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Abstract 11 

 12 

Flare is the last safety measure for daily operations in oil, gas & chemical process industries 13 

(OGCPI).  However, an excessive flaring releases large quantity of emissions of VOCs and NOx, 14 

which may suddenly enhance local ozone as a secondary pollution.  Normally, the flare destruction 15 

and removal efficiency (DRE) of 98 % or 99 % is regulated as the national standard and presumed 16 

for industrial practices in the U.S.  Unfortunately, real DRE values could be much lower than the 17 

standard due to impact factors including various meteorological and operating conditions such as 18 

the cross-wind speed, flare jet velocity and heating value of combustion.  Thus, it is critically 19 

important to explore the sensitivity of the regional ozone impact due to low DREs of OGCPI flare 20 

combustions.  In this paper, a systematic methodology has been developed to examine ozone 21 

impacts due to the low flare DREs, which have never been systematically studied before.  The DRE 22 

formulas were derived from computational fluid dynamic (CFD) modeling and Water Environment 23 

Research Foundation (WERF) results and then employed to recompile the point source emission 24 

inventory.  After that, comprehensive air quality model with extensions (CAMx) was employede to 25 

simulate and quantify local ozone changes impacted by flare emissions of OGCPI.  Case studies 26 

indicate that the maximum hourly ozone increments due to the low DRE through CFD and WERF 27 

modeling is 0.18 ppb and 1.3 ppb, respectively.  This study could enrich fundamental 28 

understandings of industrial point source emissions and provide the quantitative and valuable 29 

support for the ozone pollution caused by OGCPI flare emissions under low DRE instead of 30 

standard values. 31 
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1. Introduction 38 

 39 

Industrial flaring is to safely combust off-spec, unusable, or unwanted process streams, 40 

which might otherwise be harmful to local environment if directly vented without destructions.  The 41 

oil, gas and chemical process industries (OGCPI) in the U.S. daily processes millions of cubic feet 42 

of hydrocarbon gases (Baukal and Schwartz, 2001; Aalsalem et al., 2018).  Thus, a slight decrease 43 

in flaring performance will release millions of cubic feet of gaseous emissions into the atmospheric 44 

environment.  Note that although flaring is a safety measure for plant safety in OGCPI, excessive 45 

flaring will generate large amounts of emissions such as NOx (nitrogen oxides), CO2, CO, VOCs 46 

(volatile organic compounds) especially for high reactive VOCs (i.e., HRVOCs such as ethylene, 47 

propylene, acetylene).  For instance, an olefin plant with a capacity of 1.2 billion pounds of ethylene 48 

productivity per year can easily flare about 5.0 million pounds of ethylene during one single start-up 49 

operation (Xu and Li, 2008).  Given the 98 % flaring efficiency (TCEQ, 2015), the resultant air 50 

emissions include at least 15.4 million pounds of CO2, 40.0 Klbs CO, 7.4 Klbs NOx, 15.1 Klbs 51 

hydrocarbons, and 100.0 Klbs HRVOC (Xu et.al, 2009).  These emissions may cause seriously 52 

regional and transient air pollution events as well as negative societal impacts (Ge et al., 2016; Ge et 53 

al., 2017; Ge et al., 2018a; Ge et al., 2019).  It should also be noted that under adverse 54 

meteorological and operation conditions (e.g., strong cross-wind, high jet velocity, or low 55 

combustion heating value), the flare destruction and removal efficiency (DRE) can be reduced, and 56 

thus the portion of unburned species will be significantly increased (Castiñeira and Edgar, 2008; 57 

Singh et al., 2012; Devesh et al., 2014).  Among the resultant consequences, one of particular 58 

concerns is the increment of unburned VOCs, which transiently elevate local ground-ozone 59 
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concentrations as a secondary pollution, because ozone is usually generated by photochemical 60 

reactions between NOx and VOCs under sunlight (Cleveland, 1974). 61 

Ground-level ozone poses detrimental effects on human beings and many other living 62 

species.  For instance, ozone can irritate respiratory system, which includes asthma aggravation, 63 

lung function reduction, and permanent lung damage (Kampa, 2008).  Thus, ozone is regulated as 64 

one of six common pollutants regulated by the Federal Clean Air Act.  The U.S. EPA 65 

(Environmental Protection Agency of the United States) has set the National Ambient Air Quality 66 

Standards (NAAQs) for the ground-level ozone since July 1997.  From Oct 1st, 2015, a more 67 

stringent ozone standard on the 8-hr average of 70 ppb has been issued (EPA, 2016).  Currently, 68 

OGCPI flaring practices (American Petroleum Institute, 2008) needs to satisfy the 98 % standard 69 

value for DRE.  According to EPA regulations, a 98 % DRE or higher could be obtained if the flare 70 

operations can be in accordance with 40 CFR Section 60.18 (McDaniel, 1983).  Flaring activities 71 

(61%) are among the top three HRVOCs emission sources in Texas, USA and thus has much 72 

potential to form ozone pollution (Singh et al., 2014).  A rapid increase in ozone concentration has 73 

been commonly observed at air quality monitoring stations in Houston, Texas, USA.  This 74 

phenomenon was regarded as a transient high ozone event, which may due to industrial flare 75 

emissions (Allen, 2017; Ge et al., 2018b). 76 

In real practices, however, flaring DREs could be lower than the standard value due to 77 

impact factors such as the cross-wind speed, jet velocity, heating value of combustion zone (HVCZ) 78 

and flare design (Pohl, 1984 and 1985).  Recently, Ge et al., 2016 has studied the ozone impacts due 79 

to low DREs of multiple olefin plant start-ups via virtual case studies, where the 8-hr ozone 80 

increment under the assumed DREs of 95 %, 96 %, 97 % and 98 % have been investigated, 81 

respectively.  Generally, plant start-up operations should generate the larger amount of flare 82 
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emissions than that of normal operations; but they have a much less frequency than daily normal 83 

operation.  Thus, it is still interesting to explore the air quality impact from lower DREs under 84 

adverse meteorological and operating conditions during OGCPI normal operations. And such 85 

relevant studies are still lacking. 86 

In this paper, a systematic methodology has been developed to examine ozone impacts due 87 

to the excess VOCs and NOx released from regional OGCPI plants when their DRE values are 88 

lower than the presumed national standard caused by adverse meteorological and operating 89 

conditions.  The formulas considering meteorological and operating conditions were derived from 90 

CFD and WERF modeling and employed to predict their effects on flare DREs and thus subsequent 91 

ozone formations.  This study could enrich fundamental understandings of industrial point source 92 

emissions and provide the quantitative and valuable support for the ozone pollution caused by 93 

OGCPI flare emissions under low DRE instead of standard values. 94 

 95 

2. Problem Statement 96 

 97 

This paper derives the DRE formula for flare combustion associated with cross-wind speed, 98 

flare jet velocity, HVCZ as well as flare design parameters, which are based on both CFD modeling 99 

(Jatale et al., 2012; Ge et al., 2018c; Chen and Alphones, 2019) and the studies of WERF (Willi et 100 

al., 2013).  Next, the elevated point sources from OGCPI emission inventory files (i.e., flare 101 

emissions in this study) are extracted and modified based on the derived DRE formula instead of the 102 

standard value regulated by Texas Commission on Environmental Quality (TCEQ).  DRE values for 103 

each flare emissions are calculated and adjusted based on cross-wind speed and jet velocity 104 

provided by emission inventory of the studied ozone episode.  After that, the number of VOCs and 105 



6 
 

NOx from point sources can be obtained due to the incomplete combustion of flare emissions from 106 

OGCPI plants.  Finally, the emission inventory will be updated and generated by new point source 107 

emissions calculated by adjusted DRE values, which will be then employed for the air quality 108 

modeling to simulate ozone concentration impacted by the derived DREs.  For clarity, the 109 

assumptions, given information, and information to be determined for this study are summarized 110 

below: 111 

Assumptions: 112 

(1) The studied flare emissions from OGCPI plants will occur in the selected ozone 113 

episode in Southeast of Texas, USA; 114 

(2) Compared with the base case air-quality simulation, case studies on ozone impacts will 115 

have all of the same modeling inputs as the base case, except the addition of flaring 116 

emissions generated due to lower DREs from OGCPI plants in the studied ozone 117 

domain. 118 

Given information: 119 

(1) Spatial locations of all flare point source for OGCPI plants in the studied domain; 120 

(2) Jet velocity of each flare point source of the studied OGCPI plants; 121 

(3) Dynamic cross-wind speed at each flaring point source of the studied OGCPI plants; 122 

(4) Geological domain information on the employed episode region; 123 

(5) The (Houston-Galveston-Brazoria) HGB ozone episode during May 31st and June 16th, 124 

2006, which is served as the base case for air-quality modeling and simulation. 125 

Information to be determined: 126 

(1) Flare DRE corrections established based on both CFD and WERF modeling; 127 
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(2) Dynamic ozone concentration distribution in the studied region (Southeast Texas) due 128 

to the modified flare DREs of the studied OGCPI plants; 129 

 130 

3. Methodology 131 

 132 

3.1 Methodology framework 133 

The general methodology framework for this study has been summarized and showed in 134 

Figure 1.  Firstly, both CFD simulations and WERF modeling are employed to obtain DRE profiles, 135 

which will be the function of the cross-wind speed, flare jet velocity, HVCZ, flare design and others.  136 

Note that the DREs for different elevated point sources are not the same due to the different cross-137 

wind speed and jet velocity at each location of elevated point source.  After that, flare emissions (i.e. 138 

VOCs and NOx) are recompiled by the updated DREs for each elevated point source from the ozone 139 

episode.  Finally, the new emission inventory can be generated and then employed for the air-140 

quality modeling and simulation to investigate the ozone impacts.  Note that two Scenarios are 141 

performed to investigate the ozone impacts due to the adjusted DRE through CFD and WERF 142 

modeling.  In this paper, comprehensive air quality model with extensions (CAMx), which is a 143 

multi-scale 3-D photochemical modeling system, is employed to simulate the spatial and temporal 144 

distribution of ozone concentrations (CAMx User’s Guide, 2014).  Detailed ozone episodes 145 

including emission inventories and meteorological data used as the base for the air-quality modeling 146 

is downloaded from the website of TCEQ.  The model has been certified by TCEQ as satisfying the 147 

modeling guidelines established by U.S. EPA (TexAQS II Field Study, 2016). 148 

 149 

Figure 1. General methodology framework. 150 
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 151 

3.2 Model descriptions 152 

The comprehensive air quality model with extensions (CAMx) is employed in this study to 153 

simulate the spatial and temporal distribution of ozone concentration.  CAMx is an Eulerian 154 

photochemical dispersion model that allows for integrated “one-atmosphere” assessments of 155 

tropospheric air pollutants (i.e. ozone, particulates, air toxics, and mercury) over spatial scales 156 

ranging from neighborhoods to continents (CAMx, 2014).  CAMx has been approved by U.S. EPA 157 

as the tool to demonstrate attainment of the federal standards for ozone by some states like Texas. 158 

In this study, CAMx version 4.53 with the CB05 photochemical mechanism was used to 159 

obtain ozone concentration distribution.  An ozone episode (May 31st, 2006 through June 16th, 2006) 160 

provided by TCEQ is selected as the base case model simulation.  The selection was mainly based 161 

on three reasons: (1) the complete model input data including geological, meteorological as well as 162 

emission inventories; (2) the model has been validated to represent the field measured ozone 163 

concentrations; and (3) this ozone episode (17 model days) has more serious ozone problems than 164 

other episodes.  Thus, it would be significant to perform our case studies by selecting this episode.  165 

Note that all CAMx simulations were run on a Dell computer with four 3.6 GHz CPUs and 8 GB 166 

memories.  The employed CAMx model is a nested regional-to-urban scale with grid resolutions of 167 

36×36 km, 12×12 km, 4×4 km, and 2×2 km as shown in Figure 2.  In this study, the 2×2 km domain 168 

is selected because this domain has the highest resolution; meanwhile, lots of OGCPI plants are 169 

located in this domain area. 170 

 171 

Figure 2. Illustration of CAMx simulation domains. 172 

 173 
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3.3 Ozone calculation 174 

The elevated point sources (i.e., industrial flare emissions from OGCPI plants) were 175 

modified based on adjusted DRE values.  For each flare source, the adjusted DREs is calculated 176 

based on CFD or WERF modeling.  After that, emissions of VOCs and NOx are adjusted.  New 177 

elevated point emission files for CAMx are then established after all flare emissions have been 178 

adjusted and recompiled.  Note that CAMx simulations provide hourly ozone concentration at each 179 

spatial domain grid, which can be represented by the following equation. 180 

( ) ( )3 , , CAMx , , , ,EIsO
n nC d h d h η=x x  (1) 181 

where ( )3 , ,O
nC d h x  represents the hourly (the hth hour on dth day during this eposide) ozone 182 

concentration of the nth simulation case in the domain grid x.  CAMx n  represents the n-th CAMx 183 

simulation case, which needs the adjusted DRE value (i.e., η ) for all of flare emissions from 184 

OGCPI plants in the studied air-quality domain.  EIs represent the emission inventories of the 185 

studied ozone episode including elevated point, area, mobile, on-road, biogenic and other emissions. 186 

( )x,,3
0 hdCO  represents the background ozone concentration of the base case at hour h  on 187 

day d  in grid x with the original emission inventories.  Note that ( )x,,3
0 hdCO  values are obtained by 188 

base case simulation and based on the standard DRE value of 98 % for the elevated point emissions.  189 

( )3 , ,O
nC d h x  represents the hourly ozone concentration of the nth simulation case at hour h  on day 190 

d  in grid x.  To quantitatively study the ozone concentration impacted from the adjusted DREs, the 191 

amount of ozone difference between adjusted DRE cases and the base case is defined by the 192 

following equation. 193 

( ) ( ) ( )xxx ,,,,,, 333
0 hdChdChdC OO

n
O
n −=∆  ,     h = 0, 1, … , 23 (2) 194 
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where ( )x,,3 hdCO
n∆

 
represents the hourly ozone difference due to the adjusted DREs at hour h  on 195 

day d  in grid x, ppb.  Based on the results of ( )x,,3 hdCO
n∆ , the significance of ozone impact from 196 

adjusted flare DRE values can be obtained, which could further provide a quantitative technical 197 

support to relevant decision makers. 198 

 199 

4. Case Studies 200 

 201 

4.1  DRE results obtained through CFD modeling 202 

CFD simulation shows that four variables affect the DRE of industrial flares: cross-wind 203 

speed, jet velocity of flare vent gas, HVCZ, and stoichiometric ratio.  Note that the cross-wind 204 

speed and jet velocity are available in the air-quality model of the studied ozone episode.  The 205 

cross-wind speed of each flare emissions can be obtained from the meteorological information, and 206 

the jet velocity can be obtained from the emission inventory.  Thus, the actual DRE value for each 207 

elevated point source (i.e., flare emissions) can be calculated instead of using the assumption of 208 

standard DRE value, which could usually underestimate the real amount of flare emissions.  For 209 

HVCZ and stoichiometric ratio, default values used by CFD simulations were adopted in this study.  210 

The default value for HVCZ is 1461.8 btu/scf, and the default value for stoichiometric ratio is 0.3.  211 

Based on CFD simulation results from Singh et al. (2014) with approximations, DREs under the 212 

specified U and V were obtained by Ge et al., 2018c. 213 

For point source whose cross-wind speed and jet velocity are not specified in CFD 214 

modeling, the bilinear interpolation method is adopted to calculate their DREs.  For a given 215 

interval of the cross-wind speed as [U1, U2], and a given interval of jet velocity as [V1, V2], the 216 

DRE interpolation is specified as follows: 217 
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11 2 2 21 1 2 12 2 1 22 1 1
2 1 2 1

1
[ ( )( ) ( )( ) ( )( ) ( )( )]

( )( )CFD U U V V U U V V U U V V U U V V
U U V V

η η η η η= − − + − − + − − + − −
− −

   (3) 218 

Based on the bilinear interpolation, the complete relation of CFDη with respect to U and V 219 

can be obtained as shown in Figure 3, which is the contour plot of DREs with changes of cross-220 

wind speed and jet velocity.  It can be seen that the DREs keep the default value of 98 % when jet 221 

velocity is less than 15 m/s.  When the jet velocity is larger than 30 m/s and the cross-wind speed is 222 

larger than 5 m/s, DREs will be dropped lower than 80 %.  Figure 4 shows the minimum and 223 

average DREs of flares through CFD modeling.  The maximum DREs are always the same as 224 

standard value (i.e., 98 %).  The minimum DREs ranges from 87 % to 93 % on different episode 225 

days because of different meteorological conditions and flaring jet velocities.  The average DREs 226 

always keep 97.7 %, which implies that the cross-wind speed and jet velocity would not affect 227 

DREs for most of flares. 228 

 229 

Figure 3. Contour plot of DREs through CFD modeling. 230 

 231 

Figure 4. Minimum and average DREs of flares on each Episode day through CFD modeling. 232 

 233 

4.2  DRE results obtained through WERF modeling 234 

An alternate flare DRE formula for flares can be obtained and derived from the available 235 

literature established by Water Environment Research Foundation (WERF) based on their 236 

experimental observations (Willis et al., 2013).  The DRE formula based on WERF modeling are 237 

shown as bellows: 238 

40.387
WERF

LHV
1-0.00166 e

LHV
CHA

Flare

η =  (4) 239 
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1/3A
( )

U
V g φ=  (5) 240 

where WERFη  represents the flare DREs through WERF modeling, 
4

LHVCH  and LHVFlare  represent 241 

the low heating values of methane and flare, respectively.  A represents the coefficient of WERF 242 

modeling for the DRE calculation.  U and V are still the cross-wind speed and the jet velocity of a 243 

flare source, respectively.  g represents the gravitational acceleration.  φ  represents the flare tip 244 

diameter. 245 

The DREs calculated by the equations under different cross-wind speed and jet velocity are 246 

tabulated in Table 1.  It is worth pointing out that the results shown in Table 1 indicate that the 247 

effect of cross-wind speed on DREs only occurs when the jet velocity is less than 10 m/s.  When the 248 

jet velocity is 1 m/s, the DREs could be as low as 70 % when the cross-wind speed reaches 15 m/s.  249 

When the jet velocity is 10 m/s, the DREs would only be dropped to 97 % with the cross-wind 250 

speed as high as 15 m/s.  When the jet velocity is higher than 10 m/s, the cross-wind speed has no 251 

effect on the DREs as indicated in the Table 1. 252 

 253 

Table 1. DREs Obtained by the WERF modeling 254 

 255 

Figure 6 shows the minimum and average flare DREs during episode simulation based on 256 

the WERF correlation equations.  It should be pointed out that, although not shown, the maximum 257 

DREs are always considered to be 98 %.  As indicated in this figure, the minimum DREs (shown in 258 

red curve) can be as low as 90 % on the majority of Episode days as shown in Figure 6.  The 259 

minimum DREs value ranges from 80.2 % to 90.5 % and the average is 85.4 %.  However, the 260 

average DREs (shown in blue curve) ranges from 93.7 % to 97.4 % and the average is 95.9 %.  The 261 

DRE difference shown in Figures 4 and 5 indicate that flare DREs value through WERF modeling 262 
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are greater than the DREs value through CFD modeling, which means more gaseous pollutants are 263 

generated based on the calculation through WERF correction equations than CFD modeling. 264 

 265 

Figure 5. Minimum and average DREs of flares on each Episode day through WERF modeling. 266 

 267 

For each elevated point sources (i.e., flare emissions) of the studied ozone episode, the 268 

adjusted DREs are calculated based on Equations (3) and (4) and employed to generate the adjusted 269 

emissions of VOCs, NOx and CO.  The adjusted emissions of VOCs, NOx and CO can be 270 

determined by the Equations (6) through (8).  So, elevated point sources were modified and updated 271 

in the new emission inventory of the studied ozone episode for further air-quality modeling and 272 

simulations based on the adjusted DREs.  Note that there are total 450 elevated point sources in the 273 

studied emission inventory. 274 

0,
0

1

1VOCs VOCsf f
η
η

−=
−

 (6) 275 

x x0,
0

NO NOf f η
η=  (7) 276 

0,
0

CO COf f η
η=  (8) 277 

where 0,VOCsf , 
x0, NOf and 0,COf  are the amount of original emissions of VOCs, NOx and CO based 278 

on the standard DRE (0η , i.e., 98 %)  for flare combustion.  η  represents the CFDη  or WERFη .  VOCsf , 279 

xNOf  and COf  are the amount of the updated emissions based on the adjusted DREs through the 280 

CFD or WERF modeling. 281 

 282 

4.3 Air-quality simulation results based on CAMx modeling 283 
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The modified emission inventory files are input into CAMx model for air quality 284 

simulations.  As mentioned in Section 3.2, an ozone episode established by TCEQ was served as the 285 

base case for air quality modeling and simulation.  Firstly, the modeling was run once as the base 286 

case to get the background ozone concentrations with the original emission inventories.  Secondly, 287 

the air quality modeling was run again to get ozone concentrations with the updated emission 288 

inventories, which are modified by the new elevated point sources changed with the adjusted DREs 289 

through CFD or WERF modeling.  After that, results from two runs were compared to quantify the 290 

effect of the lower flare DREs on regional ozone pollution.  CAMx model contains 28 layers started 291 

from the earth surface to 14,664 m height.  Also, the simulation results of each layer contain 292 

1,575,936 (4104 × 24 × 16) ozone data due to 4,104 (74 × 56) grid cells, 24 hours a day and total 16 293 

simulated days in the studied ozone episode.  However, only ground-level ozone is designated as 294 

the ozone NAAQs according to EPA's regulation.  So, to be simplified in this study, the maximum 295 

and minimum ground-level (i.e., first layer, 34 m thickness) ozone difference of each Episode day 296 

were selected to investigate the ozone impact due to the adjusted DREs for flares of OGCPI plants. 297 

Figure 6 shows maximum ozone increment and decrement on each Episode day in the 2 × 2 298 

km domain for Scenario I.  It can be seen that the maximum hourly ozone increment ranges from 299 

0.002 to 0.18 ppb.  The maximum hourly ozone decrement ranges from 0 to 0.03 ppb.  Note that the 300 

individual DREs could be significantly changed by the atmospheric cross-wind speed and flare jet 301 

velocity (e.g., the adjusted DREs can be as low as 74 % at a jet velocity of 40 m/s and a cross-wind 302 

speed of 15 m/s.).  However, case studies show that the regional ozone impact will not be affected 303 

much because the maximum hourly ozone increment is only 0.18 ppb.  HVCZ and stoichiometric 304 

ratio for flare combustion are fixed as normal values in CFD modeling.  Thus, these two impact 305 

factors on DREs value are neglected.  Figure 7 shows maximum ozone increment and decrement on 306 
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each Episode day in the 2 × 2 km domain for Scenario II.  It can be seen that the maximum hourly 307 

ozone increment can range from 0.001 to 1.3 ppb.  The maximum hourly ozone decrement can 308 

range from 0 to 0.3 ppb.  Figure 8 shows the ozone spatial distribution on the day of the maximum 309 

ozone increment for two Scenarios.  The maximum ozone increment for Scenarios I and II 310 

happened at 6:00 am on June 11, 2006 and at 10:00 am on June 13, 2006, respectively.  The 311 

corresponding locations of the maximum ozone increment for two Scenarios are shown in Figure 8. 312 

 313 

Figure 6. Maximum ozone increment and decrement on each Episode day in Scenario I. 314 

 315 

Figure 7. Maximum ozone increment and decrement on each Episode day in Scenario II. 316 

 317 

Figure 8. Ozone spatial distribution on the day of the maximum ozone increment for two Scenarios. 318 

 319 

5. Conclusions 320 

 321 

By coupling dynamic flaring DREs of OGCPI plants with CAMx based air-quality modeling 322 

and simulation, the ground-level ozone impact associated with meteorological and process 323 

operating conditions have been quantitatively studied in this work.  The CFD and WERF modeling 324 

based DRE correlations have been investigated respectively.  Through case studies, it shows that 325 

although the individual DREs through CFD modeling could be significantly changed by the 326 

atmospheric cross-wind speed and flare jet velocity, the regional ozone impacts will not be affected 327 

too much (only 0.18 ppb).  However, the maximum hourly ozone increment is 1.3 ppb through 328 

WERF modeling by considering the HVCZ and flare design.  Note that this is the initial study 329 
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coupling process DRE estimation and regional air-quality impacts to evaluate the ozone pollution 330 

situation under the estimated DREs instead of standard value.  This study could enrich fundamental 331 

understandings of industrial point source emissions and provide the quantitative and valuable 332 

support for the ozone pollution caused by OGCPI flare emissions under low DRE instead of 333 

standard values. 334 

 335 
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Nomenclature 341 

 342 

Abbreviations: 343 

CAMx  Comprehensive Air Quality Model with Extensions 344 

CFD  Computational Fluid Dynamics 345 

DRE  Destruction and Removal Efficiency 346 

EPA  Environmental Protection Agency of USA 347 

HGB  Houston-Galveston-Brazoria 348 

HRVOCs Highly Reactive Volatile Organic Compounds 349 

HVCZ  Heating Value of Combustion Zone 350 

LHV  Low Heating Value 351 

NAAQs National Ambient Air Quality Standards 352 

NOx  NO/NO2 353 

OGCPI Oil, Gas & Chemical Process Industries 354 

TCEQ  Texas Commission on Environmental Quality 355 

VOCs  Volatile Organic Compounds 356 

WERF  Water Environment Research Foundation 357 

 358 

Indexes: 359 

A  Index of the coefficient of WERF modeling for DRE calculation 360 

d   Each day during the selected episode 361 

EIs  Index of emission inventories 362 

g  Index of the gravitational acceleration 363 
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h  Index of the time of day 364 

n  Index of nth CAMx simulation case 365 

x  Index of a domain grid 366 

 367 

Parameters and variables: 368 

U   Atmospheric cross-wind speed 369 

V   Flare jet velocity 370 

CAMx n  The n-th CAMx simulation case 371 

( )x,,3
0 hdCO  Background ozone concentration of the base case at hour h  on day d  in grid x 372 

( )3 , ,O
nC d h x  The hourly ozone concentration of the nth simulation case at hour h  on day d  in grid x 373 

( )x,,3 hdCO
n∆  The hourly ozone difference due to the adjusted ( , )U Vη  at hour h  on day d  in grid x 374 

0,VOCf   The amount of VOCs emissions from the elevated point sources in the studied ozone episode 375 

0, xNOf   The amount of NOx emissions from the elevated point sources in the studied ozone episode 376 

0,COf   The amount of CO emissions from the elevated point sources in the studied ozone episode 377 

VOCf   The adjusted VOCs emissions based on the adjusted DRE formula 378 

xNOf   The adjusted NOx emissions based on the adjusted DRE formula 379 

COf   The adjusted CO emissions based on the adjusted DRE formula 380 

η   The adjusted DRE value for flare combustion 381 

0η   Standard DRE value 382 

φ   Flare tip diameter  383 
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List of Table  445 

 446 

Table 1. DREs Obtained by the WERF modeling 447 

    Vj    

U 
1 3 5 10 15 20 25 30 35 40 

0.1 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

1 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

3 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

5 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

7 97% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

9 94% 98% 98% 98% 98% 98% 98% 98% 98% 98% 

11 87% 96% 98% 98% 98% 98% 98% 98% 98% 98% 

13 72% 94% 96% 98% 98% 98% 98% 98% 98% 98% 

15 70% 89% 94% 97% 98% 98% 98% 98% 98% 98% 

Note: the unit of crosswind speed (U) and the jet velocity (V) are both m/s.  448 
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Figure 1. General methodology framework. 461 
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Figure 2. Illustration of CAMx simulation domains. 463 
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Figure 3. Contour plot of DREs through CFD modeling. 467 
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Figure 4. Minimum and average DREs of flares on each Episode day through CFD modeling. 471 
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Figure 5. Minimum and average DREs of flares on each Episode day through WERF modeling. 475 
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Figure 6. Maximum ozone increment and decrement on each Episode day in Scenario I. 480 
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Figure 7. Maximum ozone increment and decrement on each Episode day in Scenario II. 484 
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Figure 8. Ozone spatial distribution on the day of the maximum ozone increment for two Scenarios. 487 
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• Coupling Dynamic Flaring DREs with CAMx Modeling for Ozone Simulation 

• Flare DRE corrections established based on both CFD and WERF modeling 

• Effect of Flare DRE on Regional Ozone Pollution from OGCPI 
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