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Emissions of air pollutants from non-conventional sources have been on the rise in 

the North Texas area over the past decade. These include primary pollutants such as volatile 

organic compound (VOC) and oxides of nitrogen (NOx) which also act as precursors in the 

formation of ozone.  Most of these have been attributed to a significant increase in oil and 

gas production activities since 2000 within the Barnett Shale region adjacent to the Dallas-

Fort Worth metroplex region.  In this study, air quality concentrations measured at the 

Denton Airport and Dallas Hinton monitoring sites operated by the Texas Commission on 

Environmental Quality (TCEQ) were evaluated. VOC concentration data from canister-based 

sampling along with continuous measurement of oxides of nitrogen (NOx), ozone (O3), 

particulate matter (PM2.5), and meteorological conditions at these two sites spanning from 

2000 through 2014 were employed in this study. The Dallas site is located within the urban 

core of one of the fastest growing cities in the United States, while the Denton site is an 

exurban site with rural characteristics to it. The Denton Airport site was influenced by 

natural gas pads surrounding it while there are very few natural gas production facilities 

within close proximity to the Dallas Hinton site. As of 2013, there were 1362 gas pads within 

a 10 mile radius to the Denton Airport site but there were only 2 within a 10 mile radius to 

Dallas Hinton site. The Dallas site displayed higher concentrations of NOx and much lower 

concentrations of VOC than the Denton site.  Extremely high levels of VOC measured at the 

Denton site corresponded with the increase in oil and gas production activities in close 

proximity to the monitoring site. Ethane and propane are two major contributors to the 

measured VOC concentration, suggesting the influence of fugitive emissions of natural gas. 



In Dallas, the mean and maximum values of ozone had decreased since 2000 by about 2% 

and 25%, respectively. Similarly  NOx decreased by 50% and 18% in the mean and maximum 

values. However, the mean VOC value showed a 21% decrease while the maximum value 

increased by about 46%. In Denton, the change in percentage of ozone and NOx were 

similar to Dallas but the mean VOC concentration increased by about 620% while the max 

value increased 1960%. Source apportionment analysis confirmed the findings by identifying 

the production of natural gas to be the primary source of VOC emissions in Denton, while 

traffic sources were more influential near the Dallas site. In light of the recent proposal by 

EPA to revise the ozone standard, the influence of these new unconventional sources should 

be further evaluated.   
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CHAPTER 1  

INTRODUCTION 

The measured air quality concentrations in the North Texas region is highly 

influenced by the rapid economic development in the region. Among these developments, 

the oil and gas production activities within the Barnett Shale region had significantly 

increased over the past two decades. Several studies had been made concerning whether 

the increased activities within the Barnett Shale region had affected the air quality within 

the region (Armendariz, 2009; Bunch et al., 2014; Rawlins, 2013). However, the conclusions 

made by these studies were mixed.  The majority of these studies were focused on a single 

pollutant and its trend over a short period of time. As such, a more thorough evaluation on 

all major primary pollutants is needed.  

The Environmental Protection Agency (EPA) defines VOC as a collective term for all 

sort of hydrocarbon compounds. However, this list excludes carbon monoxide (CO), carbon 

dioxide (CO2), carbonic acids, metallic carbides and also ammonium carbonate. Also, the 

EPA does not include the non-reactive VOC species in their list of VOC because inert VOC 

cannot form ground level ozone (EPA, 2012). VOC reacts with NOx and CO to form ground 

level ozone. In high concentrations, VOC causes health problems. Also, under certain 

conditions, VOC plays a role in generating smog (EPA, 2012; Robinson, 2013). Oxides of 

nitrogen is a collective term for a family of compounds that includes nitrogen and oxygen 

(EPA, 2014). Among the family, nitrogen dioxide (NO2) is given the most attention and 

monitored by the EPA under the National Ambient Air Quality Standards (NAAQS). Similar to 

VOC, 𝑁𝑁𝑁𝑁𝑥𝑥 is a precursor to the formation of ground level ozone. The primary source of 𝑁𝑁𝑁𝑁𝑥𝑥 

is mobile sources, which includes cars, trucks and planes (Clean Air Technology Center, 

1999). Ground level ozone is harmful to the environment and human life. Exposure to high 
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levels of ozone can worsen lung diseases. Thus, it is dangerous for patients with asthma, 

emphysema and chronic bronchitis (Dameris, 2014). Lastly, 𝑃𝑃𝑃𝑃2.5 are fine particulate matter 

that are smaller than 2.5 micrometer in diameter. These are normally composed of some 

combination of either nitrate or sulfate acid particles, organic aerosols, metals, soil or dust 

(EPA, 2013).  

The local air quality standards of a region is highly influenced by the emission 

sources within close proximity. As such, air quality measured at different counties within 

any area will be different depending on the local emission sources present within the area. 

The volume and species of pollution emission largely depends on its emission sources. 

Concentration of pollutant emissions can also be traced back to the setting of the region in 

which an urban region would have exposure to much more traffic and commercial based 

pollutant sources where as a rural area with fewer residents would have a much lower 

traffic count. However, this does not mean that the rural region would have cleaner air 

compared to the urban region by default as industrial activities associated with oil and gas  

often are located in rural areas.  

The National Ambient Air Quality Standards (NAAQS) is a standard set by the EPA to 

govern the acceptable values for six criteria pollutants. Among the six criteria pollutant are 

ozone,  𝑁𝑁𝑁𝑁𝑥𝑥 and  𝑃𝑃𝑃𝑃2.5 (EPA, 2014). For ozone, the NAAQS utilizes the 8-hour averaged 

values. The 𝑁𝑁𝑁𝑁𝑥𝑥 standards are based on hourly and annual values while 𝑃𝑃𝑃𝑃2.5 utilizes both 

annual and 24 hour values. The standards set by the EPA (2014) were 75 ppb for ozone, 100 

ppb for hourly 𝑁𝑁𝑁𝑁𝑥𝑥 and 53 ppb for annual 𝑁𝑁𝑁𝑁𝑥𝑥 value, also 15 μg/m3 for annual 𝑃𝑃𝑃𝑃2.5 and 

35 μg/m3 for daily 𝑃𝑃𝑃𝑃2.5 value. 

The Dallas-Fort Worth region is one of the fastest growing metropolitan region 

within the United States of America and as a result has a growing population of residents 
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and also commercial and industrial activities (United States Census Bureau, 2014). However, 

the effects of development in the non-urban regions cannot be disregarded even though the 

major pollutant emission sources of traffic and commercial activities in rural region may be 

smaller. 

The measured VOC concentrations at the Denton county based monitoring site was 

noted to be significantly high. The monitoring site is located in a rural setting with no 

industrial sites and power plants within close proximity. Compared to the urban setting of 

Dallas, the traffic and commercial sources of emissions should be much lower. However, the 

region was set within the Barnett Shale, as such, the VOC emissions, and in extension the 

local ground level ozone concentration may be a product of emissions from oil and gas 

production. It was hypothesized that oil and gas production within the Denton county can 

significantly influence the air quality of the region. This initial assumption was based on the 

major growth of Barnett Shale gas production activities witnessed within the region. The 

growth of oil and gas production at Barnett Shale should greatly influence the measured air 

quality concentrations in the region. An area with higher oil and gas production activities 

should yeild higher amount of  VOC concentration.  

The primary objectives of this study includes: 

• Quantification of the trend of VOC,𝑁𝑁𝑁𝑁𝑥𝑥, 𝑃𝑃𝑃𝑃2.5 and ozone concentrations over the 

study period. 

• Bivariate correlation analysis between the measured pollutant species. 

• Establish the spatio-temporal differences in the trends between various monitoring 

sites. 

• Generate an in-depth source apportionment study for each monitoring site to 

identify the main contributors of pollution. 
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Briefly summarizing the chapters of this report, chapter 2 provides a detailed 

background study on the subject matter. This chapter includes a comprehensive literature 

review. In chapter 3, we discuss each individual monitoring sites and the type of data 

obtained from them. Chapter 4 highlights data and methodology employed in the study. In 

chapter 5, the result and discussions is highlighted. The important element of chapter 5 

would be identifying trends shown by each pollutant species, the analysis of their 

contribution to the overall air quality level. Chapter 6 concentrates on the source 

apportionment studies done for each monitoring sites. Finally, chapter 7 summarizes the 

findings of the study and highlights recommendations for future studies. 
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CHAPTER 2  

BACKGROUND 

2.1 Air Pollutants 

Volatile organic compound (VOC) is a term used to group a number of chemical 

families which includes alkanes, alkenes, carbonyls, alcohol and also chlorofluorocarbon 

(CFC) (Gros et al., 2003). Anthropogenic hydrocarbon, or hydrocarbons emitted through the 

actions of man, is a well studied topic where actions of human beings introduces 

hydrocarbon into an existing ecosystem. This can be in the form of traffic, power plants, 

industrial plants and solvent emission among others (EPA, 2012; Kang, Aneja, Zika, Farmer, 

& Ray, 2001). For the sake of this study, the classes of VOC emission sources were 

established as oil and gas, gasoline emission, diesel emission, biogenic sources, solvents, 

evaporative and commercial sources. Table 2-1 classifies the six major sources of VOC and 

their corresponding signature species. For example, a major source of ethane emission is 

natural gas (Nelson, Squigley, & Smith, 1983), thus high concentration ethane is a strong 

indication of nearby natural gas source from oil and gas activities. 

Seasonal changes and also location of the monitoring sites both plays important 

roles in the measured of VOC trend. The temporal and seasonal variation of individual VOC 

species also differs (Elbir, Cetin, & Cetin, 2007; Seco et al., 2011; Seco et al., 2013). In the 

results shown by Elber et al. (2007), VOC species generally shows higher concentrations 

during the night in summer months but the opposite was seen during the winter months. 

Seco et al. (2011, 2013) showed a similar finding where the location of the monitoring site 

played an important factor in the distribution of the measured VOC concentration and that 

different species of VOC reacts to the climate change differently. A study in Shanghai also 

indicated that the VOC emissions of certain sources were dependent on the seasons where 
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gasoline source was found to make up 15% of total emissions during summer time and 22% 

during winter times (Huang et al., 2015). However, no studies of this type were done in the 

North Texas region and none of the studies mentioned evaluated the influence of VOC 

species emitted from oil and gas activities on air quality in nearby urban area. One of the 

defining factors that differentiate this study and the studies featured by Elber (2007) and 

Seco (2011, 2013) is the nature of the locations where the suburban area in this study is 

active with oil and gas production.  

Table 2-1 :  

Emission sources and signature VOC species 

Source Signature VOC species 

Oil and Gas Ethane, Propane, n-Butane (Nelson, Squigley, & Smith, 1983) 

Gasoline Acetylene, Ethylene, Benzene, 13-Butadiene (Ho et al., 2009) 

Diesel Decane, Cyclohexane 

Biogenic Isoprene, Ethene (Finlayson-Pitts & Pitts, 2000) 

Solvent Toluene, Xylene, Cycloalkanes (Pourreau, Kelly, Junker, Wojcik, & Goldstein, 

1999) 

Evaporative n-Alkane, n-Alkene, Cycloalkenes 

Commercial  Ethylbenzene, Styrene, Toluene, Xylene, 13-Butadiene 

 

While NOx is also emitted from the hydraulic fracturing processes, the main sources 

of NOx is traffic and other mobile sources. It was reported by the EPA that mobile sources 

contributes to 47% of the total NOx emissions (EPA, 2014). In fact, report from EPA (2014) 

shows that off road oil and gas sources only contributes to 15% of the total NOx emissions, 

which includes sources other than hydraulic fracturing. Due to the nature of the sources of 

NOx, the concentration of emissions in urban areas will be higher than rural areas due to 

the higher traffic rate. Thus, the increased well count in Barnett Shale may not affect the 
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NOx trend in the region. By taking into account of the specific VOC species attributed to 

natural gas sources, the exact trend of how the increased activities in the Barnett Shale 

region affecting the air quality can be expressed. The VOC-to-NOx ratio of the two 

monitoring sites determines whether the pollutants of the area is either VOC sensitive or 

NOx sensitive (Sillman & He, 2002). This determines whether the increased oil and gas 

activities triggers a change in the formation of ground level ozone in the area. A VOC 

sensitive environment (or VOC-limited) is an environment where the reduction of VOC 

concentration can more effectively decrease the ground level ozone formation, where as in 

a NOx sensitive environment (or NOx-limited), reducing the concentration of NOx should be 

a higher priority (EPA, 1996). EPA (1996) stated that a VOC/NOx ratio of greater than 16 

meant that the ozone formation is NOx-limited while a value lower than 6 strongly suggests 

the series to be VOC-limited. EPA also added the fact that there were no clear cutoff ratios 

in between as the formation of ground level ozone is dependent on elements outside of just 

VOC and NOx. This could be interpreted as ratio values between 6 and 16 were highly 

dependent on other factors. 

 

2.2 Shale Gas Activities  

Hydraulic fracturing is a process employed in the shale region to extract oil and gas 

from sub-surface shale deposits. To initiate the process, a pressure greater than that of the 

target's tensile strength is applied. In addition, the applied pressure must also be able to 

overcome the tectonic forces associated with the rock. Hydraulic fracturing is applied when: 

• Perforate the casing or cement 

• Pump fracturing fluids 

• Set up a plug 
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• Move up a bore 

It was expressed that the hydraulic fracturing process can be applied multiple times 

in a well, and application of up to fifteen times are not uncommon (Kargbo, Wilhelm, & 

Campbell, 2010). This process is a major contributor to the emission of hydrocarbons, 

carbon dioxide and other air pollutants during the development stage of the oil and gas well. 

In addition to the pollutant emissions, Kargbo et al. (2010) also reported that gas well 

production has environmental impact including the triggering of small scale earthquakes, 

disruption of subsurface hydrological conditions and also causes severe ground subsidence.    

The advancement in hydraulic fracturing and also horizontal drilling technologies had 

cause a boom in natural gas extraction and production activities since the early 2000 (U.S. 

Energy Information Administration, 2013).  However, this has also raised the awareness of 

the public towards the negative effects of increased oil and gas production activities. These 

negative effects include the emission of pollutants through air and water, contamination of 

sub-surface water sources due to design faults in the gas wells and also impact on 

environmental and human health (Finkle, Hays, & Law, 2013).  

Robinson (2013) had stated that there are several major sources that pollutants can 

emitted during shale gas production. As shown in Table 2-2, during the early stages of 

developing a new gas well, pollutants can be emitted during the drilling phase and also 

during site preparation phase, which includes clearing the gas pads and constructing new 

roads to access the well. Robinson also concluded that pollutant can be emitted through 

storage via leaks and cracks as fugitive emissions. Robinson states that VOC are mainly 

emitted from the compression stations and also the condensate tanks on gas production 

sites. Finally, the process of closing down an existing well also emits air pollutants into the 

atmosphere. Increase traffic load in the area also affects the pollutant emission as trucks 
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transport building materials and wastes. Developing new wells are major sources of NOx, in 

which the drilling and fracturing pumps contributes to the release of NOx. Robinson (2013) 

also states that the vehicles used in gas well production sites, mainly trucks, are a major 

source of NOx. 

Table 2-2 :  

Shale gas production stages and the pollutants that each process emits  (Robinson, 2013) 

Stages Activities NOx VOC PM 

Development Drill rig High Low High 

 Fracturing Pump High Low High 

 Traffic (trucks) High Low High 

 Completion venting High  

 Fracturing Pond Low  

Production Compressor Station High High Low 

 Wellhead compressor Low Low Low 

 Heaters and Dehydrates Low Low 

 Vents Low  

 Condensate tanks High  

 Pneumatics Low  

 

The annual natural gas consumption by Texas state is shown in Figure 2-1. The 

Energy Information Administration (EIA) has stated that Texas consumes more natural gas 

as compared to other states within the nation and is responsible for a seventh of the total 

natural gas consumption. Texas also produces more electricity by natural gas sources than 

any other state (EIA, 2014). Consumption of natural gas within the state was shown to be 
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increasing as shown in Figure 2-1 below. Natural gas sources of VOC emissions doesn't only 

come from the gas well productions, as the usage of natural gas also increase the natural 

gas signatures within the total VOC emissions. Natural gas has slowly been replacing coal 

and other crude oil products as the main source of fuel for production of electricity in Texas 

(EIA, 2014). 

 

Figure 2-1 : Natural gas consumption by Texas state (2005-2014) (EIA, 2014) 
 

2.3 Literature Review 

Increase in well count over the past decade should have raised the concentration of 

primary air pollutants. However, it has been suggested that the concentration of VOC is not 

dependent on the oil and gas production in the region. Benzene was reported to have 

decreased significantly since the mid 1990 in the Barnett Shale (Bunch et al., 2014). The 

inversely proportioned relationship between benzene concentration and well count as 

reported by Bunch et al. should suggest that the increase in activities of oil and gas 

production in Barnett Shale is not the main contributor to emission of primary air pollutants. 

However, benzene emission is mainly associated with gasoline vehicular sources (EPA, 1998).  
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An air quality damage report was summarized for the Marcellus Shale formation in 

Pennsylvania based on the effects of natural gas extraction. In that report, it was found that 

the total emissions of pollutants, which includes VOC, NOx and particulate matter, were at 

least ten times higher from the well sites than the diesel and road dust emissions (Litovitz, 

Curtright, Abramzon, Burger, & Samaras, 2013). The annual emission of VOC at Marcellus 

Shale was reported to be in between 2,500 to 11,000 metric tons per year. NOx emission 

more than doubled and was between 17,000 to 28,000 metric tons per year. Litovitz and his 

colleagues (2013) had concluded that the emissions from shale gas production was 

damaging the air quality even though the number of active gas wells in the Marcellus shale 

was not as high back in 2011 and it was estimated that 66% of the emissions were from long 

term activities, that does not include the building of new wells. 

The Haynesville shale formation located below the Northeast Texas and Northwest 

Louisiana border was studied to determine the impact of natural gas development on ozone 

formation (Kemball-Cook et al., 2010). The study analyzed the trend of growing emissions 

and modeled the predicted trend of emissions through 2020 and deduced that the 

compressing stations and natural gas facilities were the major emitters of pollutants within 

the natural gas production region. Both of these major emission sources are long term 

sources as they will continue to be in operation as long as the particular gas well is active. 

The study estimated that an increase of 1 ppb in ozone was expected at the minimum and 

up to 7 ppb spreading towards the west and southwest side of the Haynesville shale 

formation. It was also stated that an increase of 4 ppb in the region would result in failure to 

maintain the current NAAQS limit for ozone. 

Jackson et al. (2013) found that the abundance of ethane and propane concentration 

increased at monitoring sites closer to the shale gas production site within the Marcellus 
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Shale region. VOC are short lived species and that high concentration of ethane was found 

within 1 km (or 0.62 miles) from source but entirely absent over 5 km (or 3.1 miles). Another 

study focused on the proximity of well source was done to evaluate the outcome of risk of 

health effects. McKenzie and colleagues (2012) deduced that living within half a mile from 

gas wells significantly increased the risk of health effects. The emission of air pollutant from 

the gas wells contains high concentration of hydrocarbons and VOC. Some of these species, 

including benzene and xylene, were noted to be very harmful to human health in large 

concentration and may cobtribute to health issues including the development of cancer 

(McKenzie et al, 2012). The finding aligns with Jackson et al. (2013) in which VOC typically 

are short lived species and the greater distance between wells and monitoring position, the 

lesser the concentration can be found. 

Several studies focused on shale gas regions regarding the deposition of heavy metal 

in water within the surrounding region (Fontenot et al., 2013; Macey et al., 2014). These 

studies shows that likelihood of contamination of water was higher with water source being 

closer to the gas well and production sites. Samples of VOC was retrieved from many water 

sources in close proximity to gas wells within the Barnett Shale region (Fontenot et al., 

2013). The study done showed that while there were no symmetrical contaminations in 

water sources as some of the water sources that was in relatively close proximity to gas 

wells did not show signs of contamination. However, the overall conclusion in the study 

stated that water sources closer to gas well had a much higher chance of being 

contaminated.  

Local concentration of VOC at Shale Creek in the Barnett Shale region was 

significantly higher than what its residential population would suggest, and it was suggested 

that the development in shale gas production was the source of these VOC emissions 
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(Zielinska et al., 2014). In that study, it was found out that the benzene and other mobile 

source pollutants were very high for the population size and commercial development. The 

increased activities of oil and gas production also increased the truck traffic in the area. The 

Barnett Shale Energy Education Council released a document stating that emissions from 

the gas sites were lower than those released from mobile sources (Barnett Shale Energy 

Education Council, 2012). A study on the methane concentration within the Dallas-Fort 

Worth region was done that shows the difference in high residential areas and low 

residential areas. However, the methane concentration of both high and low residential 

areas were higher than the standard urban concentration, which pointed to the influence of 

Barnett Shale oil and gas production (Rich et al., 2013).  

The claim that increased traffic volume was to blame for pollutant emissions applies 

to some region but not to others as the concentration of traffic source pollutants does not 

follow a symmetrical trend. Also, it was reported by Rich et al. (2013) that lesser inhabited 

areas did not show a significant difference in VOC emission as compared to the denser 

populated areas. In an earlier study focused on the shale gas play in Wyoming, Marcey et al. 

(2014) highlighted that the concentration of VOC concentrations in Wyoming was several 

times higher after the implementation of hydraulic fracturing production. The study at 

Wyoming categorized the pollutants into species that are harmful to human health, which 

includes species such as benzene, ethylbenzene, acrylonitrile, methylene chloride, toluene, 

hexane, heptane, and xylene. However, the study confirmed that the VOC concentrations 

significantly increased at monitoring sites in close proximity to existing gas wells. 

The studies done on shale gas indicates that VOC is a short lived species and the 

monitoring of should be conducted within short distance between monitoring site and gas 

well (McKenzie, Witter, Newman, & Adgate, 2012; Jackson et al., 2013 ; Bunch et al., 2014). 
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As such, to accurately monitor the trend of VOC, the monitoring site must be set up within 1 

km from the gas well. Another trait of air emission from gas wells is that the trend is not 

symmetrical across the region as we see signs of increase in benzene concentration in Shale 

Creek (Zielinska et al., 2014) whereas the benzene concentration in another county within 

the Barnett Shale showed decreasing trend (Bunch et al., 2014). 𝑁𝑁𝑁𝑁𝑥𝑥 also showed a similar 

characteristic as VOC as the concentration was higher when the monitor was placed closer 

to the gas wells with active compressing station (Zielinska, Campbell, & Samburova, 2014).   
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CHAPTER 3  

STUDY AREA 

3.1 Dallas Fort Worth Region 

The Dallas-Fort Worth (DFW) metroplex is one of the largest metropolitan area in 

the South with a population count of over 6.7 million (United States Census Bureau, 2014). 

The metroplex is the largest metropolitan area in Texas and fourth largest overall in the 

United States. DFW is a fast growing urban area with a large concentration of corporate 

headquarters in the United States. As such, traffic is viewed as the major contributor to 

pollutants in the region along with commercial and residential emissions. The location of the 

metroplex is shown in Figure 3-1. Dallas and Denton are two counties located within the 

DFW metroplex. The map shows the location of both the counties, Denton is located 

northwest of Dallas and the travel takes 42 minutes by car.   

 

Figure 3-1 : North Texas county maps (National Weather Service, 2013) 
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The population in both these counties are shown in Table 3-1. The census bureau 

shows both counties with a massive amount of population increase over the past decade 

due to the economic improvement and an increase in job opportunities in various sectors 

(2014). 

Table 3-1 :  

Population growth comparison between Dallas and Denton county (United States Census 

Bureau, 2014) 

Year Dallas county 

population 

Denton 

county 

population 

 Year Dallas county 

population 

Denton 

county 

population 

2000 1,191,000 83,641  2007 1,266,000 116,316 

2001 1,200,000 87,669  2008 1,280,000 119,754 

2002 1,208,000 92,668  2009 1,300,000 122,830 

2003 1,220,000 96,097  2010 1,201,000 114,896 

2004 1,234,000 101,384  2011 1,219,000 118,007 

2005 1,246,000 104,981  2012 1,242,000 121,460 

2006 1,255,000 110,868  2013 1,258,000 123099 

 

3.2 Barnett Shale Region 

The Barnett Shale is a gas reservoir located in the Bend Arch-Fort Worth Basin.  The 

region has an area of over 5,000 square miles. It spans across 24 counties to the west, 

northwest and also southwest of Dallas-Fort Worth. The oil and gas production activities 

over the years has generated 65 billion dollars in energy production since 2001 (TCEQ, 2011). 

Articles from TCEQ suggests that the region supports 47,000 full-time job and that it has 
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contributed to nearly 25 billion dollars in revenue (EIA, 2014). It was in the late 1990's that 

the drilling activities within the region started to increase as result of the hike in oil and gas 

prices (Railroad Commission of Texas, 2015). 

As shown in Figure 3-2, the number of gas wells found in the Denton County is much 

higher than it is in Dallas County. The orange dots in Figure 3-2 represents vertical gas wells 

while red dots represents horizontal gas wells. The figure shows that a massive 

concentration of gas wells can be found in the south and southwestern part of Denton 

County while only a few wells were found in the Dallas County. The TCEQ had set up 

monitoring sites across the region out of concern for the regional air quality. Among the 

active monitoring sites within the region, the two monitoring sites used in this study were 

chosen based on the characteristics of both sites and also the species of pollutants 

monitored at both sites. The required data from the monitoring sites include VOC, NOx, 

PM2.5, ozone concentration and also meteorological parameters.  
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Figure 3-2 : Oil and gas wells in the Barnett Shale region (TCEQ, 2011) 
 

The natural gas production activities in Barnett Shale increased from 726 in 2000 to a 

staggering 15,000 in 2010 (Zielinska et al., 2014; Railroad Commission of Texas, 2015). It was 

explained that the advancement in horizontal drilling techniques and hydraulic fracturing 

were the catalyst behind the boom in natural gas development, which increased the 

production by 50% between 2000 and 2001 (U.S. Energy Information Administration, 2013). 

This expansion in production size had researchers concerned on the impact on both the 

environment and also human health in the area (Armendariz, 2009; Rawlins, 2013; Rich et 

al., 2013; Zielinska et al., 2014). 

 

3.3 Dallas County 

Dallas county houses one of the biggest concentration of corporate headquarter in 

the United States. The city also has the most number of shopping malls per capita than any 
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other city in the country making it one of the busiest cities in the world. Besides being a 

major economical center, the DFW metroplex is also home to two airports, Dallas-Fort 

Worth International airport and Dallas Love Field airport which adds to the traffic count of 

the city. Aside from the airports, four major interstate highways, the I20, I30, I35E and I45, 

passes through the city.  Texas has the greatest number of natural gas power plants in the 

United States and holds one-seventh of the nation's natural gas consumption (EIA, 2014). 

There are three natural gas fueled electric power plants within the Dallas county which can 

be seen as a major VOC emission source. 

Dallas County had shown to have a rapidly growing economy over the past decade as 

documented in Appendix A. The United States Census Bureau had reported that the 

employment had grown from 364,676 in 2002 to 555,756 in 2012 which covers all 

employment sectors within the county as shown in Figure 3-3. Among the industries, mining 

and utilities had the greatest increase which more than doubled the number of employees 

within the past decade. According to the bureau (2014), oil and gas extraction were 

categorized under mining. The major contributing sectors to the working forces are 

construction and also businesses and trades as shown in Appendix A. 



20 

 

Figure 3-3 : Economic growth in terms of employee numbers at Dallas county (United States 
Census Bureau, 2014) 
 

The Dallas Hinton monitoring site is located on Hinton Street in the city of Dallas. The 

coordinates for the site are 32° 49' 12.22" North for latitude and 96° 51' 36.42" West for 

longitude. The monitoring site has an elevation of 122 meters or 400 feet. It is operated by 

the Dallas-Fort Worth regional office of TCEQ and has been in operation since 1999. A 

Google Earth image of the monitoring site as shown in Figure 3-4. The Google Earth image 

shows that the site is located within a urban region with residential buildings and major 

roads surrounding it. An important fact to point out would be the lack of obvious sources of 

oil and gas production activities within a close proximity to the monitoring site. 

However, when compared to Denton County, DFW has a significantly lower amount 

of active gas wells. DFW serves as a comparison model to highlight the affects of oil and gas 

production activities and hydraulic fracturing on the  measured air quality in Denton. With a 

significantly large amount of traffic within the region, higher concentration of inhabitants 
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and also greater number of industrial workplaces, the pollutant emissions at DFW should 

dwarf Denton's.  

 

Figure 3-4 : Dallas Hinton monitoring site as viewed on Google Earth (Google Inc., 2015) 
 

The number of gas wells within the county was retrieved from the Railroad 

Commissions of Texas (2015) dating back to 2000. Figure 3-5 shows the number of wells 

within the Dallas County from 2000 to 2015. Only two wells were present in the county from 

2000 to 2004 which were both discontinued in 2005. However, the number of wells within 

the county increased post-2009 and peaked at 30 active gas wells in 2013. However, while 

there were roughly 30 wells within the county, only 2 were within a 10 mile radius to the 

monitoring site (Railroad Commission of Texas, 2015). As VOC are short lived species 

(Jackson, et al., 2013), the influence from gas wells outside of the 10 mile radius should not 

be expected to affect the monitored data at Dallas Hinton. Figure 3-6 shows the total annual 

production of natural gas in million cubic feet (mcf). The produced volume of natural gas 

cannot be indicated just by the number of active gas wells alone. 

As traffic source is often cited for the increase in pollutants within an urban setting 

(Barnett Shale Energy Education Council, 2012), a general idea of the traffic trend at the 
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monitoring sites were examined. Traffic is the main source of NOx emission (EPA, 2014) in 

an urban setting and the traffic pattern should provide good insight on NOx concentrations 

recorded. The annual average daily traffic (AADT) reports from the Department of 

Transportation (DOT) were a great asset to identifying the volume of traffic. These report 

gathers the data of traffic by volume and averaged it to a daily concentration. While the 

AADT data site was not directly from Dallas Hinton, two were within close proximity. These 

sites were set in Farmers Branch, Garland and Mesquite. Table 3-2 shows the traffic data on 

these DOT monitored sites from 2007 to 2012. The Farmer's Branch and Garland sites, 

which are located closer to Dallas Hinton monitoring site has seen a decrease in traffic 

volume while Mesquite stayed relatively unchanged. Based on the decreasing trend in 

traffic, a decrease in  NOx concentration should not be surprising. 

 

Figure 3-5 : Annual growth in well count in Dallas County (Railroad Commission of Texas, 
2015) 
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Figure 3-6 : Annual natural gas production volume in Dallas county (million cubic feet) 
(Railroad Commission of Texas, 2015) 
 

Table 3-2 :  

Traffic data near Dallas Hinton based on AADT (Texas Department of Transportion, 2013) 

Year Farmers 

Branch (7 

miles) 

 

Change 

from 

previous 

year 

Garland 

Site (12 

miles) 

Change 

from 

previous 

year 

Mesquite 

Site (14 

miles) 

Change 

from 

previous 

year 

2007 240,000  155,000  134,000  

2008 249,000 3.61% 159,000 2.52% 134,000 0.00% 

2009 247,000 -0.81% 158,000 -0.63% 133,000 -0.75% 

2010 245,000 -0.82% 148,000 -6.76% 138,000 3.62% 

2011 209,000 -17.22% 137,000 -8.03% 133,000 -3.76% 

2012 189,000 -10.58% 137,000 0.00% 137,000 2.92% 

 

3.4 Denton County  

The Denton County is part of the DFW metroplex and is located northwest of Dallas. 

The county received a huge population increased since the late 90s due to the of the 

Barnett Shale play (Murray & Ooms, 2008). According to the United States Census Bureau, 
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the population size went from 273,525 in 1990 to an estimated 753,363 in 2014 (United 

States Census Bureau, 2014). Denton was also the seventh fastest growing city during 2010 

and 2011. The economy of Denton is mainly composed of educational services, social 

services, manufacturing and also retailing with the University of North Texas being the 

biggest employer in Denton at 8,738 employers ( Denton Chamber of Commerce, 2014). 

The population in Denton is roughly a tenth of Dallas. However, Denton is 

consistently one of the highest oil and gas producing counties in Texas and it was the 

seventh highest natural gas producing county in January 2015 (Railroad Commission of 

Texas, 2015). The economic breakdown of Denton county can be found in Appendix A and is 

shown in Figure 3-7. The number of employees in the county had increased from 110,615 in 

2000 to 182,916 in 2013, which corresponds to a 65% increase. While the growth in 

economy was present, it was not in the scale as shown in Dallas county. The biggest growth 

was the number of employees in the transportation sector with a 320% increase since 2000 

and the mining industry which increased its numbers threefold. A drop in employee number 

was shown in 2009 and 2010 which coincided with the 2008 recession. 

 

Figure 3-7 : Economic growth in terms of employee numbers in Denton county (United 
States Census Bureau, 2014) 
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The Denton Airport South monitoring site was set up in a rural area with an airport 

located south of the monitoring site. While the traffic data of the region is not available 

from the Texas Department of Transportation (DOT), it can be assumed that the region has 

a much smaller traffic volume as compared to Dallas county. Also, the population within the 

region is also much less than that of Dallas county. The interesting part of Denton Airport 

South however, is the sheer number of active gas wells within a close proximity. Denton 

County has 2,936 wells in production as of February 2015 when compared to 26 in Dallas 

county (Railroad Commission of Texas, 2015). As of 2013, there were 1,362 gas wells within 

a 10 miles radius to the monitoring site in Denton (Railroad Commission of Texas, 2015).  

Growth in well count in Denton County is shown in Figure 3-9. In a span of a decade, the 

number of gas wells within the Denton County increased by roughly tenfold. 

The monitoring site's coordinates are 33° 13' 8.65" North and 97° 11' 46.62" West. It 

also has a elevation of 183 meters or 600 feet. The monitoring site is operated by the Dallas-

Fort Worth (DFW) regional office of the TCEQ and has been operational since 1998. Denton 

Airport South is unique among the monitoring sites within the Dallas-Fort Worth region as it 

is surrounded by gas wells as shown in Figure 3-8 below (where the gas wells were circled in 

red). As VOC are short lived species, the monitoring site has to be close to the source to pick 

up the signals of the presence of each species (Jackson, et al., 2013). With the high 

concentration of well counts surrounding the monitoring sites, the VOC emissions can easily 

be measured at the monitoring site. 

Denton Airport South was chosen because it is located close enough to monitor the 

VOC species and also established before 2001, which meant that it had air quality data 

throughout the increased production period. A comparison between the air quality before 

and after the increased oil and gas production seen in Denton County can be made. A stark 
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comparison of the well count between the Dallas and Denton can be seen from Figure 3-5 

and Figure 3-9. Interestingly, while the number of gas wells in Denton remained the same 

post 2010, the volume of natural gas produced decreased indicating a slowdown in 

production as shown in Figure 3-10. 

 

Figure 3-8 : Denton Airport South monitoring site and gas well in close proximity (Google 
Inc., 2015) 
 

The annual average daily traffic data collected around the Denton Airport South 

monitoring site was acquired from the Texas Department of Transport (TxDOT) (2013). The 

data shows an increase in daily traffic volume on the I35 interstate highway that is located 

less than 3 miles away from the monitoring site. However, the on-site traffic at the airport 

showed a decreasing trend. As the monitoring site was located very close to all these traffic 

sources, it can be assumed that the general trend of traffic source near Denton Airport 

South monitoring site was an increasing one. The traffic data collected from TxDOT is shown 

in Table 3-3 below. While the traffic volume around the Denton monitoring site was 

increasing, the volume recorded at the Dallas site was still much higher. 
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Figure 3-9 : Annual growth in well count in Denton County (Railroad Commission of Texas, 
2015) 
 

 

Figure 3-10 : Annual natural gas production volume in Denton county (million cubic feet) 
(Railroad Commission of Texas, 2015) 
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Table 3-3 : 

 Traffic data near Denton Airport South based on AADT (Texas Department of Transportion, 

2013) 

Year Denton 

Airport 

Change 

from 

previous 

year 

I35E (6 

miles) 

Change 

from 

previous 

year 

 

 

 

 

 

I35E  

(near  

UNT)  

(2.6  

miles) 

Change 

from 

previous 

year 

West 

University 

Drive (1.4 

miles) 

Change 

from 

previous 

year 

2007 1,700  71,000   67,000   19,500  

2008 1,750 2.94% 72,000 1.41%  65,000 -2.99%  17,400 -10.77% 

2009 1,850 5.71% 72,000 0.00%  71,000 9.23%  17,800 2.30% 

2010 1,050 -43.24% 75,000 4.17%  68,000 -4.23%  18,800 5.62% 

2011 1,150 9.52% 77,000 2.67%  70,000 2.94%  19,400 3.19% 

2012 850 -26.09% 83,000 7.79%  88,000 25.71%  18,300 -5.67% 

2013 1,062 24.94% 86,793 4.57%  89,824 2.07%  18,392 0.50% 

   



29 

CHAPTER 4  

DATA AND METHODOLOGY 

4.1 Data Collection 

According to the EPA, canister sampling technique works by collecting gas samples in 

stainless steel canisters through a sampling train. After the air samples were collected, the 

canister was sealed and sent to a laboratory for analysis. It was reported that VOC samples 

remained relatively stable at low concentrations for at least thirty days inside the canister. 

The analysis process begins by extracting a known volume of the air sample from canister 

through a concentrator. Water content within the sample were then extracted and the VOC 

sample was subjected to thermal desorption. Finally, after being released from thermal 

desorption, the sample was focused into small volumes and carried onto a gas 

chromatographic column for separation. A mass spectrometer was then used to identify the 

species and concentration of the VOC within the sample. As mentioned by the EPA, the 

canister technique used by the TCEQ can only monitor VOC species above a threshold 

concentration of 0.5 ppb-V (EPA, 1999). Also, the volume of air sample must be at least 1 

liter (EPA, 1999). 

Unlike the canister samples, the automated gas chromatograph (AutoGC) did not 

require one to remove the samples from site to do the analysis to quantify the 

concentration of VOC. The entire monitoring process is done in situ and reported on an 

hourly basis. The AutoGC works by collecting air samples through a pump into an automated 

thermal desorber for 40 minutes, the remaining 20 minutes of the hour was used to cool the 

air sample down to a lower temperature and separating the sample into light and heavy 

compounds. The sample was heated in an air stream and pumped into the gas 

chromatograph, which has two separate columns, one each for light and heavy compounds. 
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A flame ionization deflector (FID) is implemented to ionize the samples where the strength 

of ionization is then recorded on the chromatograph. The area under each peak on the 

chromatograph represents the corresponding concentration of a particular VOC species. It 

was noted that the temperature and flow rate of the sample must be kept constant to 

ensure that the concentration measurement is correct (Brown & Main, 2002). 

Both the Denton Airport South and Dallas Hinton monitoring sites have access to 

canister VOC data only. The canister collects air sample for 24 hours on every 6th where the 

samples were analyzed using gas chromatography-mass spectrometry in the RCEQ 

laboratory (TCEQ, 2012; Bunch et al., 2014). Unlike the AutoGC data, data from canister 

samples were not continuous. The hourly concentration of VOC throughout the day cannot 

be obtained using the canister data. As VOC concentration fluctuates between different 

times in a day, the lack of continuous data prevents us from studying the trend of VOC more 

thoroughly. Unfortunately, AutoGC VOC data are not available at both the Denton Airport 

South and Dallas Hinton sites. 

However, continuous data was available for ozone (O3),  NOx,  PM2.5 and surface 

meteorological parameters. The same was true for the Dallas Hinton site where non-

continuous data was available for VOC while continuous data were available for ozone,  NOx,  

PM2.5 and the local meteorological conditions. It should be noted that the PM2.5 monitor for 

Denton Airport South had been discontinued thus more recent PM2.5 values were no longer 

available. Despite not having the more recent data, the site still provided sufficient data on 

the pollutant needed for this study. A total of fifteen years worth of data from 2000 to 2014 

were collected. While 106 species of VOC were monitored using the Canister network, the 

46 species monitored by AutoGC were selected for this study. As AutoGC doesn't monitor 
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the remaining 60 species in canister network, it would be difficult to integrate the findings 

of this study with future AutoGC data. 

 

4.2 TAMIS-TCEQ 

The VOC data collected from TCEQ were all 6th-day canister data, which meant that 

individual data point for each of the days that the VOC data were available were dubbed as 

the "VOC days", on the ozone, NOx and  PM2.5 data sets were selected and used when 

comparisons with VOC were made. The data text files were downloaded from TAMIS-TCEQ, 

which is a website maintained by the TCEQ that serves as a data repository for the 

monitored air quality data. These data were then imported into Microsoft Excel ® and 

processed using the program's data processing functions. Missing data were not uncommon 

within the data set due to the monitoring system being down for maintenance or the 

concentration being under the detection limit (MDL) of the analytical equipment.  

 

4.3 Backward Trajectory Analysis 

The HYSPLIT® is a modeling tool provided by the Air Resource Laboratory to plot 

trajectories. It is a system designed for the computation of simple air parcel trajectories to 

complex dispersion and deposition simulations. The system can be accessed both online 

through the internet or offline via a downloaded version. The HYSPLIT model features 

trajectory tools, air concentration tools and also meteorology tools (Air Resource Laboratory, 

2014). In this study, the HYSPLIT tool was used for plotting the backward wind trajectories 

from Dallas Hinton and Denton Airport South monitoring site. The data acquired from 

TAMIS-TCEQ were used to identify the high-ozone and high-VOC days. The backward 
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trajectories were computed these days and plotted to determine the relationship between 

source regime and high concentration values observed at the receptor site. 

Backward trajectory study allowed us to identify possible sources of emissions rich 

region based on geographical analysis. As VOC is a short lived species, a six-hour backward 

trajectory would be suitable for the nature of this study. The trajectory model was plotted 

onto a map of the region for the purpose of source identification. Google Earth® was used 

to visually identify the points where these trajectory lines passed through before finally 

crossing with the monitoring site. These points represent possible emission sources for the 

high-ozone or high-VOC days, respectively.  

 

4.4 Source Apportionment Modeling  

Source apportionment study using EPA-PMF 5.0® were performed for measured VOC 

concentrations at both the Denton and Dallas monitoring sites. The PMF or positive matrix 

factorization model is a tool developed by Paatero (1997) to aid in research on air quality. 

Earlier versions of this program had been utilized in source apportionment studies from 

around the world to great success (Hwang & Hopke, 2011; Karnae & John, 2013). The 

following equation was used in the EPA-PMF as the key algorithm. 

𝑄𝑄 = ���
𝑥𝑥𝑖𝑖𝑖𝑖 − ∑ 𝑔𝑔𝑖𝑖𝑖𝑖𝑓𝑓𝑖𝑖𝑖𝑖

𝑝𝑝
𝑖𝑖=1
𝑢𝑢𝑖𝑖𝑖𝑖

�
2𝑚𝑚

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1

 

where,  

  u - Uncertainty in data 

  x - Speciation data  

  i - Number of samples 

  j - Number of chemical species 
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 p - Number of factors 

 g - Mass contributed by each factor to each individual sample 

 f - Species profile of each source 

To use this program, an input data file along with its corresponding uncertainty value 

list were prepared in comma separated value (.csv) format using Excel®.  Input data for the 

PMF  was Excel® spreadsheets with VOC concentration for all 46 monitored species. Each 

column represent a single species of VOC. The left most column was used to indicate the 

date and each following column has the corresponding VOC concentration recorded onto 

them. As blanks are unacceptable, the user manual suggested assigning missing blanks as 

negative 999 (-999) instead (Norris, Duvall, Brown, & Ba, 2014). It is also important to note 

that the number of data points on the uncertainty value list must be exactly same as the 

input data file spreadsheet. 

Method detection limit (MDL) for each pollutant species were required and they can 

be downloaded from the TAMIS-TCEQ website under statistical analysis report. MDL were 

necessary to prepare the uncertainty value lists. A guideline provided in the user manual of 

EPA-PMF 5.0 stated that uncertainty values to be used based on the concentration value 

data (Norris, Duvall, Brown, & Ba, 2014). The uncertainty value (Unc) were as follows:  

• If concentration value is larger than MDL, 

𝑈𝑈𝑛𝑛𝑐𝑐 =  �(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐹𝐹𝐸𝐸𝐹𝐹𝑐𝑐𝐹𝐹𝐹𝐹𝐸𝐸𝑛𝑛 × 𝑐𝑐𝐸𝐸𝑛𝑛𝑐𝑐𝑐𝑐𝑛𝑛𝐹𝐹𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐸𝐸𝑛𝑛)2 +  (0.5 × 𝑃𝑃𝑀𝑀𝑀𝑀)2 

• If concentration value is lower than or equal to the MDL, 

𝑈𝑈𝑛𝑛𝑐𝑐 =  
5
6

 × 𝑃𝑃𝑀𝑀𝑀𝑀 
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When a missing value was indicated, the program responded by searching for all 

missing values or -999 in the input data file and replaced them with the median, which is 

specific to that species. The EPA-PMF 5.0 replaced all the uncertainty value for the missing 

data with a value of four-times the species specific median (Norris, Duvall, Brown, & Ba, 

2014). The error fraction was at 1% of the MDL (Gugamsetty, et al., 2012).  
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CHAPTER 5  

RESULTS AND DISCUSSIONS 

5.1 Ozone 

Ground level ozone is a criteria pollutant that is monitored heavily by the EPA and in 

extension the TCEQ. The NAAQS had stated the acceptable limit for regional ground level 

ozone level to be an 8-hour value of 75 ppb (EPA, 2014). The EPA (2014) had stated that the 

method used to verify the 8-hour value of ozone is the average of the annual fourth highest 

daily maximum concentration over three years. This meant that the fourth highest recorded 

ozone concentration value of the year is averaged with the fourth highest values of the 

previous two years. Ozone as a species was well controlled throughout the past decade as 

seen in Table 5-1 where the three year average values on both sites were below the NAAQS 

limit. The ozone value at Dallas Hinton saw a resurgence after 2010, but this increase was 

still under NAAQS limit. Denton Airport South has a higher concentration of ground level 

ozone, but it still showed a similar  in which the post-2008 concentration levels remained 

below the NAAQS limit. The green dotted line in Figure 5-1 represents the NAAQS of 75 ppb. 

Box-whisker plots for both Denton and Dallas monitoring sites shown in Figure 5-2 

and 5-3. An interesting finding was that the median ozone concentration at both the sites 

showed an increase through 2014 while the maximum values showed a decreasing trend. 

Dallas Hinton saw a rise in ozone concentration in both its median and peak values starting 

in 2010. A similar trend was also present at Denton Airport South but the magnitude was 

less pronounced. Ozone values recorded at both monitoring sites were relatively similar in 

scale with Denton having a slightly higher average value. Concentration of ozone precursors 

(NOx and VOC),  at both sites showed very dramatic differences. Denton had five times 
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more the volume of VOC concentration than Dallas, while Dallas showed a three to five 

times higher levels of NOx. 

 

Figure 5-1 : Comparison 3 year average of 4th highest 8 hour average ozone concentration 
between Dallas and Denton 
 

Ozone concentration were shown to be higher in the summer months and lower 

during the winter months. However, both Dallas and Denton monitoring sites had the 

highest monthly average values in August. Table 5-3 also shows that the Denton Airport 

South monitoring site had larger number of days with ozone levels exceeding the NAAQS 

and most of these days occurred during the summer months. Interestingly, the number of 

days where the Dallas Hinton site monitored ozone values exceeding the NAAQS were 

mostly from August, with 21 out of the 44 measured days. Higher temperatures strengthen 

the ozone formation. 
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Figure 5-2 : Dallas Hinton ozone concentration box-whiskers from 2000 to 2014 

Figure 5-3 : Denton Airport South ozone concentration box-whiskers from 2000 to 2014 
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The result shown in Table 5-3 and in Figure 5-1 through 5-3 were similar to the 

findings from other studies featuring ozone episodes (Racherla & Adams, 2008; Lai et al.,  

2012). All of these studies concluded that ozone concentrations are high during the summer 

months and low during the winter months. The high ozone occurrence in August were also 

identified in other studies and research had suggested that fugitive emissions were a cause 

of this phenomenon (Nielsen-Gammon, 2001; Emery et al., 2001; McNider et al., 2005; 

McGaughey et al., 2011). Ozone concentration within a region is highly dependent on the 

mixing of its precursor pollutants and high mixing ratio was shown to be the driving factor in 

high ozone concentration (Racherla & Adams, 2008; Lai et al., 2012; McGaughey et al., 

2011).Wind speed during the late August, early September period were very much lower 

than the other times of the year, and research supported the fact that the lower wind speed 

increased the mixing ratio of the ozone precursors, thus increasing the concentration of 

ground level ozone in these regions. Changes in seasons were also noted to be important for 

the formation of ground level ozone as the mixing ratio of its precursors are low during the 

winter and high during summer (Mauzerall et al., 2000; Seco et al., 2011). 

Table 5-1 :  

Monthly ozone concentration average at Dallas Hinton (2000 - 2014) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2000 21.3 28.8 32.5 41.3 44.8 33.5 50.4 53.4 37.5 33.8 16.4 16.6 

2001 19.1 21.8 32.0 39.2 46.0 49.6 48.6 47.8 42.4 33.4 26.2 19.7 

2002 20.2 27.3 34.8 41.3 46.4 53.1 41.8 52.9 56.5 23.8 23.2 18.2 

2003 20.0 23.7 33.2 44.5 50.6 49.3 45.1 54.9 45.8 37.1 30.8 29.3 

2004 18.9 25.6 33.5 44.2 37.9 37.4 45.3 50.5 47.9 27.5 19.2 20.4 
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2005 18.9 22.7 33.2 43.5 49.2 55.3 51.6 49.6 54.1 40.8 27.0 19.8 

2006 26.5 26.8 39.2 44.9 44.4 57.8 48.8 47.9 47.5 36.9 26.9 21.2 

2007 20.4 27.3 35.8 42.0 37.1 36.2 35.9 33.2 41.8 34.1 26.3 19.9 

2008 22.6 29.2 32.8 38.2 39.3 31.7 33.8 22.1 37.6 14.4 27.1 22.7 

2009 23.3 32.0 35.6 34.4 22.6 13.1 22.2 40.5 35.2 21.6 27.0 21.0 

2010 25.9 27.6 39.5 43.2 44.4 37.2 32.7 48.0 36.5 39.3 29.6 26.8 

2011 22.9 31.1 39.4 41.9 42.2 44.8 46.8 53.4 56.5 40.8 25.4 20.5 

2012 22.6 29.4 34.6 41.0 48.4 50.9 44.5 50.6 45.7 34.9 34.0 25.6 

2013 25.5 36.1 43.3 42.3 40.8 42.4 47.8 50.6 52.8 33.5 25.2 20.9 

2014 28.9 30.0 39.5 42.2 44.3 33.2 43.3 43.7 41.3 40.7 29.3 19.5 

Table 5-2 :  

Monthly ozone concentration average at Denton Airport South (2000 - 2014) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2000 25.0 30.1 33.9 38.0 44.0 40.5 59.3 66.0 50.2 37.9 23.4 20.8 

2001 23.4 25.8 36.1 45.0 51.4 51.4 59.0 50.2 43.6 39.6 33.2 25.5 

2002 27.2 35.1 39.0 41.2 45.0 56.4 37.2 56.1 55.6 29.3 31.3 26.4 

2003 24.1 28.5 36.8 46.8 51.1 52.1 52.1 56.5 49.2 39.8 28.2 29.0 

2004 20.2 34.0 38.1 48.0 39.4 43.9 49.3 52.1 55.5 33.3 23.8 27.4 

2005 22.8 28.7 40.4 49.2 52.9 61.1 53.6 51.9 57.0 43.4 31.0 25.6 

2006 32.5 33.6 43.7 48.6 52.0 64.6 56.0 55.8 50.4 39.2 30.1 25.4 

2007 25.2 31.3 36.8 46.2 46.3 44.1 41.4 52.4 49.0 41.3 32.6 24.5 

2008 28.2 35.3 42.1 46.1 46.9 40.7 49.0 50.1 45.5 32.2 29.9 23.1 
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2009 25.5 37.6 40.0 45.1 41.6 49.3 55.3 52.2 43.6 27.6 33.5 24.0 

2010 28.7 31.2 43.3 45.7 43.6 43.4 34.6 49.2 37.9 39.6 32.0 28.0 

2011 25.4 33.8 40.1 46.1 45.3 53.5 57.1 62.2 56.5 39.2 32.2 22.3 

2012 25.2 27.4 36.0 45.4 51.8 54.4 47.2 52.3 48.8 37.3 37.0 29.2 

2013 28.0 36.8 43.1 45.2 44.1 46.9 51.5 47.5 55.9 36.7 29.2 24.7 

2014 31.7 31.4 40.8 45.8 47.9 40.8 47.4 49.5 43.0 42.7 32.9 21.6 

Table 5-3 : 

 Ozone seasonal behaviour comparison of Denton and Dallas by months (2000 - 2014) 

Number of Days Exceeding NAAQS Monthly Average Values 

Dallas Denton Dallas Denton 

Jan 0 0 22.61738 26.66666 

Feb 0 0 27.75929 32.04119 

Mar 0 0 36.31803 39.51495 

Apr 0 1 41.97637 45.49815 

May 3 1 43.58144 47.08828 

Jun 10 32 43.8537 50.21194 

Jul 4 29 44.505 51.10114 

Aug 21 38 48.70077 54.54266 

Sep 6 7 46.40691 49.88064 

Oct 0 0 34.23243 38.01368 

Nov 0 0 26.59398 30.75777 

Dec 0 0 21.70863 25.15514 
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As shown in Table 5-2, the average ozone concentration at the Denton Airport South 

site was increasing during the non summer months when VOC emissions were recorded to 

be their highest. Interestingly, the ozone concentration during the summer months, when 

the mixing ratios between the precursors were the highest has been decreasing post-2000. 

A similar trend was found on the Dallas Hinton site (Table 5-1). As such, a conclusion was 

drawn that the increase in VOC volume impacted the ozone formation within the region, 

even though the ozone formation level during winter were still not as high as during 

summer months. 

 

5.2 Oxides of Nitrogen 

 

Figure 5-4 : Comparison of annual NOx average between Denton and Dallas 
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2014 were plotted on Figure 5-4 along with NAAQS for NO2. The annual mean NAAQS for 

NO2 is 53 ppb (EPA, 2014). NO2 is a component in NOx. 

Figure 5-4 shows the annual averaged NOx concentration at the Denton Airport 

South remained relatively constant throughout the fifteen years of monitoring. The lack of 

overall change in concentration of  NOx suggested that any reduction in NOx from notable 

sources was offset by other contributors of NOx emissions. On the other hand, the mean 

NOx concentration at the Dallas Hinton fell from its peak of 62 ppb in 2001 to 25 ppb in 

2014. Traffic is the main source of NOx emission in an urban setting such as Dallas Hinton 

(EPA, 2014). Box-whiskers plot of NOx concentration at the Dallas and Denton sites were 

plotted as shown in Figures 5-5 and 5-6. The result from the box-whisker plot shows both 

the median and the maximum values of NOx concentration showed a decreasing trend post 

2001. This may be the result of a decrease in NOx emission from automobiles and major 

point source including industrial and power plant emission. As previously discussed in 

chapter 3, the population in both counties showed a steady increase. Despite this, 

improvement in control technologies applied to emissions from automobiles and power 

plant along with a general switch from coal based energy generation to a more natural gas 

powered electricity generation contributed to the long-term decline in the NOx 

concentration in this region. 

The number of days in which the NOx concentration values exceeded the NO2 

NAAQS designated at 53 ppb were plotted by year as shown in Figure 5-7 and by month as 

shown in Figure 5-8. The number of days exceeding the NO2 NAAQS limit showed a similar 

trend as the annual average NOx concentration in Dallas Hinton. Since 2001, there were far 

fewer days within a year when the emission levels of NOx exceeded the NO2 NAAQS. In 

order to identify the seasons where NOx concentrations were the highest, the same data 
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was plotted by month to identify the seasonal patterns of NOx. Winter months showed high 

NOx  concentrations, while summer months showed relatively low concentration of NOx. 

 

Figure 5-5 : Dallas Hinton oxides of nitrogen concentration box-whiskers from 2000 to 2014 
 

 

Figure 5-6 : Denton Airport South oxides of nitrogen concentration box-whiskers from 2000 
to 2014 
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Figure 5-7 : Number of days where NOx exceeds the NAAQS at Dallas Hinton 
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Figure 5-8 : Number of high NOx days by month at Dallas Hinton 
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Figure 5-9 : Average monthly NOx concentration at Denton Airport South 
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Table 5-4 :  

NOx seasonal behaviour comparison of Denton and Dallas by month 

 Average NOx Concentration Number of Days Exceeding NAAQS 

 Dallas Denton Dallas Denton 

Jan 64.502 13.506 186 1 

Feb 48.825 10.723 128 0 

Mar 38.757 9.117 101 1 

Apr 33.002 6.998 70 0 

May 24.240 6.077 31 0 

Jun 22.972 6.531 23 0 

Jul 22.043 6.861 15 0 

Aug 27.793 8.706 31 0 

Sep 37.267 10.523 89 1 

Oct 47.446 11.276 125 0 

Nov 57.200 12.215 143 0 

Dec 62.194 14.081 182 3 

 

5.3 Particulate Matter 

Oil and gas production activities emits not only ozone precursor pollutants, VOC and  

NOx, but also particulate matter (Robinson, 2013). Fine particulate matter (PM2.5) is one of 

six criteria pollutants per EPA under the NAAQS. The PM2.5 NAAQS states an acceptable 

limit for PM2.5  not to exceed an average of 15 μg/m3 (and 12 μg/m3 from 2011 onwards) 

annually and not exceeding the average value of 35 μg/m3 for daily average values (EPA, 

2014). Annual average concentration values of PM2.5 measured at both sites are shown in 
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Figure 5-10. Unlike VOC and NOx, where the average values at both the sites were vastly 

different, the PM2.5 concentration at both Dallas and Denton monitoring sites were 

comparatively similar. Another important factor shown in Figure 5-10 was the concentration 

values at both sites remained relatively unchanged over the course of fifteen years. Both 

monitoring sites remained well below the NAAQS limit on an annual average basis. 

Box-whisker plot for 𝑃𝑃𝑃𝑃2.5  concentration at both the monitoring sites are shown in 

Figures 5-11 and 5-12. Interestingly, both sites highlight a decreasing trend in the maximum 

values of the pollutant, but with an overall increasing median value over the years. There 

were very few instances where the daily values exceeded the NAAQS limit, thus doing a 

comparison on the annual or monthly exceeding days was not effective. 

 

Figure 5-10 : Comparison of annual PM2.5 average between Denton and Dallas 
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Figure 5-11 : Dallas Hinton PM2.5 concentration box-whisker from 2000 to 2014 
 

 

Figure 5-12 : Denton Airport South PM2.5 concentration box-whisker from 2000 to 2014 
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In order to identify the seasonal trends of the PM2.5 at the monitored sites, the 

monthly average values were used to identify the peaks and lows of the measured 

concentration. The monthly average of Dallas and Denton were shown in Figures 5-13 and 

5-14, respectively. Interestingly, the month with the highest concentration of PM2.5 were 

July at both the sites. The lowest emission average was seen in December with the other 

winter months showing similar low average concentrations. The measured PM2.5 

concentration was high during the summer months while it was low during winter months. 

This result was the complete opposite to the seasonal behaviors shown by VOC and NOx 

and it mimicked ozone (also a secondary pollutant). 

Both the seasonal and annual trends pointed to the fact that PM2.5 was independent 

of the increased well counts and hydraulic fracturing activities. While PM2.5 was stated to be 

one of the emitted pollutant from oil and gas production (Robinson, 2013), clearly the 

concentrations were not sufficiently high to impact the region. EPA states that major PM2.5 

sources includes vehicles, power plants and industrial plants (EPA, 2013). At this point, it 

should be assumed that the increased volume of oil and gas production activities did not 

play a big role in the emission of PM2.5 at both the monitored sites. Studies shows that 

temperature plays an important role in PM2.5 concentrations, with nitrate formation during 

cooler conditions and sulfate formation in warmer conditions (Tai et al., 2010). Due to the 

higher concentration of PM2.5 seen at both Dallas and Denton, the particulate 

concentrations were primarily secondary sulfates.  
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Figure 5-13 : Average monthly PM2.5 concentration at Dallas Hinton 
  

 

Figure 5-14 : Average monthly PM2.5 concentration at Denton Airport South 
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5.4  Volatile Organic Compound 

 

Figure 5-15 : Comparison on VOC concentration between Denton and Dallas (ppb-V) 
 

Annual average concentration of volatile organic compound (VOC) at Denton Airport 
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Figure 5-16 : Dallas Hinton VOC concentration box-whisker from 2000 to 2014 
 

 

Figure 5-17 : Denton Airport South VOC concentration box-whisker from 2000 to 2014 
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The box-whisker plot used in this study were plotted using the minimum value, 

median, maximum value along with the 25th and 75th percentiles of each class of data 

points. The trend lines in Figures 5-16 and 5-17 for the maximum and median values of VOC 

concentration at both sites showed an overall increase. The growth was more pronounced 

at Denton Airport South than Dallas Hinton. The maximum VOC concentration of both sites 

were fairly similar during 2000, but in 2001, the concentration at Denton Airport South was 

more than triple the concentrations measured at Dallas Hinton. By 2010, the VOC 

concentration at Denton Airport South was nearly 10 times the value measured in Dallas 

Hinton. The maximum concentration recorded at Dallas Hinton increased by about 35 ppb-V 

from 2000 to 2014. However, Denton Airport South recorded a massive 1100 ppb-V increase 

in maximum VOC concentration between the same timeframe. 

Aside from the VOC concentration values at each monitoring sites, the number of 

days where VOC emissions were high were taken into account. As mentioned, VOC is not a 

species categorized by EPA under the NAAQS (EPA, 2014). This meant that there were no set 

standards to the acceptable concentration of VOC in a certain region.  For the sake of testing 

the hypothesis, a value was chosen as "high" for VOC. 50 parts-per-billion-volume (ppb-V) 

was selected as the "high" threshold for VOC in this study. This threshold had to be uniform 

throughout the study, thus a value to govern both sites were chosen. Also, the chosen 

threshold was only supposed to be a benchmark to distinguish the number of high VOC days 

at both sites. The importance of identifying the number of high VOC days was used to 

determine the frequency of high VOC concentrations at both monitoring sites. Extreme data 

points can occur due to fugitive emissions, accidents or unique incidents. Gathering the 

number of times these high VOC days occurred was a method to identify the VOC 

concentration trend with less variables due to external influences. 
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Figure 5-18 : Annual number of high VOC Days at Dallas Hinton 
 

 

Figure 5-19 : Annual number of high VOC Days at Denton Airport South 
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The number of high VOC days recorded at the Denton Airport South site (Figure 5-19) 

was much higher than at Dallas Hinton (Figure 5-18). A sudden increase occurred between 

2001 and 2002 followed by a gradual increasing trend following the next twelve years was 

shown in Denton Airport South. The highest level of maximum VOC concentration were 

recorded in 2014, however the number of days in which the VOC concentration exceeding 

50 ppb-V was not the highest. This underlines the importance of quantifying the frequency 

of high VOC days versus only monitoring for the VOC concentrations. Dallas Hinton did not 

show a similar trend over the past 15 years. This was attributed to the fact that the  

monitoring site was not surrounded by a large amount of gas wells (Railroad Commission of 

Texas, 2015). Thus, the increased hydraulic fracturing was not a major contributor to local 

VOC concentrations in Dallas. The main contributor to the increase in VOC concentration in 

Dallas can be seen as the product of increased traffic and also commercial sources within 

the county. 

 

5.4.1 Individual VOC Species 

The species monitored for this study and the average concentration values of each 

species from 2011 to 2014 were documented in Tables 5-5 and 5-6. VOC concentration in 

Denton showed a large increase from the early to mid 2000's. The measured concentration 

of alkanes were significantly higher at the Denton Airport South site than at the Dallas 

Hinton site. However, the alkenes were lower in Denton than those measured in Dallas 

suggesting the influence of natural gas related sources in Denton and that automobile 

sources affected Dallas. Acetylene, benzene and ethylene, which are gasoline vehicle 

exhaust signature sources (EPA, 2012; Elbir et al., 2007), were twice as high at Dallas Hinton.  

 



57 

Table 5-5 : 

 Dallas VOC species distribution (ppb-V) 

Species Mean Standard 
Deviation 

Species Mean Standard 
Deviation 

123-
Trimethylbenzene 

0.0054 0.0144 Isobutane 0.7754 0.6651 

124-
Trimethylbenzene 

0.0270 0.0488 Isopentane 0.7483 0.6858 

135-
Trimethylbenzene 

0.0058 0.01308 Isoprene 0.1123 0.1476 

13-Butadiene 0.0078 0.0253 IsopropylBenzen
eCumene 

0.0023 0.0058 

1-butene 0.135 0.1407 Methylcyclohex
ane 

0.0443 0.0709 

1-pentene 0.0009 0.0078 Methylcyclopen
tane 

0.0591 0.0563 

224-
Trimethylpentane 

0.0885 0.0837 n-butane 1.9045 1.9882 

22-Dimethylbutane 0.0116 0.0181 n-decane 0.0229 0.0765 

234-
Trimethylpentane 

0.0296 0.0302 n-Heptane 0.0786 0.1225 

23-Dimethylpentane 0.0174 0.0313 n-Hexane 0.1308 0.1270 

24-Dimethylpentane 0.0138 0.0191 n-Nonane 0.0253 0.1002 

2-Methylheptane 0.01740 0.0192 n-Octane 0.0289 0.0358 

3-Methylheptane 0.01773 0.0248 n-pentane 0.4081 0.3563 

Acetylene 0.6043 0.5347 n-
Propylbenzene 

0.0078 0.01309 

Benzene 0.1994 0.1163 o-Xylene 0.0801 0.0701 

Cis-2-butene 0.0099 0.0244 Propane 4.1209 3.6308 

Cis-2-pentene 0.0071 0.0183 Propylene 0.2373 0.2893 

Cyclohexane 0.02655 0.0481 Styrene 0.0063 0.0171 

Cyclopentane 0.0157 0.0215 Toluene 0.3377 0.3324 

Ethane 8.7529 8.3905 Trans-2-Butene 0.0093 0.0282 
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EthylBenzene 0.0842 0.0660 Trans-2-pentene 0.0180 0.0380 

 

Table 5-6 : 

 Denton VOC species distribution (ppb-V) 

Species Mean Standard 
Deviation 

Species Mean Standard 
Deviation 

123-
Trimethylbenzene 

0.0015 0.0046 Isobutane 4.6265 7.1586 

124-
Trimethylbenzene 

0.0118 0.02474 Isopentane 2.8741 5.2233 

135-
Trimethylbenzene 

0.0032 0.0113 Isoprene 0.0435 0.0681 

13-Butadiene 0.00107 0.0067 IsopropylBenzene
Cumene 

0.0013 0.0044 

1-butene 0.0551 0.0654 Methylcyclohexa
ne 

0.4018 1.1659 

1-pentene 0.0010 0.0083 Methylcyclopenta
ne 

0.1805 0.4477 

224-
Trimethylpentane 

0.0633 0.06136 n-butane 7.5798 11.6833 

22-Dimethylbutane 0.0737 0.1595 n-decane 0.0184 0.0595 

234-
Trimethylpentane 

0.0245 0.0262 n-Heptane 0.5399 1.7140 

23-Dimethylpentane 0.0516 0.1964 n-Hexane 1.0868 2.8943 

24-Dimethylpentane 0.0484 0.1395 n-Nonane 0.0578 0.1821 

2-Methylheptane 0.1663 0.6139 n-Octane 0.2248 0.8165 

3-Methylheptane 0.1101 0.3507 n-pentane 2.6396 5.7739 

Acetylene 0.3335 0.2554 n-Propylbenzene 0.0018 0.0050 

Benzene 0.2245 0.2242 o-Xylene 0.0291 0.0468 

Cis-2-butene 0.0012 0.0051 Propane 22.0209 32.3394 

Cis-2-pentene 0.0006 0.0032 Propylene 0.0762 0.1759 

Cyclohexane 0.3019 0.8330 Styrene 0.0020 0.0061 
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Cyclopentane 0.04709 0.0918 Toluene 0.3307 0.5889 

Ethane 55.5350 83.8871 Trans-2-Butene 0.0009 0.0038 

EthylBenzene 0.0269 0.0294 Trans-2-pentene 0.0023 0.0075 

 

Ethane, propane and n-butane are VOC species normally associated with natural gas 

sources (Jackson et al., 2013 ). Among the 46 measured species, the percentage of these 

natural gas signature species should be considerably higher to prove that the increased 

hydraulic fracturing affects the local VOC concentrations. The concentration of natural gas 

signature VOC species were compared and shown in Figures 5-20 and 5-21. These plots used 

the maximum VOC concentration data from each year along with the measured ethane, 

propane and n-butane concentration data for the corresponding day. The sum of all 46 

measured VOC species were plotted along with the measured ethane, propane and n-

butane concentration. Average percentage of the ethane, propane and n-butane 

concentration was 83% in Denton Airport South and 66% in Dallas Hinton. This is the 

average of fifteen data points representing the annual average data from each of the sites. 
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Figure 5-20: Percentage comparison between VOC species in Dallas Hinton (ppb-V) 
 

 

Figure 5-21 : Percentage comparison between VOC species in Denton Airport South (ppb-V) 
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was recorded in 2009 with percentages of over 75% documented in the subsequent years. 

The rise in dominance of ethane, propane and n-butane aligned with the well count increase 

in the area. The concentration percentage of ethane at Denton had increased from 35% of 

total VOC concentration in 2000 to an average of 53% between 2001 through 2014.  Both 

monitoring sites presented the fact that composition of natural gas sources VOC species 

increased with the expansion of number of active gas wells within the Barnett Shale region. 

This argument was further strengthened when in 2000 similar VOC concentration and 

percentage distribution were noted among the monitored species representing natural gas 

sources at both sites. The influence of hydraulic fracturing at both monitoring sites were 

notable, with Denton starting in 2001 and Dallas from 2009. 

One oddity in Figure 5-20 occurred in 2006 where the peak value of VOC 

concentration exceeded 100 ppb-V. There were no active wells present at Dallas County 

during that time, thus oil and gas production was not necessary the source of this escalation. 

The propane and n-butane concentration values were within similar ranges to the values of 

neighbouring years but the ethane concentration more than doubled from the previous 

year's value. As ethane's companion species did not show a similar change, it could be 

assumed that there was another source that was emitting ethane which resulted in the 

increase in total VOC concentrations. This is one weakness of using a single data point 

instead of an average number. Working with Canister data exposes the average of the data 

to extreme values due to lack of sufficient data points. The peak that occurred during 2006 

at Dallas was most likely an extreme case where a foreign ethane source affected the total  

measured VOC concentration. 

Benzene concentration was studied by Bunch et al. (2014), as an emission from 

sources independent from the increased activities within the Barnett Shale. Benzene 
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concentration is usually associated with gasoline sources, usually in the form of gasoline 

production and traffic (EPA, 1998). Increased volume in traffic was one the main argument 

against the hypothesis of increased oil and gas activities affecting air quality in the Dallas-

Fort Worth region (Barnett Shale Energy Education Council, 2012). Careful studies on the 

concentration of benzene and its evolving trend over the past 15 years should be a good 

indication on how much traffic sources affect the total VOC concentration in the region.  

Annual concentration of benzene in Dallas continuously decreased since 2000 as 

seen in Figure 5-22. This was synonymous with the report presented by Bunch et al. (2014). 

Very interestingly, Figure 5-22 yield an increased in benzene concentration in Denton from 

2000 to 2004. This was followed by a decrease through 2012 and a slight increase in the 

benzene concentration was again noted in 2013 and 2014. Upon close monitoring, the 

benzene concentration pattern in Denton mimics the trend projected by the total VOC 

species. However, the greatest fluctuation was 0.09 ppb-V between 2000 and 2001.  

Ultimately, the concentration of benzene at both monitoring sites never exceeded 0.5 ppb-V 

with the average being 0.26 ppb-V and 0.23 ppb-V for Dallas and Denton, respectively. The 

decline in benzene may be attributed to the efforts of EPA in controlling the automobile 

emissions of 𝑉𝑉𝑁𝑁𝑉𝑉 (EPA, 2014), due to an increase in cleaner cars on the road. Interestingly, 

the trend shown by the benzene emissions shows a similarity to the trend of 𝑁𝑁𝑁𝑁𝑥𝑥 which 

indicates a correlation between the two species and a strong indication of the reduction in 

the mobile source category. 
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Figure 5-22 : Benzene annual concentration average between Dallas and Denton (ppb-V) 
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Table 5-7 : 

 Comparison of VOC species (ppb-V) between Dallas and Denton 

 Dallas    Denton    

 Ethan

e 

Propan

e 

n-butane Benzen

e 

Ethane Propan

e 

n-Butane Benzene 

2000 17.27 10.93 8.84 0.40 19.54 14.71 6.47 0.16 

2001 17.62 11.57 7.71 0.38 83.52 45.96 23.55 0.26 

2002 19.28 14.37 9.14 0.34 192.70 74.52 32.63 0.21 

2003 15.84 10.68 6.05 0.34 191.30 118.70 55.42 0.25 

2004 27.02 17.17 9.21 0.31 365.40 238.09 127.08 0.33 

2005 20.97 16.32 7.20 0.32 466.17 149.45 52.11 0.32 

2006 40.50 21.63 8.12 0.25 380.70 180.49 63.39 0.27 

2007 19.04 15.06 5.79 0.25 185.12 62.22 25.63 0.22 

2008 20.66 10.19 6.24 0.23 335.28 145.69 46.49 0.20 

2009 37.58 15.87 4.74 0.22 125.93 56.98 19.00 0.19 

2010 23.15 13.42 3.67 0.21 220.86 93.51 25.82 0.20 

2011 37.43 18.16 9.50 0.22 339.07 127.39 42.84 0.21 

2012 43.89 8.82 4.99 0.21 386.82 145.30 39.90 0.20 

2013 45.38 17.43 11.16 0.20 539.92 128.21 32.54 0.24 

2014 60.70 21.43 11.43 0.16 467.22 229.42 104.93 0.25 

 

5.4.2 Seasonal Effects on VOC  

Seasonal changes and temperature does affect the measured VOC concentrations in 

any region (Seco et al., 2011; Seco et al., 2013; Elbir et al., 2007). Using the "threshold" 
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established in the previous section, the amount of days where VOC concentration exceeds 

the threshold were plotted and shown in Figures 5-23 and 5-24. Both graphs were plotted 

using VOC concentration data from 2000 to 2014. Based on the climatology of the North 

Texas region, November through February was classified as the winter months while May 

through July were treated as summer months. Winter months in Dallas Hinton contributed 

to majority of high VOC days with no incident of high VOC emission spotted during the 

summer months. This was not the case at the Denton Airport South site, where VOC 

emissions over 50 ppb-V were monitored throughout the year. However, summer months 

showed the least amount of high VOC days compared to other seasonal periods. Both 

figures highlighted the fact that the VOC concentrations in the Barnett Shale region was 

higher in during the winter months than during the summer months. 

Table 5-8 reaffirmed the results of Figures 5-23 and 5-24 that the VOC concentration 

peaked during winter while showed the lowest concentrations were noted during the 

summer months. The average VOC concentration shown in the table represents the average 

values of each month using fifteen years of data. While annual averages of VOC increased 

over the years, the seasonal behaviour of the pollutant species stayed constant. 

Concentration averages showed a more coherent curve as using the number of days that 

exceeds the predetermined threshold would still lead to problems caused by extreme values. 

Ultimately, Table 5-8 shows that while the concentration values at Dallas and Denton were 

different, the seasonal behaviour of its VOC emission appeared to be identical.   
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Table 5-8 :  

VOC seasonal behaviour comparison by months between Dallas and Denton (in ppb-V) 

 Average VOC Concentration Number of Days Exceeding Threshold 

 Dallas Denton Dallas Denton 

Jan 33.59439 108.3587 11 35 

Feb 26.94891 77.72431 4 28 

Mar 21.37147 78.94603 3 26 

Apr 16.13818 54.23941 0 20 

May 13.1369 53.65143 0 22 

Jun 11.92786 38.21086 0 16 

Jul 10.81778 35.11625 0 12 

Aug 12.42377 66.85553 0 25 

Sep 16.20672 96.98178 1 32 

Oct 21.606 97.24853 2 29 

Nov 31.44186 101.0346 13 32 

Dec 32.59095 115.4987 9 33 
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Figure 5-23 : Number of high VOC days by months at Dallas Hinton 
 

 

Figure 5-24 : Number of high VOC days by at Denton Airport South 
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5.5 Wind Speed and Directions 

Table 5-9 :  

Wind speed comparison for Dallas and Denton 

 Average Wind Speed 

(mph) 

Maximum Wind Speed 

(mph) 

Number of days under 10 

mph 

 Dallas Denton Dallas Denton Dallas Denton 

Jan 9.784 13.031 27.704 33.704 265 137 

Feb 10.304 13.713 23.725 35.975 218 111 

Mar 10.958 14.226 26.078 34.079 174 87 

Apr 10.897 13.767 22.833 32.197 166 105 

May 9.807 12.132 19.784 24.211 223 144 

Jun 9.025 11.577 18.390 25.495 282 172 

Jul 7.972 10.195 18.911 20.07 406 240 

Aug 7.752 10.008 15.077 20.961 394 249 

Sep 7.697 9.889 17.963 22.511 366 254 

Oct 8.1335 11.004 21.397 25.754 359 209 

Nov 8.795 12.401 23.309 33.385 303 163 

Dec 9.234 12.507 23.749 28.813 284 148 

 

Wind speed and direction plays an important role in the formation and 

concentration of ground level ozone as discussed in an earlier section. Lower wind speeds 

generate a higher mixing ratio between VOC and NOx to form ground level ozone, with wind 

speed under 10 mph considered to be ideal (Nielsen-Gammon, 2001; Emery et al., 2001; 

McNider et al., 2005; McGaughey et al., 2011).   
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Figure 5-25 : Dallas wind speed to ozone concentration comparison 
 

 

Figure 5-26 : Denton wind speed to ozone concentration comparison 
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The data on Table 5-9 were generated from the analyzing raw data from 2000 to 2014. 

Figures 5-25 and 5-26 show the relationship between wind speed and the ground-level 

concentration of ozone, which is synonymous to the discussion from the cited sources 

where the peak concentrations occurs during the times with the lowest wind speeds. 

Aside from the wind speed, the direction of wind was another important element in 

the meteorological analysis of the formation of ozone (Nielsen-Gammon, 2001; Emery et al., 

2001; McNider et al., 2005; McGaughey et al., 2011). Wind direction data with hourly 

directional values was acquired from TAMIS-TCEQ. To ease the analysis process, the wind 

directions were categorized into sixteen segments, starting with north of monitoring site as 

0 degrees and moving clockwise in 22.5 degrees intervals. The individual direction data were 

rounded up or down into these segments. A dominant wind direction was assigned to each 

day, where the directional segment with highest daily frequency was assigned as the 

dominant value of the day.  

An interesting discovery was found when the dominant wind directional data of 

Denton and Dallas were plotted and highlighted in Figure 5-27. High ozone days refers to 

the days where the ozone concentration surpassed the NAAQS limit. The majority of the 

wind directions on high ozone days were from the south-east of Denton. Dallas had fewer 

high ozone days as compared to Denton thus fewer data points to work with. However, 

based on the available directional data points, winds were mostly blowing in from the 

south-eastern and the eastern side of Dallas. As the winds were blowing in from the south-

eastern site of Denton during high VOC days, existing pollutant from upwind can be 

assumed to be carried to Denton, generating ozone formation. Dallas-Fort Worth is located 

south-east of Denton, which was identified to be a major source of oxides of nitrogen (NOx). 
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It can be assumed that the wind carries the 𝑁𝑁𝑁𝑁𝑥𝑥 to Denton which reacts with local 

emissions of VOC to form ground level ozone in and around the region. 

 

Figure 5-27 : Dominant wind directions on high ozone days 
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ratios over 16. The ozone formation within the area was highly dependent on its VOC 

concentrations and lowering the VOC concentrations can effectively decrease the ground 

level ozone formation on most of the peak ozone days. Figures 5-28 through 5-33 show the 

comparisons between pollutant species in Dallas Hinton and Denton Airport South to 

identify the correlation between the species.  

The relationship between the concentration of ozone precursor and ozone emission 

at Denton were plotted and shown in Figures 5-31 and 5-32 in reference to VOC and NOx. 

Both graphs similarly showed a decreasing trend, where higher ozone concentration were 

associated  with lower concentrations of its precursors. This can be explained with the 

mixing ratio of ozone. Mixing ratio between the precursors are high during summer months 

when temperatures are high and wind speeds are low, however, the concentration of VOC 

and NOx are the highest during the winter months. Both the graphs reinforced the findings 

reviewed earlier in this study. 

The graph in Figure 5-33 shows the ozone concentration data plotted against the 

VOC to NOx ratio. The series between ratio values of 6 to 16 were omitted as they were not 

important for this study. The two series featured in the graph were the series with ratios 

with values lower than 6 and also ratios with values higher than 16, which represents VOC-

sensitive and NOx-sensitive environments, respectively. As addressed earlier, the volume of 

data points in the VOC-sensitive regions were higher than the ones in the NOx-sensitive 

regions. At high ozone level, it would suggest that Denton had more data points in the VOC-

sensitive regime than in the NOx-sensitive regime. Both Dallas and Denton were classified to 

be VOC-sensitive. 
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Figure 5-28 : Correlation between ozone and VOC at Dallas Hinton 
 

 

Figure 5-29 : Correlation between ozone and NOx at Dallas Hinton 
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Figure 5-30 : Comparison of VOC/NOx ratios with ozone at Dallas Hinton 
 

 

Figure 5-31 : Correlation between ozone and VOC at Denton Airport South 
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Figure 5-32 : Correlation between ozone and NOx at Denton Airport South 

 

 

Figure 5-33 : Comparison of VOC/NOx ratios with ozone at Denton Airport South (Note : 
Data points for the ratios between 6 and 16 were removed) 
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High VOC to NOx ratio represents a high concentration of VOC while a low ratio 

represents high NOx concentration. In the VOC-sensitive region, the ratio values were lower, 

representing a higher concentration of NOx. As the ratio values increased, this meant that 

either the VOC values were getting higher or the NOx values were decreasing. As the trend 

line shows, the ozone concentration decreases as the VOC-sensitive region's ratio gets 

higher, indicating a rise in NOx with a drop in ozone concentration, similar to results from 

Figure 5-32. The NOx-sensitive region shows a different trend as shown in Figure 5-33. As 

the ratio increases, the ozone concentration follows. A higher VOC to NOx ratio can indicate 

a high VOC concentration, low NOx concentration or a combination of both. As shown in 

Figure 5-31, ozone levels were lower with increasing VOC concentrations, hence, it could be 

ruled that the low NOx concentrations were contributed to high VOC to NOx ratios. 

A similar study was done using the data points acquired from the Dallas Hinton 

monitoring site. Unlike the statistics shown in the previous chapter, Dallas Hinton shows no 

VOC to NOx ratio over 6, which means the ozone formation in the region was entirely VOC-

sensitive. Dallas Hinton had a much higher monitored concentration of NOx as compared to 

VOC. Figures 5-28 and 5-29 represent the graph of ozone against VOC and NOx respectively. 

When compared to the VOC versus ozone for Denton Airport South, the Dallas Hinton graph 

showed a more coherent trend with lower extreme values affecting the trend. Also, the 

trend that both VOC and NOx at Dallas Hinton appears to be identical with a high 

concentration of ozone formation when the concentration of precursor were low and vice 

versa. Again, VOC and NOx peaked during winter months while ozone formation peaked 

during summer months and therefore was identifiable in the corresponding graphs.  

As there were no days where the VOC to NOx ratio was higher than 6 at Dallas 

Hinton, the same approach done at Denton Airport South cannot be applied. A graph 
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plotting the ozone concentration versus the VOC to NOx ratios is shown in Figure 5-30. The 

graph shows similar trend to the VOC-sensitive region as shown in Figure 5-33 where the 

ozone concentration decreased as the ratio increased. These results shows that the VOC and 

NOx at Dallas Hinton is highly correlated. As Dallas Hinton showed signs of being highly VOC-

sensitive, the reduction of ozone formation can be done effectively by reducing the 

concentration of VOC. 

Outside of natural gas sources, automobile sources are also a great contributor to 

the emissions of n-butane and n-pentane (Thompson et al., 2014). Thompson and his 

colleagues (2014) had stated that the correlation between n-butane and n-pentane with 

propane and acetylene can give us an idea of the dominant sources of the VOC species. A 

high value of correlation coefficient (R2) will indicate the dominance of the source. If the 

correlation with propane is stronger, it indicates a natural gas based source while a strong 

correlation with acetylene indicates a strong automobile source. The result of the 

comparison between VOC data collected from Dallas Hinton and Denton Airport South were 

plotted as a scatter plot as shown in Figures 5-34 and 5-35. 

Dallas showed a higher correlation between propane and n-butane (R2 = 0.8323) 

and a much weaker correlation between n-butane and acetylene (R2 = 0.1785). The 

correlation between propane and n-pentane (R2 = 0.1911) is lower than it's corresponding 

correlation between n-pentane and acetylene (R2 = 0.5941). This would suggest that both 

automobile and gasoline sources played important roles within the VOC emissions in Dallas 

Hinton. Denton, however, showed  the influence of a very dominant natural gas sourced 

VOC emission. Correlation between propane and n-butane (R2 = 0.927) along with the 

correlation between propane and n-pentane (R2 = 0.8288) were much larger than its 

corresponding correlations with acetylene.  
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The same correlation study process was done with benzene, which are also found 

from both oil and gas sources and automobile sources (Thompson, Hueber, & Helmig, 2014). 

The correlation of benzene with acetylene is stronger in Dallas (R2 = 0.4635) while the 

correlation with propane is more dominant in Denton (R2 = 0.2643) as shown in Figure 

5-36. The source correlation studies indicates that Dallas Hinton had a dominant source 

profile slanted towards the automobile sources. The dominant source from this study for 

Denton Airport South was without a doubt natural gas based source as all three species 

correlated well and it indicated a much stronger correlation with the oil and gas based 

sources. 

 

Figure 5-34 : Correlation coefficient of n-pentane and n-butane in Dallas 
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Figure 5-35 : Correlation coefficient of n-pentane and n-butane in Denton 
 

 

Figure 5-36 : Correlation coefficient of benzene in Dallas and Denton 
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CHAPTER 6  

SOURCE APPORTIONMENT STUDIES 

6.1 Source Apportionment Modeling 

Positive Matrix Factorization (PMF) was used in this study as a source apportionment 

technique to evaluate the contribution of various VOC sources on the measured 

concentration in Dallas and Denton. EPA-PMF 5.0 was employed in this study. The 

methodology of the program has been previously discussed in Chapter 4. Using PMF, a six 

factor model was developed for the Dallas site while a five factor model was developed for 

the Denton site. However, the process of identifying these sources, which were basically 

factors 1 through 6 in Dallas and factors 1 through 5 in Denton, had to be done by 

comparing the VOC emission contribution at each source to existing data (Nelson et al., 

1983; Paatero, 1999; Finlayson-Pitts & Pitts, 2000; Ho et al., 2009). Table 2-1 documents the 

type of VOC species commonly associated with corresponding emission sources, which was 

used as a reference to identify the sources. 

PMF outputs a profile which consisted of three main data sets. In the first set, the 

VOC were shown in their actual values (ppb). The second set shows the VOC distribution in 

between sources. This shows the percentage of contribution of each of the sources to that 

specific species of VOC. The last data set features the breakdown within a source. The 

composition of that source was shown in a percentage form. The second set of data was the 

one used to identify the identity of each sources. For example, high contribution of ethane, 

propane and n-butane indicated the influence of natural gas sources (Nelson et al., 1983).  

To ensure the consistency of the source apportionment study, the PMF was ran 

three times for each individual study and an average value was taken. A difficulty faced by 

identifying the true identity of each source would be the random distribution of key 
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signature species. For example, ethane was found in almost every source factor in each 

iteration of PMF result for data from Denton Airport South. To correctly identify which 

factor belongs to the natural gas source, we look for the source factor with the greatest 

concentration of the key species. As these numbers can be relatively close, it is extremely 

important to do several iteration of the same study and acquire the average value as stated. 

Also, in some cases, the PMF would generate two or more sources that are clearly 

attributed to  a single species. Rather than identifying them as separate sources, these 

sources are lumped together as a single source. 

Based off the spike in VOC concentration seen on both monitoring sites starting at 

2009 as shown in Figure 5-12, we separate the VOC data collected into two sessions, pre-

2009 and post-2009. In 2009, the natural gas production in Dallas started after six years 

worth of absence, it would be beneficial to identify the trends and contributors to the local 

VOC concentrations before and after the natural gas production activities. Both the pre-

2009 and post-2009 sessions have five years of data to work with to ensure the consistency 

of the study was present. The PMF was run using this temporal regimes for both Dallas and 

Denton so a total of four sets of data were used in this study.  

 

6.2 PPB-V To PPB-C Conversion 

The numbers of carbon atom within hydrocarbons affects the reactivity of the 

molecule. To better represent the mixing ratio of these species, hydrocarbons are usually 

presented in parts-per-billion carbon (ppb-C) (Durrenberger et al., 2013). It was discussed in 

the report by Durrenberger and colleagues that the conversion from ppb-V to ppb-C can be 

done by multiplying the ppb-V value to the number of carbon atoms present in the molecule. 
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As the data files acquired from TCEQ were all in ppb-V format, the above formula is 

required to convert the values into ppb-C. The number of carbon atoms present in each 

monitored VOC species can be seen in Table 6-1. Due to the difference in the number of 

carbon atoms within the molecule the ppb-V and ppb-C values can be vastly different. For 

example, ethane (𝑉𝑉2𝐻𝐻6) has two carbon atoms, thus the ppb-C value is twice the ppb-V, 

however, decane (𝑉𝑉10𝐻𝐻22) has ten carbon atoms, resulting in a the ppb-C value to be ten 

times greater than the ppb-V value. As such the results acquired using a ppb-V scale may 

not be compatible to the results using a ppb-C scale. 

Table 6-1 : 

 Number of carbon atoms present in each monitored VOC species 

Species Number of Carbon Species Number of Carbon 

123Trimethylbenzene 9 Isobutane 4 

124Trimethylbenzene 9 Isopentane 5 

135Trimethylbenzene 9 Isoprene 5 

13Butadiene 4 IsopropylBenzeneCumene 9 

1butene 4 Methylcyclohexane 7 

1pentene 5 Methylcyclopentane 6 

224Trimethylpentane 8 nbutane 4 

22Dimethylbutane 6 ndecane 10 

234Trimethylpentane 8 nHeptane 7 

23Dimethylpentane 7 nHexane 6 

24Dimethylpentane 7 nNonane 9 

2Methylheptane 8 nOctane 9 

3Methylheptane 8 npentane 5 

Acetylene 2 nPropylbenzene 9 

Benzene 6 oXylene 8 

c2butene 6 Propane 3 

c2pentene 5 Propylene 3 
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Cyclohexane 6 Styrene 8 

Cyclopentane 5 Toluene 7 

Ethane 2 t2Butene 4 

EthylBenzene 8 t2pentene 5 

Ethylene 2   

 

6.3 Dallas Statistical Analysis 

The Dallas Hinton monitoring site being set within an urban region is subjected to 

high number of traffic sources. As seen in Figure 6-1, the traffic sources, which has 

contribution from the gasoline and diesel sources contributes close to half the total VOC 

emissions at Dallas Hinton monitoring site. The natural gas sources holds roughly 20% of the 

total VOC emissions affecting the Dallas Hinton. The PMF study made using the data 

collected from the post-2009 period showed an increase in the contribution of emissions 

from natural gas sources as shown in Figure 6-2. The volume of natural gas emitted VOC 

concentration increased by 20% from 16.3 ppb-C to 19.5 ppb-C and contributed to 23% of 

the total VOC emissions at Dallas Hinton. Interestingly, the gasoline sources also showed an 

increase in contribution from 23.4 ppb-C to 25.4 ppb-C or a 8% increase. As discussed in 

Table 3-2, the emission from traffic decreased due to the improvement in emission control 

technologies. This would suggest that traffic sources alone was not the only contributor to 

gasoline-based VOC emissions.  

Figure 6-5 shows that the diesel and evaporative sources of VOC emission stayed 

relatively similar to before the building of new gas wells. In fact, both of these sources 

showed a slight decrease post 2009. The building of new gas wells should also indicate an 

increase in diesel emission sources due to the increase in volume of trucks and drilling rigs 

at the gas production sites. Evaporative sources should increase as number of storage tanks 



84 

for oil and natural gas grows. However, as the monitoring site was not located within a close 

proximity to gas wells, the VOC emission may not be captured by the canisters at Dallas 

Hinton.  

Another explanation to the disproportioned ratio between natural gas, diesel and 

evaporative sources could be the increased use of natural gas within different sectors. The 

US Energy Information Administration (EIA) had stated that Texas was the number one state 

within the US in natural gas usage and its consumption of natural gas was one-seventh of 

the nation's (EIA, 2014).  The EIA had also stated that Texas has used more natural gas to 

generate electricity than any other states. The growth of the DFW metroplex would suggest 

a greater amount of power required to sustain the region, which involves the growth of 

natural gas usage for power generation. There were several gas-fired electrical generating 

units in the DFW region. 

The natural gas consumption shown in Figure 2-1 indicates a massive increase since 

2009 which was similar to the results obtained from the VOC trends and from the VOC 

source apportionment analysis in this study. As such, the natural gas VOC sources 

monitored in Dallas Hinton is more likely caused by the increase of natural gas consumption 

than from actual natural gas production. The fact that there was no simultaneous increase 

in diesel and evaporative sources could be factors supporting this theory. 2012 was found to 

contain the highest number of days where the total VOC emissions exceeded a pre-

determined threshold of 50 ppb (see Figure 5-18). According to Figure 6-3, 2012 also 

showed the highest recorded gasoline source emissions as per the source apportionment 

analysis. This suggest that the main contributor to the VOC emissions around the Dallas 

Hinton monitoring site is primarily gasoline sources, which is mainly composed of emission 

from automobile and increasing traffic in the region. 
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Figure 6-1 : VOC source distribution by PMF method in Dallas Hinton  (2005-2009) 

 

 

Figure 6-2 : VOC source distribution by PMF method in Dallas Hinton  (2010-2014) 

Natural Gas, 16.29, 
20%

Gasoline, 23.42, 
29%

Diesel, 10.51, 13%

Evaporative, 15.06, 
18%

Commercial, 10.70, 
13%

Others, 5.91, 7%

Dallas Hinton Sources 2005-2009

Natural Gas

Gasoline

Diesel

Evaporative

Commercial

Others

Natural Gas, 19.50, 
23%

Gasoline, 25.39, 
30%

Diesel, 10.15, 12%

Evaporative, 14.62, 
18%

Commercial, 9.52, 
11%

Others, 4.92, 6%

Dallas Hinton Sources 2010-2014

Natural Gas

Gasoline

Diesel

Evaporative

Commercial

Others



86 

 

Figure 6-3 : Annual source contribution by factor from the PMF analysis for Dallas Hinton 
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petroleum, which suggest that the gasoline VOC emission sources would continue to 

increase as long as it remains the primary source of energy supporting the growth rate in 

DFW. However, according to the PMF studies, and the fact that Texas is the current highest 

natural gas producing state in the United States (EIA, 2014), the natural gas VOC emission 

sources would continue to increase as long as the production within Barnett Shale 

proceeded to grow. 

Effects on seasonal changes on VOC emissions was previously discussed in Chapter 5. 

The PMF was run using seasonal data of VOC concentration instead of the annual data 

shown in the figures above. The idea was to categorize the VOC concentration input data 

into four seasons, and run separate source apportionment studies to try to identify how the 

seasons affect the emissions from each sources or source type.  

 

 

Figure 6-4 : Dallas Hinton source emission distribution by PMF (2005-2009) 
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Figure 6-5 : Dallas Hinton source emission distribution by PMF (2010-2014) 
 

Table 6-2 :   

Dallas seasonal VOC emission concentration, standard deviation and mean values (PMF) 

Source Type  Spring Summer Fall Winter Standard Deviation Mean 

Natural Gas  4.71 2.92 8.15 9.60 3.07 6.35 

Gasoline  1.23 1.34 5.20 3.21 1.87 2.75 

Diesel  2.22 1.12 1.86 4.64 1.52 2.46 

Evaporative  0.67 1.97 4.91 4.04 1.93 2.90 

Commercial  0.53 2.66 5.47 2.49 2.03 2.79 

Others  2.53 1.04 1.68 2.27 0.66 1.88 

Total  11.90 11.04 27.28 26.26   
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The VOC emissions during the fall was higher than any other seasons. Winter still 

showed the highest levels of natural gas sourced VOC emissions. However, this might be 

caused by the sudden spike in commercial sources in 2013. Fall also had a higher gasoline 

source contribution when as compared to winter, but the diesel contribution were lower. 

Diesel VOC sources loosely follows the trend with high concentration in winter and low 

concentrations in summer. The details of the results generated using PMF, along with 

standard deviation and mean values for each sources are included in Table 6-2. 

 

6.4 Denton Statistical Analysis 

Natural gas emission sources holds 36% of the total emission recorded at Denton 

Airport South. While the percentage of the natural gas sources did not increase post 2009, 

the concentration increased from 77.45 ppb-C to 98.78 ppb-C. After 2009, the natural gas 

VOC emission sources had an increase of 27.5%. Gasoline sources showed an increase of 

over 75% in contribution to the VOC concentration from 26.65 ppb-C to 46.81 ppb-C. 

Commercial sources also saw massive growth of similar proportion to the gasoline sources 

which would solidify the theory of increasing economic and industrial activities within the 

region.  

The Denton Municipal Airport, located 2.4 miles south of the monitoring site had 

been expanding since 2009 as reported by the city of Denton Economic Development 

Partnership (Barnett, 2009). The expansion involved increasing the flight volume and also 

the construction of extra taxiway to cope with the increase in traffic volume as a result of 

the expansion. The airport traffic can be seen as a main contributor to the gasoline sources 

of VOC emission as emissions from jet fuel was bound to increase in correspondence to the 

flight volume. In addition to the aeroplanes, ground traffic should also see some growth as 
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transportation to and from the airport expands. The expansion of the airport may also be 

the cause behind the commercial VOC sources as shown in Figure 6-7. 

While the natural gas sources have increased since 2009, the diesel sources showed 

a decreasing trend. This would suggest a reduction in the use of diesel engine associated 

with rigs and trucks used in the oil and gas drilling sites. However, unlike the results 

acquired from the Dallas Hinton monitoring site, evaporative sources at Denton Airport 

South monitoring site have increased since 2009. The number of new gas wells built 

plateaued after 2009 with only close to 300 new gas wells developed in the county as 

compared to the hectic growth period during the mid-2000's. Truck traffic at gas wells were 

mainly caused by the development of new gas wells (Robinson, 2013) as natural gas flows 

through pipe lines towards target destinations. As such, the decrease in the diesel sources 

can be traced back to the slowing down of new gas well productions. 

Evaporative sources which includes compressor stations and condensate tanks at gas 

producing sites continues to be a main contributor to local VOC emissions after the 

development stage and into the production stage (Robinson, 2013). The evaporative 

sources at Denton Airport South showed a 10.4% increase after 2009 as oppose to the 

massive 27.5% increase observed in natural gas sources. Evaporative sources from natural 

gas production usually are from fugitive emissions off the gas development equipments. 

Thus, the incremental factor between natural gas sources and evaporative sources need not 

be identical to justify the relationship.  

The main contributor of VOC in Dallas was associated with growth in natural gas 

consumption within the county. Unlike Dallas Hinton, Denton Airport South is located in a 

much more rural area with no commercial buildings and power plants within close proximity. 
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Thus, measured VOC from natural gas consumption sources should not contribute much to 

the overall measured VOC concentration.  

 

Figure 6-6 : VOC source distribution by PMF method in Denton Airport South  (2005-2009) 
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Figure 6-7 : VOC source distribution by PMF method in Denton Airport South  (2010-2014) 
 

 

Figure 6-8 : Annual source contributing factor by PMF method in Denton Airport South 
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The annual VOC source contributions shown in Figure 6-8 highlights the decrease 

through 2009 and a strong growth post 2009. A similar trend was noted in the VOC trend 

discussion made earlier and it is also similar to the Texas data for consumption of natural 

gas as shown in Figure 2-1. The usage of natural gas was the lowest in 2009 within the past 

decade which decreased significantly from the previous year. The economic downturn in 

2008 may be the cause of this significant drop in production quantity. With the demand of 

natural gas being lower in 2008 and 2009, the production activities were lower than earlier 

years. The production volume in 2009 was also shown to be lower than prior year as shown 

in Figure 3-10. 

Contribution of VOC emissions in Denton was shown to be several times higher than 

Dallas and each individual sources showed similar profiles. Figures 6-9 and 6-10 show the 

evolution of the VOC emission trends pre- and post-2009 for each sources. Evaporative and 

natural gas sources showed a very similar trend despite having very distinguishable 

difference. Gasoline and commercial VOC sources have grown within the region as 

discussed earlier.  

The VOC concentration monitored at Denton Airport South generated by the PMF is 

highlighted in Table 6-3. The mean and standard deviation values for each sources are also 

shown. The table highlights the disproportionate attribution of natural gas and evaporative 

sources to the total measured VOC concentrations. While the mean concentration of 

gasoline sources were very similar to diesel sources, this was mainly due to the outlier 

represented by the  seasonal patterns observed during winter seasons for gasoline related 

sources. 
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The VOC monitored in Denton Airport South peaked during the winter months as 

previously discussed in Chapter 5. The contribution from gasoline source was significantly 

higher during the winter months than during other seasons. 

 

Figure 6-9 : Denton Airport South source emission distribution by PMF (2005-2010) 
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Figure 6-10 : Denton Airport South source emission distribution by PMF (2010-2014) 
 

Table 6-3 :  
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CHAPTER 7  

CONCLUSION AND RECOMMENDATIONS 

A detailed evaluation of measured air pollution levels at two urban sites in North 

Texas was conducted in this study.  Measured concentrations of VOC, NOx, PM2.5 and 

ozone from Denton and Dallas, Texas collected from TCEQ operated monitoring sites over a 

fifteen year window (2000-2014) were analysed using statistical and source apportionment 

techniques.  The primary finding from this study highlighted the significant influence of the 

increasing hydraulic fracturing activities within the Barnett Shale region served as a 

significant source of volatile organic compounds (VOC). However this contribution was not 

homogenously distributed.  The Denton Airport South monitoring site experienced a very 

large increase in VOC concentrations over the past fifteen years due to a significant increase 

in the gas well exploration and production activities in the area. This was slightly muted in 

the Dallas Hinton site and it too showed the influence of increased VOC emissions from gas 

well activities since 2009. The volume of ethane concentration at both monitoring sites 

significantly increased and drove up the overall concentration of VOC within the region. As 

ethane is a primary species emitted from natural gas sources (Nelson et al., 1983), the 

presence of high concentration of this species in the measured values would indicate the 

influence of increased natural gas production in the region. 

Traffic is often blamed for the increase in air pollutants within a region (Barnett 

Shale Energy Education Council, 2012). This study has shown that traffic volume has 

decreased over the past several years based on annual average daily traffic (AADT) reports 

from the Texas Department of Transportation (Texas Department of Transportion, 2013). 

Oxides of nitrogen (NOx) levels decreased at the Dallas Hinton monitoring site suggesting 

the influence of the decrease in traffic volume and/or improvement in vehicular exhaust 
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control technology. NOx concentrations measured in Dallas Hinton showed a strong 

decrease in both peak and mean values over the years, while at the Denton Airport South 

the overall trend was downwards but not as pronounced as in Dallas. However, the 

measured VOC concentrations at both monitoring sites showed an increasing trend. While 

traffic, both in gasoline and diesel powered vehicles, does contribute to the overall VOC 

concentration, the primary source was from natural gas related activities. Based on source 

apportionment analysis using data retrieved from 2011 through 2014, natural gas related 

VOC emissions accounted for 37% of the total VOC contribution in Denton and about 31% in 

Dallas. These VOC contributions do not include the increased oil and gas related traffic 

contribution nor from fugitive emissions at the production sites. 

Peak annual VOC concentrations measured at the Denton Airport South monitoring 

site was documented to be approximately ten times the corresponding values measured at 

the Dallas Hinton site. The annual average VOC concentration in Denton was also about five 

times larger than that measured in Dallas. The increase in ethane, propane and n-butane 

concentrations at both sites suggests the influence of increasing oil and gas production 

affecting the region. 

Despite the increase in VOC concentrations at both sites, the monitored ozone 

concentrations showed very little change over the span of fifteen years. In fact, the peak 

ozone concentrations remained under the national ambient air quality standard (NAAQS) 

level at both sites. VOC and 𝑁𝑁𝑁𝑁𝑥𝑥 concentrations were high during winter while ozone 

formation peaked during summer months when the temperature was high and the wind 

speeds were relatively low. However, the average ozone concentrations have increased 

since 2009. The winter ozone concentrations at both monitoring sites increased over the 

study period.  A thorough correlation analysis between the measured ozone, NOx, and VOC 
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concentrations along with the VOC/NOx ratios were conducted.  Both the Denton Airport 

South and Dallas Hinton sites are VOC-limited, which means an effective reduction in VOC 

concentration can reduce the formation of ground level ozone. 

This study focused on two monitoring sites within the Barnett Shale region, Denton 

Airport South and Dallas Hinton. It would be beneficial to conduct a thorough analysis of the 

measured concentration data from other monitoring sites within the region, particularly the 

monitoring sites containing AutoGC data so that a continuous VOC trend can be identified. A 

larger concentration of data would also help solidify the findings of the study. Also, the 

study was conducted using non-methane VOC species. Methane is an important VOC 

species and a strong greenhouse gas that is generally associated with oil and gas production 

and distribution activities. Currently there is no comprehensive methane data that is 

available in the public domain.  Monitors that could sample for methane concentrations 

should be set up across the Denton county to help identify the overall methane 

concentrations and profiles of methane related sources within the county.  This would also 

provide crucial data that will validate the findings of the present study. 

In addition, it would be very useful to implement a source-receptor modeling study 

on the monitored region. The source-receptor modeling can be used to determine the 

presence and quantify the influence of local sources on the measured VOC concentrations. 

It will provide a scientific basis for culpability assessment of large anthropogenic emission 

sources and their influence on urban and regional air quality.  This will also greatly enhance 

the credibility of the findings shown in this report which states that natural gas production is 

a major contributor to the increase in measured VOC concentrations within North Texas.  
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Table A- 1 Dallas  VOC species distribution (ppb-C) 

Species Median Mean Standard Deviation Min Max 

124Trimethylbenzene 0.45 0.638214 0.664372 0.09 5.67 

135Trimethylbenzene 0.18 0.273536 0.247654 0.09 1.44 

13Butadiene 0.24 0.308125 0.256437 0.04 1.32 

1butene 0.8 1.11036 1.036397 0.08 8.56 

1pentene 0.2 0.289935 0.267668 0.05 1.4 

224Trimethylpentane 0.64 0.877402 0.759285 0.08 6.08 

22Dimethylbutane 0.18 0.190552 0.138145 0.06 0.84 

234Trimethylpentane 0.24 0.371102 0.334029 0.08 2.24 

23Dimethylpentane 0.28 0.378246 0.303666 0.07 2.17 

24Dimethylpentane 0.14 0.189278 0.155713 0.07 1.12 

2Methylheptane 1.04 1.46685 1.284126 0.08 9.28 

3Methylheptane 0.64 0.806626 0.728333 0.08 6.64 

Acetylene 3.5 4.803571 4.23796 0.46 31.12 

Benzene 1.38 1.619851 0.935374 0.3 7.44 

c2butene 0.18 0.278868 0.288788 0.06 1.86 

c2pentene 0.1 0.178667 0.184222 0.05 1.1 

Cyclohexane 0.36 0.457674 0.336807 0.06 2.4 

Cyclopentane 0.05 0.089744 0.067062 0.05 0.3 

Cyclopentene 0.15 0.197491 0.136348 0.05 0.95 

Ethane 11.78 14.75368 11.75211 2.34 121.4 

EthylBenzene 0.56 0.696232 0.539531 0.08 5.76 

Ethylene 6.38 8.529843 7.480386 0.9 54.9 
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Table A- 2 (Continue): Dallas  VOC species distribution (ppb-C) 

Species Median Mean Standard Deviation Min Max 

Isobutane 2.68 3.494061 3.014552 0.2 31.88 

Isopentane 3.45 4.611486 3.938472 0.35 40.35 

Isoprene 0.75 0.990299 0.82482 0.05 3.7 

IsopropylBenzeneCumen

e 

0.09 0.148676 0.091602 0.09 0.54 

Methylcyclohexane 0.28 0.388284 0.414832 0.07 5.6 

Methylcyclopentane 0.36 0.471396 0.385426 0.06 3 

nbutane 4.68 7.228392 6.867992 0.68 45.72 

ndecane 0.4 0.685357 0.877456 0.1 9.7 

nHeptane 0.42 0.52968 0.609824 0.07 11.34 

nHexane 0.84 1.035237 0.79033 0.06 6.24 

nNonane 0.36 0.606226 0.890223 0.09 12.24 

nOctane 0.27 0.353628 0.307991 0.09 2.16 

npentane 1.75 2.37243 1.843903 0.2 12 

nPropylbenzene 0.18 0.245725 0.246031 0.09 3.24 

oXylene 0.48 0.641679 0.532032 0.08 4 

Propane 9.3 12.11167 9.252036 1.77 64.89 

Propylene 1.23 1.619958 1.333941 0.15 10.14 

Styrene 0.16 0.260129 0.245579 0.08 1.28 

Toluene 2.1 3.028937 2.854824 0.35 25.62 

t2Butene 0.12 0.249268 0.275087 0.04 1.56 

t2pentene 0.15 0.295205 0.328609 0.05 1.75 
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Table A- 3 : Denton VOC species distribution (ppb-C) 

Species Median Mean Standard Deviation Min Max 

124Trimethylbenzene 0.18 0.281323 0.30523 0.09 2.79 

135Trimethylbenzene 0.09 0.142297 0.157472 0.09 1.26 

13Butadiene 0.1 0.173913 0.335748 0.04 2.28 

1butene 0.44 0.537383 0.397953 0.04 2.96 

1pentene 0.1 0.202198 0.267178 0.05 1.65 

224Trimethylpentane 0.88 1.834674 2.384361 0.08 20.96 

22Dimethylbutane 0.36 0.637481 0.809967 0.06 10.5 

234Trimethylpentane 0.4 0.771345 0.93034 0.08 6.4 

23Dimethylpentane 0.7 1.049459 1.354161 0.07 17.99 

24Dimethylpentane 0.35 0.62377 0.947031 0.07 13.16 

2Methylheptane 2.08 5.158774 10.58807 0.08 194.64 

3Methylheptane 1.2 2.595311 5.732608 0.08 111.04 

Acetylene 1.06 1.182539 0.833102 0.24 12.9 

Benzene 1.14 1.44341 1.408227 0.12 19.86 

c2butene 0.12 0.310909 1.221043 0.06 9.06 

c2pentene 0.05 0.072727 0.043742 0.05 0.25 

Cyclohexane 1.14 4.800673 55.61578 0.06 1173.9 

Cyclopentane 0.05 0.053125 0.0125 0.05 0.1 

Cyclopentene 0.25 0.421598 0.604293 0.05 6.1 

Ethane 29.94 79.35131 128.7363 0.5 1079.84 

EthylBenzene 0.24 0.330823 0.276916 0.08 3.44 

Ethylene 1.22 1.383939 0.999381 0.06 18.54 

Isobutane 6.4 15.79791 25.93477 0.16 285.24 
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Table A- 4 (continue): Denton VOC species distribution (ppb-C) 

Species Median Mean Standard Deviation Min Max 

Isopentane 5.475 12.80371 20.31072 0.25 275.2 

Isoprene 0.45 0.56434 0.572476 0.05 5.1 

IsopropylBenzeneCumene 0.09 0.116916 0.052762 0.09 0.36 

Methylcyclohexane 0.98 2.228377 5.580633 0.07 108.15 

Methylcyclopentane 0.54 1.298102 5.55479 0.06 122.34 

nbutane 10.56 25.51112 41.71837 0.4 508.32 

ndecane 0.2 0.497321 1.032474 0.1 11.9 

nHeptane 0.91 2.560645 7.728282 0.07 162.96 

nHexane 1.74 5.612727 22.36154 0.06 514.56 

nNonane 0.45 0.802313 1.581726 0.09 16.47 

nOctane 0.72 1.628936 5.43916 0.09 100.35 

npentane 4.025 12.26683 27.26289 0.15 434.9 

nPropylbenzene 0.09 0.14631 0.125522 0.09 1.26 

oXylene 0.24 0.321705 0.384536 0.08 4 

Propane 21.27 51.47543 79.88236 0.96 714.27 

Propylene 0.72 0.929188 1.180597 0.18 25.08 

Styrene 0.08 0.166667 0.205308 0.08 1.36 

Toluene 1.54 2.752586 12.61536 0.21 353.92 

t2Butene 0.08 0.131429 0.14268 0.04 0.56 

t2pentene 0.05 0.094944 0.070729 0.05 0.4 
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Table A- 5 : Dallas county economy breakdown (United States Census Bureau, 2014) 

 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

Total  364676 399097 420929 450618 462454 493768 491912 503862 520891 536196 555756 

Agriculture 1320 1374 1426 1463 1504 1612 1657 1619 1652 1704 1848 

Mining, quarrying, and oil 

and gas extraction 

2764 3144 3396 4281 4292 4736 5427 4745 5105 5514 5710 

Utilities 262 372 425 471 698 711 738 723 705 736 790 

Construction 44646 49828 52131 56146 55937 59326 57175 56224 56509 57362 59935 

Manufacturing 6488 6892 6974 6900 7457 7719 7385 7394 7553 7996 8460 

Wholesale trade 8706 9297 9602 9503 9586 10050 9585 9717 9827 10231 10508 

Retail trade 39196 41692 42231 43097 42774 44828 42716 42766 43628 44080 46745 

Transportation and 

warehousing 

15769 17214 18891 21167 22699 25132 24178 23495 24107 24796 26389 

Information 4963 5888 6584 6682 7592 7327 7220 7166 7315 7363 7719 

Finance and insurance 21142 22918 24036 26171 26142 26466 26059 26583 26402 26136 26867 

Real estate and leasing 35559 39037 41929 46365 46479 46879 44358 46719 46032 46321 48154 

 

  

http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=11&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=21&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=21&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=22&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=23&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=31-33&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=42&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=44-45&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=48-49&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=48-49&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=51&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=52&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=53&search=2012
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Table A- 6 (continue): Dallas county economy breakdown (United States Census Bureau, 2014) 

 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

Professional, scientific, 

and technical services 

56796 62217 63238 67792 68711 72341 72720 74198 75920 77383 80274 

Administrative and 

support, waste 

management and 

remediation services 

29320 30987 32862 36057 38198 46515 47616 49744 53086 55344 56,19 

Educational services 6596 7167 7995 9054 9554 10647 11159 11784 12140 12567 13615 

Health care and social 

assistance 

20235 22694 24407 26429 28282 29968 31712 33864 36275 38083 38870 

Arts, entertainment, and 

recreation 

15486 16102 17091 18144 19098 21809 22225 22819 23839 24927 26296 

Accommodation and food 

services 

4993 5691 6363 6593 6748 7264 7649 7725 8130 8396 8777 

Other services (except 

public administration) 

50435 56583 61348 64303 66703 70438 72333 76577 82666 87257 88606 

  

http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=54&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=54&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=56&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=56&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=56&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=56&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=61&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=62&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=62&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=71&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=71&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=72&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=72&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=81&search=2012
http://www.census.gov/cgi-bin/sssd/naics/naicsrch?code=81&search=2012
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Table A- 7 : Denton county economy breakdown (United States Census Bureau, 2014) 
 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Total 110615 113375 123008 124735 132913 132913 141779 141779 162227 157762 155931 166739 179848 182916 

Agriculture 63 52 66    89 89 94 89 88  71 77 

Mining 243 164 179 211 186 186 245 245    543 588 762 

Utilities 630 777 630 641 491 491 465 465 473 473 477 550 559 570 

Construction 9196 9163 8609 8228 8549 8549 9829 9829 10179 9880 8734 8020 7731 8534 

Manufacturing 12942 11123 11185 9803 11890 11890 10437 10437 10708 9741 9394 10458 12339 12117 

Wholesale trade 7450 8017 9838 9907 9024 9024 10389 10389 10910 9740 8905 8710 9896 10220 

Retail trade 19450 21094 20474 20539 22652 22652 24019 24019 25599 25761 24712 25056 26065 26939 

Transportation and 

warehousing 

2150 2541 3716 5035 5694 5694 6086 6086 7787 7468 7802 8766 9313 9090 

Information 2184 2192 2488 3012 2840 2840 2636 2636 3821 3824 3668 3430 3925  

Finance and 

insurance 

4296 4706 6250 5772 7329 7329 8071 8071 9769 8775 9631 12517 12575 12782 

Real estate and  

leasing 

2015 2305 2036 2291 2186 2186 2370 2370 2830 2600 2736 3089 3122 3040 

Unclassified  205 135 25            
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Table A- 8 (continue): Denton county economy breakdown (United States Census Bureau, 2014) 
 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Professional and 

technical services 

4238 4516 5174 5467 5374 5374 6307 6307 8848 7607 7405 8195 9685 8961 

Management  5067 4937 5167 5641 4651 4651 4246 4246  4117 4700 5869 6613 5460 

Admin, support, 

waste mgt, 

remediation services 

7495 6698 7805 10324 10783 10783 11389 11389 14174 13007 12989 15715 17464 16530 

Educational services 898 1133 1679 2086 2152 2152 1633 1633 1942 2053 2396 2443 2670 3182 

Health care and 

social assistance 

11022 11785 11946 12709 13257 13257 16159 16159 17547 19490 19158 20467 21847 22551 

Arts, entertainment 

and recreation 

1434 1979 1925 2083 2640 2640 2652 2652 3008 3281 3286 3433 3299 3492 

Accommodation and 

food services 

12662 12933 12550 13784 15303 15303 16503 16503 19274 19583 19277 20007 21853 23547 

Other services  6146 6372 7489 7099 7774 7774 8223 8223 9408 9268 9653 9378 10215 10553 

Auxiliaries  829 753 3777    31 31   54 23   

Unclassified  205 135 25            
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Figure A- 1 : Box-whiskers plot on monthly change in VOC concentration at Denton Airport South 
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Figure A- 2 : Box-whiskers plot on monthly change in VOC concentration at Dallas Hinton 
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Table A- 9 : VOC Seasonal Behaviour Comparison of Denton and Dallas by Months (ppb-C) 
  Average VOC Concentration Number of Days Exceeding Threshold 

  Dallas Denton Dallas Denton 

Jan 106.329 334.749 11 35 

Feb 84.9897 212.162 4 28 

Mar 66.1662 218.323 3 26 

Apr 52.6008 165.288 0 20 

May 43.6465 160.389 0 22 

Jun 39.8579 113.886 0 16 

Jul 36.8228 109.234 0 12 

Aug 42.7418 194.298 0 25 

Sep 54.5273 254.698 1 32 

Oct 73.4235 280.576 2 29 

Nov 103.614 295.428 13 32 

Dec 106.327 345.218 9 33 
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