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ABSTRACT 

 

Indoor air quality (IAQ) is essential because people spend up to 90% of their time indoors. There 

are various sources of indoor air pollutants, including combustion, building materials, and outdoor air 

pollution. Particulate Matter (PM2.5): fine aerosol particles with diameters less than 2.5 microns (µm) near 

the surface have received considerable attention because of their adverse effects on regional air quality and 

human health. Exposure to PM2.5 can cause upper respiratory problems such as asthma and heart diseases. 

Therefore, many previous studies conducted studies related to the residential building indoor PM2.5 

concentrations and tried to find ways to remove them. This study defines the effectiveness of HVAC units, 

windows, and range hoods on PM2.5 concentration in real situations. The decay rate, which can explain the 

system's effectiveness, was calculated to identify these systems' impact. This study conducted the field data 

collection in homes to collect the indoor environmental data and analyzed this data to define the system 

effectiveness in the actual environment.  

The result shows that opening the window is the most effective way to remove the particles indoors; 

1) in the first ten minutes, the PM2.5 concentration is reduced by 73%, and 2) PM2.5 decay rate of 1.26 h-1 

is fastest as compared to other systems (the decay rate of HVAC system usage was 0.61 h-1). Range hood 

alone, on the other hand, did not have a significant impact because the homeowners use the range hood for 

a brief period. The uniqueness of this study is that developing new simulation approaches which can intake 

the building system usage time to estimate PM2.5 concentrations. This study looked at the combined impact 

of various systems together. This study separated the decay rate while the system was used or not and 

created the unitless number for PM2.5 removal effectiveness for the simulation purpose. Using this unitless 

number, we can accurately estimate the PM2.5 concentrations by using the duration of the system usage time 

and the peak concentration. This preliminary model can predict the PM2.5 concentrations with 70% of 

accuracy. To increase the accuracy of the model, future studies need other variables. 



vi 
 

TABLE OF CONTENTS 

 

 

Chapter           Page 

 

INTRODUCTION AND LITERATURE REVIEW ...................................................................... 1 

 
 

1.1 What is Indoor Air Quality (IAQ)? .................................................................................... 1 

1.2 Why is IAQ important? ...................................................................................................... 2 

1.3 The primary distribution of particulate matter in the human respiratory system ............... 5 

1.4 How bad is cooking PM2.5 emission? ................................................................................. 9 

1.5 Effects of windows, HVAC systems and range hood in curtailing indoor PM2.5 

concentration: Review of prior studies ..................................................................................... 10 

1.5.1 Windows ................................................................................................................... 10 

1.5.2 HVAC systems .......................................................................................................... 11 

1.5.3 Range hood................................................................................................................ 13 

 
 
METHODOLOGY ....................................................................................................................... 16 

 
 

2.1 Experimental setup ........................................................................................................... 16 

2.2 Statistical analysis and calculation of decay rate ............................................................. 20 

 
 
RESULTS AND DISCUSSIONS ................................................................................................. 23 

 
 

3.1 Descriptive statistics of various parameters ..................................................................... 23 

3.2 The overall infiltration ACH and deposition rates of studied homes ............................... 26 

3.3 Indoor/outdoor PM2.5 baseline calculations ...................................................................... 27 

3.4 PM2.5 decay rates during usages of various devices ......................................................... 29 

3.4.1 Overall decay analysis ............................................................................................... 29 

3.4.2 Decay during window openings ................................................................................ 31 

3.4.3 Decay during periodic HVAC use ............................................................................ 32 

3.4.4 Decay during range hood activation ......................................................................... 33 

3.4.5 Decay during simultaneous activation of multiple devices ....................................... 35 



vii 
 

TABLE OF CONTENTS (continued) 

 

 

 

Chapter              Page 

 
 

3.4.6 Decay when no devices were used ............................................................................ 36 

3.5 I/O PM2.5 ratio reduction during use of various devices .................................................. 37 

3.6 Reduction from absolute peak during device use for the first ten minutes of the decay 

phase ......................................................................................................................................... 39 

3.7 CO2 concentration ranges during the activation of various devices ................................ 40 

3.8 Simulating the indoor particulate concentration during the activation of Windows, 

HVAC, and Rangehood. ........................................................................................................... 43 

 
 
CONCLUSION ............................................................................................................................. 54 

 
 
REFERENCES ............................................................................................................................. 56 

 
 
APPENDICES .............................................................................................................................. 63 

 
 

A. A ......................................................................................................................................... 64 

 
 

B. B ......................................................................................................................................... 65 

 
 

C. C ......................................................................................................................................... 66 

 
 

 

 

 

 

 

 

 

 



viii 
 

LIST OF TABLES 

 

 

 

Table                Page 

          

 

1: MAXIMUM ALLOWABLE CONCENTRATION OF INDOOR POLLUTANTS BY US 

OSHA [6] ........................................................................................................................................ 2 

 
2: VARIOUS TYPES OF INDOOR AIR POLLUTANTS AND HEALTH RISKS 

ASSOCIATED WITH THEM [17] ................................................................................................ 4 

 
3: RESPIRATORY DEPOSITION OF PARTICLES WITH VARIOUS DIMENSIONS [25] .... 7 

 
4: SENSORS USED FOR VARIOUS PARAMETERS STUDIED ............................................ 17 

 
5: DESCRIPTIVE STATISTICS VARIOUS PARAMETERS STUDIED ................................. 23 

 
6: ACH AND DEPOSITION RATES OF VARIOUS HOUSES ................................................. 26 

 
7: INDOOR/OUTDOOR PM2.5 BASELINE CONCENTRATION ............................................. 27 

 
8: I/O PM2.5 RATIO DURING SUMMER AND WINTER ......................................................... 28 

 
9: IQR AND MEDIAN OF DECAY RATES FROM VARIOUS DEVICES ............................. 30 

 
10: THE REDUCTION I/O RATIO WHEN HVAC IS USED .................................................... 38 

 
11: REDUCTION OF CO2 DURING THE ACTIVATION OF INDIVIDUAL DEVICES AND 

DURING THE SIMULTANEOUS ACTIVATION OF MULTIPLE DEVICES ........................ 42 

 
12: PERCENTAGE DIFFERENCE BETWEEN REAL AND SIMULATED EXPOSURE 

DURING ACTIVATION OF VARIOUS DEVICES ................................................................... 48 

 

 

 

 



ix 
 

LIST OF FIGURES 

 

 

 

Figure               Page 

 

 

1.1. Typical urban particle size distribution [22] ............................................................................ 6 

 

1.2. Respiratory deposition of particulate matter at various compartments [23] ............................ 8 

 

1.3. Indoor/outdoor ratio (I/O) of PM10 and PM2.5 for particular data series. Explanations: box—

standard error of the mean, whiskers—95% confidence interval [36] ......................................... 11 

 

1.4. Capture efficiency versus airflow for the eight range hood models tested for the initial test 

method (larger symbols for the higher mounting level and the smaller symbols for the lower 

mounting level) [54] ..................................................................................................................... 14 

 

2.1. Sensors used during data collection (More details on TABLE 4) ......................................... 19 

 

2.2. Pictorial Definitions of baseline, emission, and decay phase. ............................................... 21 

 

3.1. Loss Rates from various devices............................................................................................ 29 

 

3.2. Effect of Window Openings on elevated levels of PM2.5 concentration during cooking. The 

blue shaded region describes the time frame of the window opening. ......................................... 31 

 

3.3. Effect of HVAC use on elevated levels of PM2.5 concentration during cooking. The red 

shaded region describes the time frame of periodic HVAC activation. ....................................... 32 

 
3.4. Effect of range hood activation on elevated levels of PM2.5 concentration during cooking. 

The green shaded region describes the time frame of range hood activation. .............................. 34 

 
 
 



x 
 

LIST OF FIGURES (continued) 

 
 
 
Figure               Page 

 

 
3.5. Effect of multiple device activation on elevated levels of PM2.5 concentration during 

cooking. ......................................................................................................................................... 35 

 

3.6. No Device Activation during elevated PM2.5 concentration .................................................. 36 

 

3.7. Reduction in indoor cooking PM2.5 concentration when HVAC is used ............................... 37 

 

3.8. PM2.5 reduction from 10-minute average peak during activation of devices ......................... 39 

 

3.9. Descriptive statistics of CO2 concentration when various devices are used. ......................... 41 

 

3.10. Correlation coefficient of overall and individual unitless decay rate .................................. 44 

 
3.11. Correlation coefficient with median decay unitless number................................................ 45 

 

3.12. Flowchart for calculating the unitless number for exposure analysis .................................. 46 

 

3.13. Outdoor windspeed’s impact on indoor PM2.5 concentration. ............................................. 49 

 

3.14. Actual (blue) and simulated (red) decay curves during HVAC activation .......................... 50 

 

3.15. Actual (blue) and simulated (red) decay curves during window activation ........................ 51 

 

3.16. Actual (blue) and simulated (red) decay curves during range hood activation ................... 52 

 

3.17. Actual (blue) and simulated (red) decay curves during multiple device activation ............ 53 

3.1.



xi 
 

LIST OF ABBREVIATIONS 

 

 

 

US EPA    United States Environmental Protection Agency 

 

IAQ      Indoor Air Quality 

 

IEQ      Indoor Environmental Quality 

 

HVAC     Heating, Ventilation, and Air Conditioning 

 

NHAPS    National Human Activity Pattern Survey 

 

OSHA     Occupational Safety and Health Administration 

 

PM2.5                                                            Particulate Matter (diameter 2.5 um) 

 

BS      Black Smoke 

 

RHD      Range Hood 

 

ACPH or ACH   Air changes per Hour 

 

HCHO     Formaldehyde 

 

RH     Relative Humidity 

 

SBS     Sick Building Syndrome 

 

VOC      Volatile Organic Compound  

 

SVOC      Semi Volatile Organic Compound 

 

GBD      Global Burden of Disease 

 

I/O      Indoor Outdoor Ratio (of pollutants) 

 

UFP     Ultra Fine Particles 

 

AHU      Air Handler Unit 

 

MERV     Minimum Efficiency Reporting Value 

 

MPR     Microparticle Performance Rating 

 



xii 
 

FPR      Filter Performance Rating 

 

ASHRAE  American Society of Heating, Refrigerating 

and Air-Conditioning Engineers 

 

VFD      Variable Frequency Drive 

 

CE         Capture Efficiency 

 

KEHE  Kansas Department of Health and 

Environment 

 

KNN         k-nearest neighbors algorithm 

 

ODE      Ordinary Differential Equation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 
 

 

1.1 What is Indoor Air Quality (IAQ)? 

 

 

According to US Environmental Protection Agency (EPA), Indoor Air Quality is defined as 

“the air quality within and around buildings and structures, especially as it relates to the health and 

comfort of building components” [1]. Handbook of Green Building Design and Construction 

defines IAQ as “the depiction of concentrations of pollutants and thermal conditions that may 

negatively affect the health, comfort, and performance of building’s occupants” [2]. 

 

The handbook describes four fundamental factors to study indoor air quality: 

 

1. Building’s occupants 

2. Building’s HVAC system 

3. Possible pollutant pathways 

4. Possible sources of contamination 

 

All of these factors heavily influence IAQ and are correlated with each other. Indoor Air Quality 

(IAQ) should not be confused with Indoor Environmental Quality (IEQ) as the former is the subset 

of the latter. IEQ encompasses a comprehensive spectrum of topics, including IAQ, acoustic 

conditions, thermal and lighting comfort [3]. 
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1.2 Why is IAQ important? 

 
 

It has been reiterated in many studies that people, especially in the European and North 

American continent with harsh climatic conditions, spend 90-92% of their time in an indoor 

environment. According to National Human Activity Pattern Survey (NHAPS) conducted in 10 

different EPA regions across all the states in the continental United States, people spend 68.7% in 

residence, 5.4% in office-factory, 1.8% in bars/restaurants, 11% in other indoor locations, 5.5% in 

vehicles and 7.6% outdoors [4]. This survey agrees with other studies and confirms that people 

spend most of their time indoors [5]. US Occupational Safety and Health Administration has set 

guidelines for maximum allowable indoor average pollutant concentration as described in Table 

1. 

TABLE 1 

 
MAXIMUM ALLOWABLE CONCENTRATION OF INDOOR POLLUTANTS BY US OSHA 

[6] 

 
Contaminant Concentration 

ppm mg/m3 

Carbon dioxide 5,000 9,000 

Carbon monoxide 50 55 

Formaldehyde 2 3 

Nitric oxide 25 30 

Nitrogen dioxide 5 9 

Ozone 0.1 0.2 

Sulfur dioxide 5 13 

Inert or nuisance dust, respirable fraction — 5 
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For some pollutants, indoor concentration levels correlate very well with outdoor concentration 

levels. A study suggests that different indoor pollutants show different levels of correlation with 

their corresponding outdoor concentration.  Indoor PAH, NO, CO and NOx show robust correlation 

with outdoor concentration, whereas formaldehyde shows a weak correlation [7]. Another study 

found that indoor and outdoor levels of PM2.5 and BS (Black Smoke) were strongly correlated for 

all ventilation modes. The study found that a simple linear regression model ascertained that daily 

outdoor variation could explain more than 75% of the daily indoor PM variation. Infiltration ACH 

(ACH Definition: measure of air volume added to or removed from a space in one hour divided by 

the volume of the space) of the residential complex plays a pivotal role in determining the 

particulates' indoor-outdoor flow [8].  

 

Elevated pollutant concentration is deemed severely detrimental to an individual's health and well-

being as exposure from harmful indoor pollutants like PM2.5, CO2, Formaldehyde, and Radon are 

way higher in the indoor environment than outdoors whenever significant anthropogenic activities 

like cooking is conducted [9]. Many studies have elaborated on the ill effects of not maintaining 

adequate levels of Indoor Air Quality. A study conducted in California revealed that inadequate 

relative humidity levels caused indoor dampness and microbiologic pollutants to thrive. This 

inadequacy was responsible for asthma exacerbations and respiratory infections [10]. Another 

study found that lower RH levels facilitate the reproduction of mites and other undesired fungi. 

Evidence of Asthma, bronchial hyperresponsiveness, increased pulmonary function variability, 

and decreased pulmonary function were documented [11] [12] [13] [14]. The study further 

suggests that neurologic symptoms like headache, confusion, difficulty in thinking/concentrating, 

and fatigue are likely performance effects due to poor IAQ conditions. 
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Furthermore, another study suggests that the packet of stagnant air enclosed in the indoor space, 

in the presence of usual air change rates, can react to form new compounds that are detrimental to 

the occupant's well-being. Some compounds like methacrolein linked to irritation can form due to 

the reaction of indoor pollutants in the indoor space [15]. Other studies have linked the Sick 

Building Syndrome (SBS) with the products formed from the reactions of various Volatile Organic 

Compounds (VOCs) [10].  The 2010 global burden of disease/ comparative risk assessment project 

(GBD 2010) estimated that exposure from particulates generated from cooking causes about 3.5 

million premature deaths [16]. Some of the most prevalent health problems associated with indoor 

air pollutants are summarized in Table 2. 

TABLE 2 

 
VARIOUS TYPES OF INDOOR AIR POLLUTANTS AND HEALTH RISKS ASSOCIATED 

WITH THEM [17] 

 

 
 

Pollutant Source Health Effects 

PM 
Cooking stoves; fireplaces; smoking; 

outdoor air 

Respiratory and cardiovascular 

illness 

SO2 Cooking stoves; fireplaces; outdoor air 
Impairment of respiratory 

function 

NO2 Cooking stoves; fireplaces; outdoor air 

Irritate the lungs and lower 

resistance to respiratory 

infection 

CO 
Cooking stoves; fireplaces; water heater; 

outdoor air 

Highly toxic and fatal at a 

concentration of 700 ppm 

VOCs 

(Formaldehyde, 

Terpenes) 

 

Building materials including carpet, 

plywood, paint and solvents, clothing, air 

fresheners, incense, other scented items 

Some are carcinogenic; can also 

trigger the formation of 

photochemical oxidants, such as 

peroxyacyl nitrates and 

aldehydes, which cause eye 

irritation. 
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TABLE 2 (continued) 

 

 

Since people spend most of their time in an indoor space and studies have found that lack of 

adequate ventilation mechanisms can elevate the indoor pollutant concentration, it is vital to study 

and find if the indoor living space has adequate levels of IAQ.  

 

1.3 The primary distribution of particulate matter in the human respiratory system 

 

To understand why PM2.5 is one of the most deleterious in the spectrum of all particulate 

matter, we must understand its deposition mechanism into the human respiratory system. There 

are five mechanisms for the deposition of particulate matter into the human lungs: inertial 

impaction, gravitational settling, diffusion, interception, and electrostatic attraction. Among them, 

PM2.5 deposition in the lungs predominantly happens by sedimentation and diffusion [19]. A study 

has indicated that PM2.5 has the maximum deposition percentage in tracheobronchial and 

pulmonary regions [18]. Health experts across the world are particularly concerned about PM2.5, 

as it has one of the highest infiltration rates inside a building envelope. The infiltration factor is 

Pollutant Source Health Effects 

Radon Exuded from earth and rocks such as 

granite and gneiss in specific locations 

with low ventilated air and trapped inside 

houses 

Radioactive; the leading cause 

of lung cancer in non-smokers 

Biological Air 

Pollutants 

(gasses and 

airborne 

particulates) 

Pets, human skin flakes, and decomposed 

hair, dust mites, mold, fungus 

Increase the risk of people with 

breathing problems, such as 

asthma sufferers, and with 

compromised or 

underdeveloped immune 

systems 
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defined as the fraction of ambient particles that penetrate indoors and remain suspended under 

steady-state conditions [20]. A study found that the smallest size UFPs (0.02 – 0.03 µm) have a 

mean infiltration factor of 0.49. The infiltration factor increases steadily to 0.76 for particles with 

the size of 0.2 -0.3 um and decreases steadily to 0.32 for the largest size particles (4 – 6 µm) [21]. 

 

 

 

Figure 1.1. Typical urban particle size distribution [22]  

 

It can be observed from Figure 1.1 that the mass distribution of particles with a diameter of 2.5 

µm is one of the highest. Therefore, particulate matter from sizes 2.5 µm to 10 µm is extensively 

studied. The number concentration, on the other hand, increases as the particle diameter diminishes 

to ultrafine size.  
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Mechanically generated particles generally have a diameter of 2.5 µm to 10 µm [23]. Ultrafine 

size natural vapor particles undergo nucleation and condensation to coagulate and form particles 

with higher diameters. A study observed that PM2.5 particles could easily infiltrate the indoor space 

through the cracks and orifice of windows compared to PM10 [34].  

 

Another study has quantified particles with various diameters and their central deposition location 

in the human respiratory system, as shown by Table 3 [25]. The distribution of PM2.5 is highest in 

the trachea and bronchi regions. 

TABLE 3 

 
RESPIRATORY DEPOSITION OF PARTICLES WITH VARIOUS DIMENSIONS [25] 

 
Respiratory regions Deposited particle size (µm) 

Anterior nasal passage to posterior nasal passage >9.0 

Pharynx to larynx 9.0-4.6 

Trachea, main bronchi to bronchi 4.6-2.2 

Bronchioles 2.2-1.1 

Alveoli <1.1 
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Figure 1.2. Respiratory deposition of particulate matter at various compartments [23] 

 

Figure 1.2 classifies the human respiratory system into three different compartments: Head region 

(blue), conducting airways (green), and gas exchange (red). The corresponding regional deposition 

diagram suggests that PM2.5 has one of the highest deposition rates in the head and gas exchange 

regions. Newer studies, however, have found a much higher deposition fraction percentage from 

PM2.5 than earlier studies. Contrary to early 2000 studies, new research has shown that deposition 

of PM2.5 is one of the highest in all regions of the respiratory system [19]. 
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1.4 How bad is cooking PM2.5 emission? 

 

Cooking is one of the most prominent sources of indoor PM generation [26]. One study found 

that particle emissions from cooking in the kitchen area are more significant than particle 

emissions from smoking in the living space [18]– [21]. Another study in Australia categorized 

about 20 indoor activities. They found that cooking activities like frying, grilling, toasting, 

microwaving, and oven use was the largest indoor air pollution sources with the highest levels of 

PM2.5 (2.78 ± 17.8 mg.min-1) [31]. Another profound assessment from a Taiwanese study states 

that cooking multiple meals per day increases cancer risk than cooking just a single meal [32]. 

This assessment reflects the potential hazard that PM particles can create in an indoor space located 

in urban areas with higher ambient particulate concentrations. In terms of recommended 24-hour 

average PM2.5 concentration of 25 µg/m3, a study found that while cooking, this limit might exceed 

by more than 3.8 times. [33]. These studies suggest that cooking is one of the most prominent 

indoor PM2.5 generating activities that can exacerbate the concentration levels beyond the standard 

set by various accredited organizations.  

 

All evidence presented above from prior studies indicates that mechanically generated PM2.5 has 

one of the highest deposition rates in the human respiratory system. Also, as described above with 

evidence, PM2.5 increases mortality rates and causes severe health problems if exposed to 

prolonged-time periods. Hence, it is indispensable for the occupants in the indoor space to find out 

ways that could help curtail the unwanted PM2.5 concentration in the indoor space. Some of the 

ways that the experts prescribe are using various ventilation modes, which are described in detail 

in the next section. 
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1.5 Effects of windows, HVAC systems and range hood in curtailing indoor PM2.5 

concentration: Review of prior studies 

 
 

1.5.1 Windows 

 

 

There is a well-established consensus among indoor air enthusiasts that Ventilation Rate 

(VR) higher than minimum standards can positively impact occupant productivity and well-being 

[34]. Window opening is known to induce one of the highest ventilation rates in the indoor space. 

Natural ventilation methods like window opening can either increase or decrease the baseline 

indoor PM2.5 concentration based on the outdoor PM2.5 concentration [28]. If a residential complex 

is in urban areas with higher ambient PM2.5 concentration, the opening of windows might increase 

the indoor PM2.5 baseline concentration and vice versa [35]. A study in Krakow, Poland, found 

that indoor PM2.5 concentration is much higher when outdoor weather conditions are poor and 

window opening at this time could worsen the situation [36]. However, general indoor human 

activities like cooking can significantly increase the indoor particulate concentration [28], and 

opening the windows can rapidly decrease it. Higher ACH is achieved during the opening of 

windows, as mentioned in various studies [33]. The window opening can generate one of the 

highest air exchange rates of any other device, as suggested by a study conducted in Australia. 

This study found that simultaneous use of windows and HVAC produced the single biggest ACH 

of 7.92 h-1 [24]. Total natural ventilation (only open windows) produces a significant decay rate 

of 2.16 h-1. The same study calculated the impact of various device operations on the PM2.5 I/O 

ratio. Window opening or its combined use with other devices tends to bring the I/O ratio to unity 

as the concentration gradient tends to equalize at a short time.   
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1.5.2 HVAC systems 

 

 

HVAC systems is one of the most effective way to reduce the indoor PM concentrations 

as HVAC filters do not allow particulates to enter inside the system. The study conducted in 

Krakow, Poland, described the I/O ratio of PM10 and PM2.5 when windows were opened and closed 

at times of good and bad outdoor weather, as presented by Figure 1.3. 

 

 

 

Figure 1.3. Indoor/outdoor ratio (I/O) of PM10 and PM2.5 for particular data series. 

Explanations: box—standard error of the mean, whiskers—95% confidence interval [36] 
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Particulate matter is predominantly composed of condensed and solid-phase particles [37]. These 

particles can be mechanically removed from indoor air streams using filters from the HVAC 

system or air handling unit (AHU). Some studies have found that using a filtration system can 

reduce the indoor particle concentration significantly [38] [39] [40]. Other studies have shown that 

health benefits from using high-quality filters can outweigh the cost of expensive filters [38] [41] 

[42]. Some studies have stated that using high-quality HVAC filters can help improve overall IAQ 

[43] [42]. 

 

Three major systems test the efficacy of HVAC filters: MERV (Minimum Efficiency Reporting 

Value) from ASHRAE Standard 52.2, MPR (Microparticle Performance Rating) developed by 

3M, and FPR (Filter Performance Rating) used by major retail stores like Home Depot [44] [45]. 

However, these ratings are established for particles ranging from 0.3 µm to 10 µm, and few studies 

on HVAC filters' impact on UFPs and PM2.5 are present [45]. One such study observed that air 

filters with MERV ratings greater than or equal to 13 and equipped with air guards have the highest 

PM2.5 removal efficiency [45].  

 

A study found the impact of HVAC filters with various MERV ratings on the I/O ratio of PM2.5. 

This study suggests that if HVAC delivers optimum ACH of 1 h-1, it can reduce the I/O PM2.5 ratio 

[34]. The study also suggests that higher ACH during HVAC activation does not necessarily 

decrease the indoor PM2.5 concentration. At higher flow rates, fine particles might escape the filter 

and get redistributed to the indoor space. Thus, it is critical to configure HVAC so that it delivers 

an optimum flow rate. Higher MERV-rated HVAC filters are much denser than lower ones. Thus, 

even at higher flow rates, these filters perform well and keep the I/O ratio significantly less than 

unity. 
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Although HVAC is effective in the reduction of PM particles, some discrepancies exist. A study 

in Toronto, Canada, found that HVAC might not be as effective as anticipated to filter the trace 

metal sources, and some loss mechanisms exist which can influence the filtration efficiency [46]. 

Given that HVAC units consume 40 – 60% of the total energy consumed by US commercial and 

residential buildings, it is essential to reduce these discrepancies [47]. ASHRAE standard 90.1 

suggests some of the ways to improve the HVAC efficiency. Some notable suggestions are: 

adjusting workplace schedule so that users can be reduced during high demand hours (this also 

helps to reduce the peak energy demand), using a programmable thermostat, installing variable 

frequency drive (VFDs), and pressurize and test all ducts for leakages [48]. 

 

1.5.3 Range hood 

 

A study found that operating range hood alone was not effective in reducing the cooking PM2.5 

concentration. It was much effective when used in conjunction with other natural ventilation 

modes [49]. Another compartmental study found that in a single zone experiment (considering just 

kitchen), range hood was highly effective in reducing 87 -92% exposure. However, in a multi-zone 

study (considering kitchen and living room), particles generated from cooking in the kitchen 

transported to the living room even when the range hood was delivering a ventilation rate of 6 

ACH. The exposure in the living room was 30 – 54% of that of near the stove [50]. Both field and 

laboratory experiments on factors that affect range hood Capture Efficiency (CE) have been 

conducted. A field study found discrepancies in range hood performance but stated that range 

hoods with large capture volume with a measured flow rate of 108 L/s could reduce pollutant's 

concentration by 80 -95% [51]. Some studies have found that parameters like exhaust flow rate, 
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the distance between stove and hood, use of front and back burners influence the capture efficiency 

of the hood [52] [53]. One laboratory study found that at 75 L/s (150 CFM), the measured Capture 

Efficiency was within an impressive range of 65 – 90% [54]. The same study found the correlation 

of air flow rate and range hood mounting height with the Capture Efficiency (CE), as shown by 

Figure 1.4 on the next page. 

 

 

 

Figure 1.4. Capture efficiency versus airflow for the eight range hood models tested for the 

initial test method (larger symbols for the higher mounting level and the smaller symbols for the 

lower mounting level) [54] 
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In Figure 1.4, smaller and bigger symbols show lower and higher mounting levels, respectively. 

While overall capture efficiency increases with an increase in flow rate, it can be observed from 

the plot that the lower mounting height of the range hood significantly increases the capture 

efficiency. 

 

This study aims to understand the impact of human behavior on the indoor PM2.5 concentration 

generated during cooking. Other activities also generate the particulate concentration but not as 

high as cooking does. Thus, cooking PM2.5 concentration was considered in this study. 

 

Human behavior solely determines the use frequency of various indoor devices like HVAC, 

windows, and rangehood. Moreover, the usage of these devices is known to reduce indoor 

particulates quickly. This study attempts to study the impact of these devices on reducing indoor 

cooking PM2.5 and the factors that influence occupants to operate these devices. Furthermore, this 

study attempt to figure out how the simultaneous activation of various devices on the same decay 

phase helps increase the decay rate of cooking PM2.5. This study also attempts to create a 

preliminary model that could predict the decay of the indoor PM2.5 during the activation of 

individual or multiple devices in a single decay phase. 
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CHAPTER 2 

METHODOLOGY 

 
 
 

2.1 Experimental setup 

 
 

This experiment was set up in an apartment complex located in a residential suburb of 

Wichita, KS. We selected seven apartments for the study; five were studied in winter, whereas two 

in summer. Two different seasons were selected to see the behavioral changes of occupants, as the 

frequency of window opening and the frequency of HVAC use change due to changes in I/O 

temperature. The frequency of these devices' use significantly alters the concentration of the indoor 

pollutants.  

 

We studied each home for two weeks. During the first week, we did not inform the occupants 

about various measures that they could take to improve their indoor air quality. After one week, 

we conveyed to them the information about various strategies that could reduce indoor pollutants' 

concentration. After analyzing the data and obtaining the results, we informed the occupants about 

their indoor air quality and the difference observed in the first and second week. 

 

A total of nine parameters were studied to evaluate IAQ: Indoor PM2.5 concentration, Indoor 

formaldehyde concentration, indoor CO2 concentration, indoor temperature, and relative humidity 

both at living space and supply vent, state of windows, HVAC and rangehood and, occupancy in 

each room. The details about various devices and their model numbers are listed in Table 4.  
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TABLE 4 

SENSORS USED FOR VARIOUS PARAMETERS STUDIED 

 

SN Parameter Tested Sensor used Accuracy 

1 Indoor PM2.5 
TSI DustTrak 8530 

Desktop Monitor 

±0.1% of reading or 0.001 mg/m3 

(whatever is greater) 

2 Indoor Carbon-dioxide 
Onset HOBO MX 1102 

A CO2 Monitor 

±50 ppm ±5% of reading at 25°C 

(77°F), less than 90% RH non-

condensing and 1,013 mbar 

3 
Temperature and RH of 

the living space 

Onset HOBO MX 1102 

A CO2 Monitor 
±0.21°C from 0° to 50°C 

4 
Temperature and RH of 

air from Supply Vent 

Onset HOBO UX100 

Temp/RH Monitor 

±2% from 20% to 80% typical to 

a maximum of ±4.5% including 

hysteresis at 25°C (77°F); below 

20% and above 80% ±6% typical 

5 State of HVAC 
Onset HOBO UX90-004 

Motor on/off 

±1 minute per month at 25°C 

(77°F) 

6 State of Windows 
Onset HOBO UX90-001 

State loggers 

±1 minute per month at 25°C 

(77°F) 

7 State of Rangehood 
Onset HOBO UX90-004 

Motor on/off 

±1 minute per month at 25°C 

(77°F) 

8 Outdoor PM2.5 
TEOM PM2.5 

Continuous Sensor 
N/A 

9 
Outdoor Weather 

(temperature and RH) 
ASOS N/A 

 

 

A study found that most of the particulate concentration that originated in the kitchen area during 

cooking can pass through the living space [45]. Since living rooms are closer to the kitchen area 

than the bedrooms, we decided to place the PM2.5 and formaldehyde sensors in the center of the 

living space. We placed occupancy and light sensors in the living rooms and bedrooms of few 

houses. These sensors can capture any movement within 5 ft to 10 ft.  

 

We used motor sensor, which reads EMF signals, to detect the ON/OFF status of devices like range 

hood and HVAC. We also used state sensors to see the status of window use. We placed state 



18 
 

sensors in living rooms and bedroom windows. The temperature and relative humidity of the 

indoor space was measured using the CO2 sensors, whereas the temperature and RH of the air 

coming directly from the vent were measured using separate T-RH sensors magnetically attached 

to the vent. Except for a couple of sensors, the default data granularity levels of most sensors were 

1 minute. We used linear interpolation to convert the data from some sensors to match them to 1-

minute average data. 

 

Some of the pictures of sensors used in the study are as follows in Figure 2.1. 

 

      

                Formaldehyde Sensor                                                    State Sensor 
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Temperature – Relative Humidity Sensor 

 

   

                           CO2 sensor                                                            PM2.5 Sensor 

 

Figure 2.1. Sensors used during data collection (More details on TABLE 4) 
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2.2 Statistical analysis and calculation of decay rate 

 

 

This study aims to calculate the PM2.5 decay rates in an indoor space during the activation of 

various devices. We used decay rate because it is a widely used method to identify the effectiveness 

of particle removal indoors. The term 'average decay rate' will reflect the overall decay rate 

throughout a decay phase. The term 'individual decay rate' will reflect the decay rate only when 

using that particular device. It has been found in a study that most of the commercial PM measuring 

devices are not accurate when the concentrations are lower [55]. Thus, we removed any absolute 

peak lesser than 0.05 mg/m3 from the analysis. Also, due to the striking irregularities in the curve, 

calculating an accurate decay rate was not possible with raw data. To accurately calculate the decay 

rates, a proper smoothening was necessary to avoid errors and accurately capture the decay rates. 

A study conducted in residential homes in California used the MALDIQUANT package of R 

studio to smoothen the curve. We created the mass spectrum of the data using the "SavitzkyGolay" 

smoothing method with a half window size of 5 [56].  

 

The baseline PM2.5 concentration for each house was different. It has been fully summarized in the 

results section. The PM2.5 baseline for each home can alter because of multiple factors, including 

the spatial location of the building, the outdoor PM2.5 concentration at the time of the study, and 

the occupant's behavior. We took the endpoint of each decay curve as the average baseline 

concentration of that home. One of the most important input parameters for decay rate calculation 

is the real-time outdoor PM2.5 concentration. We retrieved the data of outdoor PM2.5 from the 

sensors located in the premises of the Kansas Health Department. This location is about 5 miles of 



21 
 

areal distance from research dwellings. This data was made available online by the Department of 

Health and Environment of Kansas [57]. 

 

As stated earlier, we used the mass balance approach to evaluate the decay rate. The entire process 

was categorized into three parts: Baseline phase, an Emission phase, and Decay Phase, as shown 

in Figure 2.2. 

 

 

 

Figure 2.2. Pictorial Definitions of baseline, emission, and decay phase. 

 

 

Using the mass balance approach, we solve the following first-order ODE to calculate the loss 

rates.  

𝑑𝐶𝑖𝑛

𝑑𝑡
= −𝐿𝐶𝑖𝑛 + 𝑃𝐴𝐶𝑖𝑛𝑜

+
𝐸

𝑉
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where, 

 

Cin = Indoor PM2.5 Concentration 

L = Loss Rate (Decay Rate) 

P = Penetration Factor 

A = Air Change Rate 

E = Emission Rate 

V= Mixing Volume 

𝐶𝑖𝑛𝑜
 = Outdoor PM2.5 Concentration 

 

Since there is no emission in the decay phase, we can eliminate this term. Then we can use the 

initial conditions of Cin (td) as the concentration of PM2.5 at the start of the decay phase at time = 

td. Solving the above differential equation yields the following. 

 

ln (
𝐶𝑖𝑛(𝑡) − 𝐶𝑖𝑛𝑜

𝐶𝑖𝑛(𝑡𝑑) − 𝐶𝑖𝑛𝑜

) =  −𝐿(𝑡 − 𝑡𝑑) 
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CHAPTER 3 

RESULTS AND DISCUSSIONS 

 
 
 

3.1 Descriptive statistics of various parameters 

 
 

We evaluated eight indoor air quality parameters: indoor temperature, indoor relative 

humidity, indoor PM2.5 concentration, indoor CO2, outdoor PM2.5, rangehood used per activation, 

HVAC used per activation, and window used per activation. We have summarized the descriptive 

statistics of these parameters in Table 5. 

TABLE 5 

 
DESCRIPTIVE STATISTICS VARIOUS PARAMETERS STUDIED 

 

SN Parameter Units Metric Winter Summer 

1 Indoor Temperature °C mean 20.28 24.58 

2 sd 1.16 0.81 

3 min 16.23 22.73 

4 max 28.39 27.36 

5 Indoor Relative 

Humidity 

Percent mean 42.91 53.17 

6 sd 3.89 3.07 

7 min 22.66 44.26 

8 max 59.96 73.78 

9 Indoor PM2.5 

Concentration 

µg/m3 mean 32.30 56.88 

10 sd 78.96 48.23 

11 min 0 4.50 

12 max 2525.18 342.57 

13 Indoor CO2 ppm mean 860.41 908.29 

14 sd 292.80 204.49 

15 min 188.00 299.00 

16 max 2182.00 1784.00 
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TABLE 5 (continued) 

 
SN Parameter Units Metric Winter Summer 

17 Outdoor PM2.5 

Concentration 

µg/m3 mean 4.23 7.70 

18 sd 4.70 3.54 

19 min 0 2.60 

20 max 72.5 17.7 

21 Rangehood use per 

event 

minutes mean 2.42 12.98 

22 sd 2.81 13.45 

23 min 1.00 1.00 

24 max 17.00 101.00 

25 HVAC use per 

event 

minutes mean 11.69 12.83 

26 sd 12.52 3.10 

27 min 1.00 2.00 

28 max 783.00 44.00 

29 Window use per 

event 

minutes mean 81.27 96.55 

30 sd 91.96 195.59 

31 min 0.00 0.00 

32 max 501.00 872.00 

 

 

We tabulated the descriptive statistics parameters like mean, standard deviation and, minimum and 

maximum values of the range of all parameters mentioned in Table 5 for both summer and winter 

seasons. Apart from the apparent temperature and relative humidity trends, the mean indoor PM2.5 

concentration was significantly lower in summer than in winter. The primary reason for this is the 

difference in the decay rates during summer and winter. Outdoor mean PM2.5 concentrations were 

significantly different in the winter and summer season as the summer average was 82.19% higher 

in summer than in winter. This difference resulted in a significantly different indoor baseline PM2.5 

concentration. The lognormal decay pattern followed by the PM2.5 particles is such that the decay 

is exponential at the beginning and begins to fade away as it approaches baseline. As the baseline 
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is lower in winter, the decay is significantly faster. This baseline shift is explained further in the 

indoor PM2.5 baseline concentration calculations section. 

 

We can analyze the difference in mean PM2.5 concentration by studying the behavioral aspects of 

the occupants. The occupants usually tend to make their living space isolated from their 

surroundings to conserve energy. However, occupants may elect to use building systems at certain 

conditions like adequate outdoor temperature or significantly elevated indoor PM concentration. 

We can study one of the behavioral aspects of occupants using the 'Windows used per event' data. 

This information suggests that window opening minutes are lesser in winter than in summer. 

Window opening has the single most significant impact on the decay of any indoor pollutant 

compared to other ventilation modes. This observation is explained further in the 'PM2.5 decay 

rates during activation of various devices' section. 

 

The result suggests that mean HVAC use minutes per activation were similar in both seasons. In 

contrast, mean rangehood activation minutes per activation were significantly different. Mean 

indoor CO2 concentration was slightly lower in winter as compared to summer. The mean indoor 

CO2 concentration was lower than 1000 ppm in both seasons. This data is compliant with US EPA 

standards. However, we observed that the indoor CO2 concentration of the studied homes exceeded 

the critical concentration of 1000 ppm for about 38.36% of the entire study time. It means that 

occupants were exposed to unhealthy levels of CO2 for about one-third of their time indoors.  
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3.2 The overall infiltration ACH and deposition rates of studied homes 

 

 

The construction of homes involved in this study took place from 1999 to 2000. By this time, 

newer generation homes with higher airtightness were manufactured to boost energy conservation 

efforts. Before going any further into the results, it is essential to understand the ACH of these 

homes in closed conditions. It is also essential to understand the deposition rates of particulates. 

To find these data, a closed condition decay for five homes was selected. At this time, there were 

no significant indoor activities like cooking or vacuuming, and all doors and windows were closed. 

It was also made sure that no one was in the living room area using the data from the occupancy 

sensors. Also, the wind speed outside was close to the average wind speed. The outdoor windspeed 

is critical for closed condition ACH calculations. The higher outdoor wind speed can cause a higher 

pressure differential, which can exacerbate the infiltration rates. Table 6 describes the ACH in the 

closed conditions and the deposition rates for House 001- 005. 

 

TABLE 6 

 
ACH AND DEPOSITION RATES OF VARIOUS HOUSES 

 

 

 

House ACH (closed condition, Ka) Ka + kd Deposition Rate (kd) 

1 0.0761 0.2822 0.2062 

2 0.0359 1.2076 1.1717 

3 0.0775 0.1051 0.0277 

4 0.0422 0.1191 0.0769 

5 0.1005 0.2081 0.1076 
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The infiltration ACH of these homes range from 0.03 to 0.10 h-1, which shows that these houses 

are airtight and allows significantly less infiltration of pollutants to and from the indoor space. 

Low infiltration rates also suggest that the results of PM2.5 decay during the use of various devices 

show their true significance. These rates are lower than the recommended continuous ACH values 

for the residential buildings by US EPA [58]. Thus, some form of intervention to increase the ACH 

values, either by implementing natural or mechanical ventilation, is essential. 

 

3.3 Indoor/outdoor PM2.5 baseline calculations 

 

We used the MALDIQUANT package from R Studio to calculate indoor PM2.5 baseline 

concentration. This baseline value is critical for calculating PM2.5 decay rates, elaborated further 

in the next section. The description of the baseline indoor and outdoor PM2.5 concentration 

calculated for all homes is in Table 7. 

TABLE 7 

 
INDOOR/OUTDOOR PM2.5 BASELINE CONCENTRATION 

 

SN HOME ID Indoor Baseline 

Concentration (µg/m3) 

Outdoor Baseline 

Concentration (µg/m3) 

1 001 7.41 2.31 

2 002 9.78 3.41 

3 003 24.39 2.12 

4 004 10.60 1.69 

5 005 4.29 1.63 

6 006 43.06 4.54 

7 007 15.55 8.78 

 

Based on the indoor and outdoor baseline PM2.5 concentrations, the average I/O ratio for the test 

location was calculated as follows in Table 8. 
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TABLE 8 

 
I/O PM2.5 RATIO DURING SUMMER AND WINTER 

 

 

The values in Table 8 signify that indoor and outdoor PM2.5 baseline values are closely related as 

the concentration gradient of these particles tends to equalize both indoors and outdoors. As the 

outdoor baseline PM2.5 concentration changes due to seasonal variations, the indoor baseline 

concentration changes with similar proportions. Thus, a similar average I/O ratio is maintained for 

the entire year.  

 

 

 

 

 

 

 

 

 

 

Baseline Measures (µg/m3) Winter Summer 

Indoor PM Baseline Average 11.24 29.73 

Outdoor PM Baseline Average 2.23 6.66 

I/O Baseline Average 5.19 5.67 
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3.4 PM2.5 decay rates during usages of various devices 

 
 

3.4.1 Overall decay analysis 

 

The impact of various devices on the decay rates of indoor PM2.5 concentration was thoroughly 

investigated for all seven homes and graphed in Figure 3.1. 

 

Figure 3.1. Loss Rates from various devices 
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From Figure 3.1., we can confirm that window opening has the single most significant impact on 

the decay rates of PM2.5. With the highest median decay rate of 1.3 h-1 and highest probabilistic 

range of 1.9 h-1, window opening stands out as the best ventilation strategy for indoor PM2.5 

removal. However, we should note that the outdoor baseline concentration for PM2.5 in the suburb 

of Wichita, KS, is significantly lesser than in other megacities. We may not observe this decay rate 

at the denser urban locations where the outdoor baseline particulate concentration is very high. 

The IQR and median decay rates from various devices are presented in Table 9.  

 

TABLE 9 

 
IQR AND MEDIAN OF DECAY RATES FROM VARIOUS DEVICES 

 

 

 

 

 

 

Case/Measure 

Number of 

Cases 

Decay Rate (h-1) 

Q1 Median Q3 

NONE 36 0.22 0.30 0.44 

HVAC 18 0.42 0.61 0.84 

Window 8 0.04 1.26 1.88 

Rangehood 5 0.22 0.39 0.68 

Multiple Devices 4 0.46 0.61 0.61 
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3.4.2 Decay during window openings 

 

 

    

 

Figure 3.2. Effect of Window Openings on elevated levels of PM2.5 concentration during 

cooking. The blue shaded region describes the time frame of the window opening. 

 

The blue region is the time duration of opened windows. We can observe from Figure 3.2. 

that window openings can accelerate the indoor PM2.5 decay and any point during emission. 

However, window opening shows exponential decay if occupants open it at the beginning of the 

decay phase. Early window opening has its own significance and it explained in ‘Reduction from 

Absolute Peak during device activation for the first ten minute of the decay phase’ section. 
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3.4.3 Decay during periodic HVAC use 

 

HVAC stands out as the second-best indoor PM2.5 filtration mechanism. Since the IQR is very 

low compared with that of the window opening decay rates, we can ascertain with a very high 

probability that HVAC can generate the PM2.5 decay rates from 0.4 h-1 to 0.9 h-1. HVACs operate 

periodically and the HVAC activation time ranges from 7 minutes to 14 minutes, depending on 

the apartment studied. The following results in Figure 3.3. were observed during the HVAC 

activation. 

 

    

 

Figure 3.3. Effect of HVAC use on elevated levels of PM2.5 concentration during cooking. The 

red shaded region describes the time frame of periodic HVAC activation. 
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The red ribbons signify the timeframe in which HVAC is used. We can observe from the frequency 

and the length of ribbon in the time axis that HVACs operate periodically. We can also observe 

that the duration of HVAC activation per activation is different from each other. The average range 

of HVAC use per activation ranges from 7 minutes to 14 minutes. The above diagram shows that 

each HVAC use results in the accelerated decay of PM2.5. During the HVAC use, the median decay 

is 0.6 h-1, whereas the close condition median decay rate is 0.38 h-1. Thus, HVAC produces almost 

57% higher decay rates than the scenario when nothing is used.  

 

3.4.4 Decay during range hood activation 

 

Rangehood (RHD) shows modest decay rates but is not as effective as HVAC and 

Windows. The IQR for loss rates due to RHD use ranged from 0.2 h-1 to 0.7 h-1, and the median 

was about 0.4 h-1. The problem with calculating the loss rate for RHD lies in the duration of its 

activation. On average, RHD remained activated for 2-3 minutes in most of the homes. This short 

time of operation made it very difficult to calculate accurate decay rates. Also, most of the time, 

the PM2.5 measuring device failed to detect the changes caused by RHD in PM2.5 concentration 

during the decay phase. We noticed during the study that people tend to use RHD during the 

emission phase as the measure of the source control and use it less often in the decay phase. Figure 

3.4. describe the effect of RHD on PM2.5 concentration during the decay phase. 
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Figure 3.4. Effect of range hood activation on elevated levels of PM2.5 concentration during 

cooking. The green shaded region describes the time frame of range hood activation. 

 

The length of the green ribbon in the time axis signifies the time duration of RHD use. We can 

observe this time frame is significantly lesser than HVAC and Windows use time. 
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3.4.5 Decay during simultaneous activation of multiple devices 

 

During the study, we observed the use of multiple devices in a single decay phase. For 

example, when HVAC and RHD were used simultaneously, the median decay rates were higher 

than the individual decay rates of RHD and HVAC. The Figure 3.5. describes the decay plot when 

multiple devices were used. 

 

 

 

Figure 3.5. Effect of multiple device activation on elevated levels of PM2.5 concentration during 

cooking. 
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3.4.6 Decay when no devices were used 

 

 

 

Figure 3.6. No Device Activation during elevated PM2.5 concentration 

 

 

We can observe from Figure 3.6 that if occupants use no devices, there is no sudden decrease in 

concentration in the decay phase. We cannot observe the swift decrease in concentration as seen 

during the use of windows or HVAC. This non-accelerated decay can increase the exposure to the 

harmful levels of PM2.5 concentration. Significant proportions of all decay curves were those in 

which there was no use of any device. We observed the lowest median decay rate of 0.3 h-1 in this 

case. Also, given the small IQR with extremes from 0.2 h-1 to 0.4 h-1, it can be stated with a very 

high probability that PM2.5 generated during cooking diminishes at much lower rates when no 

device is used. 
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3.5 I/O PM2.5 ratio reduction during use of various devices 

 

As described by various studies cited in the introduction, activities like window and rangehood 

opening can decrease the spike in the I/O PM2.5 ratio caused by cooking. We observed that window 

opening decreased the I/O PM2.5 ratio on average by 42.62% in few minutes. This rapid reduction 

is beneficial as it can limit its exposure to occupants. HVAC uses can considerably reduce the 

PM2.5 I/O ratio. However, HVAC is not used continuously like a window or range hood. Instead, 

it is used periodically with an average activation of 7 minutes to 14 minutes, depending upon the 

surveyed apartment. 

 

 

Figure 3.7. Reduction in indoor cooking PM2.5 concentration when HVAC is used 
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Figure 3.7 shows the PM2.5 percentage reduction during HVAC use within a broad range of 2% to 

16% and a median of 6%. It means that per activation of HVAC can reduce the indoor PM2.5 

concentration generated from cooking by about 6%. We can observe two different clusters 

generated by the KNN algorithm from Figure 3.7. Cluster 1 (blue) is for average HVAC activation 

frequency of 7 minutes (per activation), and Cluster 2 (orange) is for average HVAC activation 

frequency of 14 minutes (per activation). Individually, Cluster 2 shows a higher reduction of 

cooking PM2.5. Even though the reduction of I/O ratio from HVAC is not as accelerated as 

windows or range hood, it has an impressive overall impact, as shown by Table 10.  

 

TABLE 10 

 
THE REDUCTION I/O RATIO WHEN HVAC IS USED 

 
House 

No 

HVAC 

ON/OFF 

Q1 Median Q3 Average % reduction 

in mean IO 

ratio 

1 OFF 1.5 2 4.17 8.13 43.30% 

ON 1.3 1.9 3.02 4.61 

2 OFF 1.6 5.8 16.4 18.71 77.23% 

ON 0.8 1.2 2.66 4.26 

3 OFF 4.9 7 12.6 12.43 26.87% 

ON 4.8 7.45 9.87 9.09 

4 OFF 2.4 4 7.79 11.97 44.19% 

ON 2.9 4.05 5.69 6.68 

5 OFF 0.2 1.2 4.23 4.84 60.95% 

ON 0.2 1.13 2.49 1.89 
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3.6 Reduction from absolute peak during device use for the first ten minutes of the 

decay phase  

 

The maximum exposure from particulates occurs at the peak concentration. If the occupants 

use devices during the peak concentration, we observe a very steep decay of particulates. We can 

calculate the efficacy of these devices to rapidly reduce the peak concentration by comparing the 

ten-minute average peak concentration during the use of various devices. Figure 3.8 describes the 

average concentration during the first ten minutes of the decay, the average concentration after the 

first ten minutes until the end of the decay, and the average concentration of the ten minutes before 

the start of the emissions phase. 

 

 

 

Figure 3.8. PM2.5 reduction from 10-minute average peak during activation of devices 
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We can observe from Figure 3.8 that if occupants use devices like Window and Rangehood during 

the first ten minutes of the decay phase, then the average concentration of PM2.5 reduces 

considerably. The percentage reduction of the average PM2.5 during the first ten minutes of the 

decay phase is 6.66% for HVAC, 14% for range hood, and 73.33% for Windows compared to the 

scenario when nothing was used.  

 

Since windows are most likely to be opened during the first ten minutes of the decay, we can see 

that its impact is disproportionally higher. We can observe very few HVAC usages during the first 

ten minutes of the decay phase. So, we cannot ascertain with higher confidence the impact of 

HVAC on the average ten-minute peak. 

 

3.7 CO2 concentration ranges during the activation of various devices 

 

As stated earlier in the introduction section, about one-third of the entire studied time in the 

indoor space, the CO2 concentration was higher than 1000 ppm. This is also shown by the data in 

Appendix B. This elevated level of CO2 is above the US EPA guidelines in a residential building. 

Figure 3.9 shows the IQR of CO2 concentration in the indoor space when various devices were 

open. 
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Figure 3.9. Descriptive statistics of CO2 concentration when various devices are used. 

 

We can observe from Figure 3.9 that median CO2 concentration in the indoor space plummets to 

half of the recommended guidelines (500 ppm) with opened windows. The outdoor CO2 

concentration at the time of measurement of the house was 407 ppm. The concentration gradient 

of CO2 tends to equalize with the surroundings within a short time of window opening. This rapid 

reduction of CO2 concentration during window opening is also exemplified in Appendix C. The 

IQR of this pollutant ranges from 410 ppm to 650 ppm with open windows. This reduction shows 

a very high probability that window opening will not allow CO2 concentration to reach beyond the 
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recommended critical concentration. Rangehood's plot shows a sound reduction with a median of 

around 675 ppm. The synergetic effect of operating multiple devices like HVAC and Windows 

further reduces the CO2 concentration.  

 

Table 11 describes the average CO2 concentration with the use of various devices in both the 

summer and winter months. 

TABLE 11 

 
REDUCTION OF CO2 DURING THE ACTIVATION OF INDIVIDUAL DEVICES AND 

DURING THE SIMULTANEOUS ACTIVATION OF MULTIPLE DEVICES 

 

Category 

CO2 concentration (ppm) 

Winter Summer 

NONE 850.82 923.22 

HVAC 829.89 1141.64 

RHD 811.94 867.59 

WINDOW 517.21 551.27 

WINDOW + HVAC 434.81 NA 

WINDOW + RHD 445.60 NA 

HVAC + RHD 891.58 1125.79 

HVAC + WINDOW + RHD NA NA 

 

Again, Table 11 shows that window opening or simultaneous use of windows with any other device 

can plummet the average CO2 concentration to the lowest levels, almost to the outdoor CO2 

concentration.  
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3.8 Simulating the indoor particulate concentration during the activation of Windows, 

HVAC, and Rangehood. 

 

There are three possible scenarios of PM2.5 decay in the indoor space. The first one is purely 

through exfiltration and deposition. The second one is through the use of a single device. The final 

one is through the simultaneous use of devices in the same decay phase. However, in many cases, 

multiple systems can operate simultaneously, causing the complexity of calculating the decay 

rates. It is evident from the data analysis that people often open windows and mainly range hoods 

at the time of cooking to reduce indoor particulates quickly. Moreover, the HVAC operates in 

segments based on the setpoint and indoor temperature difference. From the prior results, we can 

see that operating these devices individually or simultaneously can accelerate the decay rates. 

However, they have significant differences in their performance. Windows can accelerate the 

decay rate at a much faster rate than HVAC or range hood. 

 

To accurately account for the impact of these devices, we derived a unitless number from decay 

rates from each device during their activation and deactivation scenarios. This process is shown in 

the flowchart posted in Figure 3.12. The unitless number is calculated by adding activation decay 

rate with total activation time and deactivation decay rate with total deactivation time. We repeat 

this process for every segment of the decay curve and add them all together. We then compare this 

unitless decay number obtained by numerous activation and deactivation phases with the overall 

unitless decay number. We obtain the overall unitless decay number by multiplying the overall 

decay rate with the overall decay time. Finally, we recorded the correlation coefficient of these 

datasets from HVAC, range hood, and windows. 
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Figure 3.10. Correlation coefficient of overall and individual unitless decay rate 

 

The correlation coefficients between the data sets representing the decay rates from segmented and 

overall decay curve were 0.7906 for HVAC, 0.6284 for range hood (p value not significant), and 

0.6455 for multiple devices. Given that decay rate is contingent upon multiple variables, these 
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coefficients were reasonable for a preliminary study like this. Since we need a single coefficient 

for activation and deactivation timeframes in the modeling equations, we considered evaluating 

median decay rates. The correlation coefficient with median decay rate is similar as shown in 

Figure 3.11. 

 

     

     

 

Figure 3.11. Correlation coefficient with median decay unitless number 
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It is much more challenging for windows to calculate these coefficients as outdoor weather 

parameters like wind speed and wind direction heavily influence the decay rate. We calculated a 

correction factor incorporate wind speed in the unitless decay rate number, which improved the 

results. However, missing data like the angle between wind vector and windows and the degree 

of window opening resulted in discrepancies.  

 

 

 

Figure 3.12. Flowchart for calculating the unitless number for exposure analysis 

 

We obtained the following equations using the mass balance method and the median decay rates 

during the activation and deactivation phases. We can use these equations for simulating PM2.5 

decay just with the limited information of total time of device use. 
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𝑃𝑀2.5 𝐻𝑉𝐴𝐶 =  𝐶𝑜𝑢𝑡 + (𝐶𝑖𝑛(𝑡𝑑) − 𝐶𝑜𝑢𝑡)𝑒
−(

0.78𝛼 +0.33𝛽
𝛼+𝛽

)(𝑡−𝑡𝑑)
 

𝑃𝑀2.5 𝑅𝐻𝐷 =  𝐶𝑜𝑢𝑡 + (𝐶𝑖𝑛(𝑡𝑑) − 𝐶𝑜𝑢𝑡)𝑒
−(

0.21𝛾 +0.33𝛽
𝛾+𝛽

)(𝑡−𝑡𝑑)
 

𝑃𝑀2.5 𝑊𝐼𝑁 =  𝐶𝑜𝑢𝑡 + (𝐶𝑖𝑛(𝑡𝑑) − 𝐶𝑜𝑢𝑡)𝑒
−(

(0.15 ∗ 𝛿 ∗ 0.54𝜖) +0.33𝛽
𝜖+𝛽

)(𝑡−𝑡𝑑)
 

𝑃𝑀2.5 𝑀𝑈𝐿𝑇𝐼 =  𝐶𝑜𝑢𝑡 + (𝐶𝑖𝑛(𝑡𝑑) − 𝐶𝑜𝑢𝑡)𝑒
−(

0.45𝛼+0.89𝛾+0.33𝛽
𝛼+𝛾+𝛽

)(𝑡−𝑡𝑑)
 

 

Where, 

α = Total HVAC Activation Time 

γ = Total Range Hood Activation Time 

ϵ = Total Window Activation Time 

β = Total Device Deactivation Time 

δ = Wind speed during a window opening 

Cout = Outdoor PM2.5 Concentration 

Cin  = Indoor PM2.5 Concentration 

td = Peak Decay Time 

t = Current time Elapsed in Hours 

 

We then used the modeling equations for simulating PM2.5 decay during the activation of various 

devices for calculating exposure. The percentage difference between the actual and simulated 

exposure for all these cases was measured. Table 12 shows the average and median percentage 

difference between the actual and simulated exposure. 
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TABLE 12 

PERCENTAGE DIFFERENCE BETWEEN REAL AND SIMULATED EXPOSURE DURING 

ACTIVATION OF VARIOUS DEVICES 

 

SN Device 

Average Percentage 

Difference 

Median Percentage 

Difference 

1 HVAC 27.94 24.10 

2 Window 19.90 17.05 

3 Range Hood 25.19 30.85 

4 Multiple Devices 21.32 17.68 

 

The calculations show that this model can correctly predict around 70% of the decay. 

Occupants use range hood for a very short time thus making it very difficult to calculate the 

decay rate. For this reason, we see discrepancies in the simulated data for range hood equation. 

There is a lack of some variables that need to be incorporated into the model to improve it 

further. For example, outdoor wind speed plays a critical role in determining the decay rate, 

particularly when we open windows. The role of wind speed in indoor PM2.5 decay is shown 

by data in Appendix A. Even for decays during HVAC and rangehood use, we observed that 

higher outdoor wind speed could influence decay rates. The outdoor particulate concentration 

drops very fast if the wind speed is higher than 16 mph, as particulates are swayed away by 

the wind vector. Also, suppose the outdoor wind speed is greater than 18 mph. In that case, a 

low-pressure region forms outside the building envelope, whereas the indoor pressure is 

reasonably constant. The pressure difference forces the particles indoors to exfiltrate in the 

outdoor space, thus reducing the indoor particulate concentration, as shown by Figure 3.13. 
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Figure 3.13. Outdoor windspeed’s impact on indoor PM2.5 concentration. 

 

Also, while window opening, various factors like the angle between windows and wind 

vector and degrees of window opening come into play. We could not measure these variables 

during the experiment. For future development, we should measure these parameters to 

improve the accuracy of this model. 



50 
 

Figures 3.14 to 3.17 show the actual and simulated decay curves superimposed in one plot for 

an HVAC system, windows, range hood, and multiple device use, respectively. 

 

                     

     

 

Figure 3.14. Actual (blue) and simulated (red) decay curves during HVAC activation 
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Figure 3.15. Actual (blue) and simulated (red) decay curves during window activation 
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Figure 3.16. Actual (blue) and simulated (red) decay curves during range hood activation 
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Figure 3.17. Actual (blue) and simulated (red) decay curves during multiple device activation 
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CHAPTER 4 

 

CONCLUSION 

 
 
 

The study concludes that combined or separate use of various devices like HVAC, 

Windows, and range hood can remarkably reduce the indoor PM2.5 concentration generated during 

cooking. The use of these devices can effectively reduce the chances of exposure to dangerous 

levels of particulate concentration.  

 

Since the infiltration ACH is too low in modern airtight homes, these devices help reach US EPA's 

critical continuous ACH guidelines.  We observed different sets of decay rates during the summer 

and winter seasons because of the seasonal variability of indoor baseline PM2.5 concentration 

caused by the corresponding seasonal change in the outdoor baseline PM2.5 concentration. The 

indoor and outdoor baseline concentrations are heavily correlated, as signified by their acutely 

similar I/O ratios for all seasons. Outdoor wind conditions severely affect the indoor baseline 

particulate concentration.  

 

The use of windows generated the highest median decay rate of 1.26 h-1 and rapidly decreased the 

cooking concentration. The use of HVAC on the periodic basis increased the median decay rate to 

0.61 h-1. The range hood did not increase considerably but was better than the scenario when 

nothing was used. The combined use of HVAC and Windows resulted in the lowest indoor median 

PM2.5 and median CO2 concentrations. The use of windows, rangehood, and HVAC effectively 

reduced exposure risks from PM2.5 if used for the first ten minutes of the decay phase. The first 

ten-minute average concentration of PM2.5 was reduced by 6.66% by HVAC, 14% by a range hood, 
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and 73.33% by windows compared to the scenario when nothing was used. We observed that 

opening windows at the time of higher outdoor windspeed can further accelerate the decay rate.  

 

The preliminary model created to simulate the decay of indoor PM2.5 concentration during the 

activation of various devices correctly predicted 70% of the actual decay. We can improve the 

model by incorporating the correction factors derived from variables like the angle between wind 

vector and window orientation and the degree of the window opening. 
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APPENDIX A 

 

 

IMPACT OF INDOOR PM2.5 DECAY WHEN WINDOWS OPENED DURING HIGH 

OUTDOOR WIND SPEED. 

 

 

 
 

 

 

The blue ribbon in the top plot show the time frame of open windows and the bottom figure shows 

corresponding emissions and decays of PM2.5 particles generated from cooking. Very less window 

activity is observed when outdoor temperature is below 5 C. 
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APPENDIX B 

 
 

INDOOR CO2 CONCENTRATION AT CLOSED CONDITION (ONLY CONTINUOUS 

INFILTRATION ACH IS PRESENT) 

 

 
 

Clusters Number of Items CO2 Center 

Cluster 1 1399 1419.1 

Cluster 2 2203 1259.7 

Cluster 3 1897 1119.8 

Cluster 4 1498 974.45 

Cluster 5 1722 827.7 

Cluster 6 2213 346.97 

Cluster 7 2606 525.91 

Cluster 8 2143 683.42 

Cluster 9 124 1775.4 

 

 

Cluster analysis reveals that for 35.19% of the closed condition period, the indoor CO2 

concentration was higher than 1000 ppm. This is the critical indoor CO2 standard set by various 

accredited organizations. 
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APPENDIX C 

 
 

INDOOR CO2 CONCENTRATION WHEN WINDOWS WERE OPENED 

 

 

 

Clusters Number of Items CO2 Center 

Cluster 1 564 444.27 

Cluster 2 176 755.97 

Cluster 3 155 1107.3 

 

The cluster analysis reveals that only 17.31% of the time the CO2 concentration was above critical 

levels. 


