 for R Square, indicating that the 

model using the predictor variables explains only 26.1% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.454 shows a positive correlation between O3 and CO. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. Similarly, a strong positive correlation between CO and SO2 can 

also be observed. Thus, increase or decrease in levels of NO2 will results in 

corresponding rise and fall of SO2 levels. Additionally, a strong negative correlation, 

as indicated by a value of -0.61 was observed between NO2 and SO2, so an increase 

in levels of NO2 will results in corresponding decrease in level of SO2 and vice 

versa. These strong positive correlations also indicate that there is a high likelihood 

of the correlated gases being emitted from the same source. For all other gases, we 

can interpret that rise or fall in level of one of the gases, does not necessarily 

correspond to a similar behavior of the other gas. The R square value of the model 

explains only 26.1% of the variance in the data, indicating most of the variance in 

the model is governed by other external factors. Finally, the statistical significance 

value of the model was well within the statistical significance value 0.05 indicates 

that the model is poised to make accurate predictions. 
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4.7.9. Pollutant concentrations for 5 cars for level 3 

Step1. Create a box plot to get means and compare trends. 

Mean values of 10.95, 0.85, 13.55 and 14.59 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-18 below. 

 

Figure 4-18 Box plot of O3, CO, SO2 and NO2 for 5 cars for level 3 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-19 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-19 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-22 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.139, 0.409 and 0.104 respectively. Thus, there is no correlation of O3 with CO and 

NO2. O3 shows a positive correlation with SO2. In terms of CO, with Pearson 

coefficients of 0.253 and 0.182 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of 0.485 was observed between NO2 and 

SO2, indicating a strong correlation. 

Table 4-22 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-23 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-24 Model summary for all gases 

 

The model summary shows a value of 0.181 for R Square, indicating that the 

model using the predictor variables explains only 18.1% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.409 indicates a positive correlation between O3 and SO2. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. Similarly, a strong positive correlation between SO2 and NO2 can 

also be observed. Thus, increase or decrease in levels of NO2 will results in 

corresponding rise and fall of SO2 levels. These strong positive correlations also 

indicate that there is a high likelihood of the correlated gases being emitted from the 

same source. For all other gases, we can interpret that rise or fall in level of one of 

the gases, does not necessarily correspond to a similar behavior of the other gas. The 

R square value of the model explains only 18.1% of the variance in the data, 

indicating most of the variance in the model is governed by other external factors. 

Finally, the statistical significance value of the model was well within the statistical 

significance value 0.05 indicates that the model is poised to make accurate 

predictions. 
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4.7.10. Pollutant concentrations for 5 cars for level 4 

Step1. Create a box plot to get means and compare trends. 

Mean values of 9.69, 0.74, 12.80 and 16.15 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-20 below. 

 

Figure 4-20 Box plot of O3, CO, SO2 and NO2 for 5 cars for level 4 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-21 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-21 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-25 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.084, 0.146 and 0.336 respectively. Thus, there is no correlation of O3 with CO and 

SO2. O3 shows a positive correlation with NO2.  In terms of CO, with Pearson 

coefficients of 0.254 and -0.172 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of -0.132 was observed between NO2 and 

SO2, indicating a no correlation. 

Table 4-25 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-26 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-27 Model summary for all gases 

 

The model summary shows a value of 0.160 for R Square, indicating that the 

model using the predictor variables explains only 16% of variance in data. 

  



88 
 

Step 6. Interpretation of results 

A positive correlation between O3 and NO2 is evidenced by a value of 0.336. 

So, as concentrations of O3 increase one can expect concentrations of NO2 to 

increase correspondingly. This strong positive correlation also indicates that there is 

a high likelihood of the correlated gases being emitted from the same source. For all 

other gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 16% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.11. Pollutant concentrations for 6 cars for level 2 

Step1. Create a box plot to get means and compare trends. 

Mean values of 15.35, 2.38, 18.73 and 20.94 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-22 below. 

 

Figure 4-22 Box plot of O3, CO, SO2 and NO2 for 6 cars for level 2 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-23 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-23 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-28  below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.112, -0.128 and 0.445 respectively. Thus, there is no correlation of O3 with CO and 

SO2. O3 shows a positive correlation with NO2. In terms of CO, with Pearson 

coefficients of -0.200 and 0.124 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of 0.103 was observed between NO2 and 

SO2, indicating a no correlation. 

Table 4-28 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-29 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-30 Model summary for all gases 

 

The model summary shows a value of 0.273 for R Square, indicating that the 

model using the predictor variables explains only 27.3% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.445 indicates a positive correlation between O3 and NO2. So, 

as concentrations of O3 increase one can expect concentrations of NO2 to increase 

correspondingly. This strong positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 27.3% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.12. Pollutant concentrations for 6 cars for level 3 

Step1. Create a box plot to get means and compare trends. 

Mean values of 13.35, 0.91, 13.91 and 15.70 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-24 below. 

 

Figure 4-24 Box plot of O3, CO, SO2 and NO2 for 6 cars for level 3 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-25 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-25 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-31 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.356, 0.523 and 0.220 respectively. Thus, there is no correlation of O3 with NO2. 

O3, shows a positive correlation with CO and SO2. In terms of CO, Pearson 

coefficients of 0.398 and -0.143 were observed for SO2 and NO2 respectively. Thus, 

CO shows a positive correlation with SO2 and no correlation with NO2. Lastly, a 

Pearson coefficient of -0.33 was observed between NO2 and SO2, indicating a 

negative correlation. 

Table 4-31 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-32 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-33 Model summary for all gases 

 

The model summary shows a value of 0.368 for R Square, indicating that the 

model using the predictor variables explains only 36.8% of variance in data. 
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Step 6. Interpretation of results 

With values of 0.356 for CO and0.523 for SO2, A positive correlation exist 

between O3 and CO, and O3 and SO2 So, as concentrations of O3 increase one can 

expect concentrations of CO and SO2 to increase correspondingly. These strong 

positive correlations also indicate that there is a high likelihood of the correlated 

gases being emitted from the same source. A negative correlation exists between SO2 

and NO2. Thus, increase or decrease in levels of NO2 will results in corresponding 

rise and fall of SO2 levels. This negative correlation also indicates that there is a high 

likelihood of the correlated gases are not emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 36.8% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.13. Pollutant concentrations for 6 cars for level 4 

Step1. Create a box plot to get means and compare trends. 

Mean values of 11.20, 0.85, 14.75 and 18.05 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-26 below. 

 

Figure 4-26 Box plot of O3, CO, SO2 and NO2 for 6 cars for level 4 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-27 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-27 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-34 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.219, -0.148 and 0.052 respectively. Thus, there is no correlation of O3 with CO, 

SO2 and NO2. In terms of CO, with Pearson coefficients of -0.83 and o.389 for SO2 

and NO2 respectively, negative and positive correlations can be said to exist 

respectively. Lastly, a Pearson coefficient of 0.080 was observed between NO2 and 

SO2, indicating a no correlation. 

Table 4-34 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-35 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.000, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-36 Model summary for all gases 

 

The model summary shows a value of 0.105 for R Square, indicating that the 

model using the predictor variables explains only 10.5% of variance in data. 
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Step 6. Interpretation of results 

A value of -0.83 indicates a negative correlation between CO and SO2. So, 

as concentrations of CO increase one can expect concentrations of SO2 to decrease 

correspondingly. This negative correlation also indicates that there is a high 

likelihood of the correlated gases not being emitted from the same source. Similarly, 

a strong positive correlation between CO and NO2 can also be observed. Thus, 

increase or decrease in levels of CO will result in corresponding rise and fall of NO2 

levels. This strong positive correlation also indicates that there is a high likelihood 

of the correlated gases being emitted from the same source. For all other gases, we 

can interpret that rise or fall in level of one of the gases, does not necessarily 

correspond to a similar behavior of the other gas. The R square value of the model 

explains only 10.5% of the variance in the data, indicating most of the variance in 

the model is governed by other external factors. Finally, the statistical significance 

value of the model was well within the statistical significance value 0.05 indicates 

that the model is poised to make accurate predictions. 
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4.7.18. Pollutant concentrations for 7 cars for level 2 

Step1. Create a box plot to get means and compare trends. 

Mean values of 17.39, 4.36, 21.58 and 23.40 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-28 below. 

 

Figure 4-28 Box plot of O3, CO, SO2 and NO2 for 7 cars for level 2 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-29 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-29 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-37 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of 

0.254, 0.270 and 0.368 respectively. Thus, there is no correlation of O3 with CO, 

SO2. O3, shows a positive correlation with NO2. In terms of CO, with Pearson 

coefficients of 0.099 and 0.138 for SO2 and NO2 respectively, no correlation can be 

said to exist. Lastly, a Pearson coefficient of -0.038 was observed between NO2 and 

SO2, indicating a no correlation. 

Table 4-37 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-38 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.004, 

well within the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-39 Model summary for all gases 

 

The model summary shows a value of 0.247 for R Square, indicating that the 

model using the predictor variables explains only 24.7% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.368 indicates a positive correlation between O3 and NO2. So, 

as concentrations of O3 increase one can expect concentrations of NO2 to increase 

correspondingly. This positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 24.7% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value of the model was well within the statistical significance value 0.05 

indicates that the model is poised to make accurate predictions. 
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4.7.19. Pollutant concentrations for 7 cars for level 3 

Step1. Create a box plot to get means and compare trends. 

Mean values of 14.54, 1.24, 14.87 and 16.36 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-30 below. 

 

Figure 4-30 Box plot of O3, CO, SO2 and NO2 for 7 cars for level 3 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-31 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-31 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-40 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.005, 0.355 and 0.005 respectively. Thus, there is no correlation of O3 with CO and 

NO2. O3 shows a positive correlation with SO2. In terms of CO, Pearson coefficients 

of 0.322 and0.031 for SO2 and NO2 respectively were observed. So, a positive 

correlation can be said to exist between CO and SO2. No correlation exists between 

CO and NO2. Lastly, a Pearson coefficient of 0.094 was observed between NO2 and 

SO2, indicating no correlation. 

Table 4-40 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-41 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.067, 

well above the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-42 Model summary for all gases 

 

The model summary shows a value of 0.142 for R Square, indicating that the 

model using the predictor variables explains only 14.2% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.355 indicates a positive correlation between O3 and SO2. So, as 

concentrations of O3 increase one can expect concentrations of SO2 to increase 

correspondingly. Similarly, a positive correlation exists between CO and NO2. Thus, 

increase or decrease in levels of CO will result in corresponding rise and fall of NO2 

levels. These positive correlations also indicate that there is a high likelihood of the 

correlated gases being emitted from the same source. For all other gases, we can 

interpret that rise or fall in level of one of the gases, does not necessarily correspond 

to a similar behavior of the other gas. The R square value of the model explains only 

14.2% of the variance in the data, indicating most of the variance in the model is 

governed by other external factors. Finally, the statistical significance value for the 

model was calculated to be 0.067, well outside the statistical significance value 0.05. 
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4.7.20. Pollutant concentrations for 7 cars for level 4 

Step1. Create a box plot to get means and compare trends. 

Mean values of 12.07, 1.43, 15.09 and 18.89 respectively were deduced for 

O3, CO, SO2 and NO2 as shown in figure 4-32 below. 

 

Figure 4-32 Box plot of O3, CO, SO2 and NO2 for 7 cars for level 4 
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Step 2. Create a scatter matrix plot to show the relationship between gases. 

Figure 4-33 below shows the scatter plot, the values of which were used for 

regression analysis. 

 

Figure 4-33 Scatter matrix and fit line for all four gases 
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Step 3. Perform regression analysis to study correlations 

The analysis of relationship for all gases is outlined in table 4-43 below. The 

regression analysis of O3 with CO, SO2 and No2 show a Pearson coefficient of -

0.018, 0.153 and 0.066 respectively. Thus, there is no correlation of O3 with CO, 

SO2 and NO2. In terms of CO, Pearson coefficients of 0.426 and 0.138 for SO2 and 

NO2 respectively were observed. Thus, CO shows a positive correlation with SO2 

and no correlation with NO2. Lastly, a Pearson coefficient of -0.094 was observed 

between NO2 and SO2, indicating no correlation. 

Table 4-43 Regression analysis showing correlation between gases 
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Step 4. Perform ANOVA  

Table 4-44 ANOVA for all gases 

 

The significance for ANOVA tests indicates a significance value of 0.575, 

well above the significance value of 0.05.  

Step 5. Display Model summary to validate r values 

Table 4-45 Model summary for all gases 

 

The model summary shows a value of 0.042 for R Square, indicating that the 

model using the predictor variables explains only 4.2% of variance in data. 
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Step 6. Interpretation of results 

A value of 0.426 indicates a positive correlation between CO and SO2. So, 

as concentrations of CO increase one can expect concentrations of SO2 to increase 

correspondingly. This positive correlation also indicates that there is a high 

likelihood of the correlated gases being emitted from the same source. For all other 

gases, we can interpret that rise or fall in level of one of the gases, does not 

necessarily correspond to a similar behavior of the other gas. The R square value of 

the model explains only 4.2% of the variance in the data, indicating most of the 

variance in the model is governed by other external factors. Finally, the statistical 

significance value for the model was calculated to be 0.575, well outside the 

statistical significance value 0.05.  
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Chapter 5 : Limitations and Future Recommendations 

5.1. Limitations 

As with any research, this study has some limitations as follows - pollutants, 

experimental site, statistical measure and calibration. They are discussed in detail in 

this section. 

5.1.1. Pollutants 

The study is limited in terms of the pollutants that it studies – O3, CO, NO2 

and SO2. However, as elaborated in the future recommendations section, more 

pollutants should be studied to get a full picture of the air quality index at the 

experimental site. Air pollution affecting both indoors and outdoors is a severe crisis 

in many areas throughout the world. It has garnered public attention by triggering 

adverse health impacts on people who are sensitive to environmental factors. 

Conditions such as bronchial asthma, emphysema, and pneumonia have been 

commonly associated with air pollution.  

Epidemiological research has reported an alarming risk of heightened and 

graver heart problems related to both short-term and long-term exposure to present-

day levels of air particle contaminants such as PM2.5 and PM10 and gaseous 

contaminants such as ground-level ozone and nitrogen oxides [29]. Booming 

metropolitan areas, a rising influx of inhabitants in megacities, and large-scale 
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industrial progression are in many ways responsible for producing new contaminants 

that in the long term may be gradually destructive to the global environment and 

global community wellness [30].  

Depending on the area, emissions of lead can demonstrate significant 

variations. Thus, sources of lead can range from metal processing facilities to leaded 

gasoline used as airline fuel. Areas that have lead smelting facilities are often known 

to show very high levels of lead concentrations in the atmosphere. Additionally, 

waste incinerating facilities, and factories manufacturing lead-based batteries also 

release a significant amount of lead in the atmosphere. In addition to vehicle exhaust, 

the particles are emitted from several sources including building sites, road paving 

projects and even farms where pesticides are often sprayed. It should be noted that 

these particles are formed directly in the atmosphere surrounding us. The formation 

of these particles is a result of chemical reaction between several harmful 

atmospheric chemicals such as Sulphur dioxide and nitrogen dioxide, which are the 

most commonly emitted chemicals from an automotive exhaust. Particulate matter is 

known to have devastating effects on not just the environment, but also our health 

[31]. Thus, this study remains limited in terms of not being able to present a detailed 

air quality index of the experimental site. 
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5.1.2. Experimental Site 

The concentration of pollutants can fluctuate depending upon the location 

and atmospheric conditions at the experimental site. It should be noted that every 

parking garage has a different design, with some being ventilated and others not 

having any ventilation. Depending on the layout, the concentrations of gases can 

change significantly. Thus, for instance, a ventilated garage is more likely to have 

lower levels of gases as compared to one that is not ventilated. Furthermore, the 

location of the garage can also lead to significant variations in the concentration 

levels. Thus, a garage facing a busy street is likely to have higher concentrations of 

pollutants as compared to one that is in the interior and not in vicinity of any street. 

This, therefore, forms a limitation as the study cannot be automatically extended to 

all the garages. Additionally, the weather conditions where such garages are located 

can also contribute significantly to the differences in the measurements. Thus, for 

instance, a garage based in an area with warm weather is likely to have higher 

humidity levels and higher temperatures as those compared in the comparatively 

colder regions. Furthermore, the seasonal variations in temperatures and humidity 

can also add to the observed variations and fluctuations in the readings. 

5.1.3. Statistical Measure 

The statistical method used for this research was linear regression analysis. It 

was used for determining the correlation of two or more variables – in this case the 
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concentration of gases. This form of analysis aids in determining the various 

variables that had an influence on the concentration of gases. It also brings to light 

the factors that did not have an effect and the ones that can be disregarded. Thus, 

essentially, this approach identified the dependent and independent variables and 

determined the relationship between them to generate a prediction model. Thus, the 

researcher identified the concentration of gases as a dependent variable and 

hypothesized it as being influenced by various independent variables.  

This method of analysis - linear regression a commonly used form of 

regression analysis. The dataset is closely fitted around a trendline and the prediction 

is made via a unique mathematical parameter via an equation. This statistical 

approach, therefore, primarily looks at linear relationships. The statistical approach 

used in this study assumes that relationship between the variables is always linear. 

This may not always be the case [32], and for instance the relationship could be 

curved. Furthermore, the regression analysis used in this research considers only the 

mean of the dependent variable. However, the extremes of the dependent variables 

are not considered, and this can limit the output structure. The results of a regression 

analysis can also be influenced by the presence of outliers. However, it does not fully 

take their presence in consideration while calculating and presenting the outcome. 

Lastly, this form of statistical analysis assumes that the data points being studied are 

independent. This is not always the case, and as score of one dataset can influence 
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the other. Thus, the presence of several factors influencing the equation, other 

correlations should be examined such that the output is not limited.  

As the technique used is primarily a form of predictive analysis other 

approach or techniques should be harnessed. One form of statistical analysis that can 

provide additional analytical information is T-Test [33]. Instead of considering the 

means of dependent variables, this test presents output from independent samples, 

while also indicating how different means of one dataset is from the other. The test 

also presents an average difference in an easy to interpret manner. A salient feature 

of this test is that statistical significances are presented. This is an important measure 

that shows how large the differences in the samples are and even if two datasets are 

having the same means. As against, linear regression analysis, this test assumes a 

normal distribution represented in form of a bell curve and as having the same 

variance. The method also has various sub-techniques to test samples demonstrate 

unequal variances. So, unlike the linear regression analysis technique, this method 

allows for the ability to examine the dataset and present relationships from different 

perspectives. 

5.1.4. Calibration 

The device readings seemed to differ based on the calibration [34]. Thus, in 

one instance, the sensors in the device were calibrated in Serbia, so the weather 

condition of Serbia is different than any other place. The Device had been used in 
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some different countries with different weather condition, Saudi Arabia was one of 

them. The device was placed in the capital city of Saudi Arabia, Riyadh, which has 

very special weather condition as it can reach over 45 Celsius. Therefore, the location 

of the pollution and the calibration of the device will always be affecting the accuracy 

of readings. 

5.2. Future Recommendations 

The researcher believes that this research can provide a foundation for future 

research work in the related field. Thus, this section outlines recommendations for 

any future work that can be built upon this study. 

5.2.1. Particulate Matter and Lead 

The findings of the study have provided us with the levels of four harmful 

pollutant gases, namely O3, CO, NO2 and SO2. However, two other harmful 

pollutants form a significant part of the daily air quality index – particulate matter 

and lead [35]. Particulate matter consists of particles that exist in the air in solid and 

liquid form. Examples of such particles are dirt, soot, smoke from vehicle and 

industrial chimneys, etc. The particulate matter primarily consists of two sizes, 

namely 10 micrometers and 2.5 micrometers. Both sizes of particulate matter are 

inhalable and are referred to as PM10 and PM2.5 respectively. The particles, though 
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minute in size, have a very varied chemical structure and some are known to be 

composed of hundreds of chemicals [36].  

In terms of health, inhaling of particulate matter leads to their passage into 

our lungs and eventually in the bloodstream. According to Environmental Protection 

Agency (EPA), assimilation of particulate matter in our bloodstream can result in 

irregular heartbeat, asthma, decreased lung activity, minor heart attacks and even 

premature deaths in some cases. Particulate matter is also known to cause increased 

respiratory symptoms examples of which are irritation of the respiratory passage, 

severe coughing and breathing difficulties. Being light weight, particulate matter can 

travel to far distances by means of wind and then make its way into water bodies or 

simply settle on land. EPA notes that this can adversely affect our environment by 

making the land and water masses acidic, changing the nutrient composition, 

lowering the nutrient levels in the soil and causing harm to forests and farming lands. 

Overall, it affects the ecosystem diversity and makes significant contribution to 

environmental phenomenon such as acid rain [37]. 

Lead is known to be extremely harmful to human health, especially in case 

of children. This is because, young children are known to have higher rate of 

absorption of lead as compared to adults [38]. Upon being absorbed the bodies, lead 

is known to cause toxic effects on the brain and nervous system of a human body. 

According to EPA, this can lead to “behavioral issues, lowered intelligence levels, 
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hyperactivity, stunted and slow growth rate, hearing issues and even anemia. Harmful 

effects of lead, especially in case of pregnant women are more devastating since they 

can transfer to the developing fetus and result in birth irregularities. Additionally, 

assimilation of lead in the system can result in the baby being born premature or have 

a tiny body frame. High levels of lead can adversely affect the babies’ brains, kidneys 

and parts of nervous system. Finally, lead can cause can lead to a likely increase in 

behavioral issues and even miscarriage. Adult men and women have also 

demonstrated the presence of cardiovascular disorders that include higher blood 

pressure levels, hypertension and even reproductive issues.  

Thus, for the above-mentioned reasons, the researcher recommends 

investigating the levels of lead and particulate matter in addition to the four gases 

investigated by this study to present a complete air quality index of the atmosphere. 

5.2.2. Internet of Things (IoT) Technology 

The research has harnessed the use of a device that is based on the innovation 

in technological field referred to as Internet of Things (IoT). This field is constantly 

innovating and can be integrated at much higher levels in devices such as those used 

in this study. So, the researcher believes that this research could be taken to a next 

level by further and deeper integration of IoT. IoT is a novel innovation that has 

become hugely popular and even it rivals different technologies. It is one of the 

cheapest technologies available and can be added to our gadgets to make them 
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shrewd and simplify our lives. [39], [40], and [41]. According to numerous 

researchers, IoT is one of the most critical innovations today. It has modest hardware, 

and its gear has colossal unwavering quality. Along these lines, the gadgets that 

employ IoT innovation are not significantly expensive than standard gadgets—a 

fundamental reason for IoT’s popularity. Moreover, it can be connected to numerous 

physical items and transform them into brilliant articles—by applying IOT in a 

house; it will transform into a smart one; the same goes for workplaces, vehicles, and 

so on. Besides, the new savvy urban areas of the world cannot become shrewd 

without having IoT in their structure. 

The industry sector needs to be connected to IoT for various purposes. For 

instance, IoT can be used to support and make dispersing supervision and gathering 

information progressively easy. IoT will upgrade everyday tasks and lessen the 

mechanical generation of errors and vitality utilization. In industries, IoT will further 

improve the correspondence of machines and humans. This unique innovation will 

completely change our nature and improve things [42]. Researches from all divisions 

are attracted by its ability to set up one stage to control various items that perform 

different assignments and are in numerous spots. IOT innovation, doubtlessly, has a 

brilliant future, [43] Using continuous monitoring, IoT can protect the air from 

contamination. Health is a noteworthy area which has begun utilizing IoT to make 

medical clinics smarter, enabling specialists to screen their patients progressively 
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inside and outside clinics. It is transforming social insurance to another age in 

medicinal administrations, transforming most wired gadgets from the emergency 

clinic into a remote. IOT can be used to help incessantly sick patients in progressively 

checking their wellbeing status, which would make their families feel confident 

about leaving them at home without anyone else's input. 

5.2.3. Evaluate the Effects of Ambient Environmental Changes 

The researcher believes that another logical extension to this research is to 

take into consideration the effects of ambient changes in the environment in which 

the pollutants are measured. Thus, variations in general aerial conditions such as 

moisture content and temperature can influence the gaseous sensory devices such as 

its sensitivity to measurement. To understand to what extent ambient environmental 

changes can influence or alter the normal performance characteristics of these 

sensing devices, metrics of temperature, moisture level, specific timeframes, and 

concentration of certain chemical compounds were studied. Their significance in 

influencing sensor performance and whether they are to be considered for initial 

sensor calibration were assessed.  

The electrochemical gas sensor devices responded to aerial temperature 

changes. Numerically, this sensitiveness was between one-tenth to three-tenths of a 

percent per Kelvin as a general characteristic of such sensors. Meanwhile, the 

grounded or ‘0’ electric-current of the sensor remained stable under aerial conditions 
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not exceeding 30 degrees on the Celsius scale. As for the overall range of general 

temperature recordings typically between 10-40 degrees Celsius such as during the 

summer season, sensor sensitiveness varied between 95 and 110%. Regarding the 

effects of temperature, it was essential to assess whether the accuracy of the sensors 

would decrease with an increase in temperature and whether we should include the 

temperature as an independent variable in multilinear regression to calibrate the 

sensor data. Errors were determined as the difference between the sensor and 

reference data (sensor data – reference data) observed at the same time. Errors were 

presented as an indicator of how much the sensor data differed from the reference, 

which, to a certain extent, indicated the accuracy of the raw sensor data before 

calibration. 

In addition to temperature, a factor responsible for causing ambient change 

in study environment is humidity. The technicalities of these sensors as per their 

manufacturing company disclose that they are highly adaptable to a wide range of 

ambient conditions. A key characteristic that enables such a feature in the sensors is 

in its containment of sulfuric acid as an ionized solvent aiding in the ionized flow of 

diminutive charged particles because of relative ambient air changes.  To maintain 

stability in the sensor measurements, the ionized solvent drains liquid at low moisture 

levels while seeping in liquid at times of high moisture. 
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5.2.4. Altitudinal and Time Differences 

The findings of this study report the gas concentrations based on the number 

of cars that pass by the device in unit time. However, recording the change in gas 

concentrations, if any, with increasing altitude of the garage can add further value to 

the research. Additionally, assessing gas concentrations with changing unit time in 

tandem with changing altitude is recommended for a future researcher. There is a 

probability that the accuracy of the sensors would be subject to its durational cycles, 

or in other words, how long it has been in a continuous mode of operation. It is also 

probable that the frequency of erroneous measurements may increase with a sensor’s 

time continuity of nonstop operation. The observance, however, has been that 

erroneous measurements highly oscillated while the sensors were continuously 

engaged for two weeks. Part of this could be because of the general volatility in aerial 

conditions pertaining to local temperature, moisture variation or diffusion or effusion 

of any random gaseous concentration. Nevertheless, further investigative study is 

necessary for establishment of error coefficients related to time-centric analysis and 

the causes of such time-centric erroneous measurements under monitored variables. 
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