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Abstract

Flare is the last safety measure for daily openatio oil, gas & chemical process industries
(OGCPI). However, an excessive flaring releasagelguantity of emissions of VOCs and HO
which may suddenly enhance local ozone as a segopdlution. Normally, the flare destruction
and removal efficiency (DRE) of 98 % or 99 % isukaged as the national standard and presumed
for industrial practices in the U.S. Unfortunatelgal DRE values could be much lower than the
standard due to impact factors including variousemmlogical and operating conditions such as
the cross-wind speed, flare jet velocity and heptmalue of combustion. Thus, it is critically
important to explore the sensitivity of the regiboaone impact due to low DREs of OGCPI flare
combustions. In this paper, a systematic methayoloas been developed to examine ozone
impacts due to the low flare DRESs, which have ndesm systematically studied before. The DRE
formulas were derived from computational fluid dgme (CFD) modeling and Water Environment
Research Foundation (WERF) results and then emglayeecompile the point source emission
inventory. After that, comprehensive air qualitpael with extensions (CAMx) was employede to
simulate and quantify local ozone changes impabteflare emissions of OGCPI. Case studies
indicate that the maximum hourly ozone incremenis t the low DRE through CFD and WERF
modeling is 0.18 ppb and 1.3 ppb, respectively. isThtudy could enrich fundamental
understandings of industrial point source emissiand provide the quantitative and valuable
support for the ozone pollution caused by OGCPileflamissions under low DRE instead of
standard values.

Keywords: Ozone Pollution; Industrial Emissions; Flare; DREBMx
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1. Introduction

Industrial flaring is to safely combust off-speaqjusable, or unwanted process streams,
which might otherwise be harmful to local envirommi directly vented without destructions. The
oil, gas and chemical process industries (OGCPiheénU.S. daily processes millions of cubic feet
of hydrocarbon gases (Baukal and Schwartz, 200lsafan et al., 2018). Thus, a slight decrease
in flaring performance will release millions of calfeet of gaseous emissions into the atmospheric
environment. Note that although flaring is a safeeasure for plant safety in OGCPI, excessive
flaring will generate large amounts of emissionshsas NQ (nitrogen oxides), C§ CO, VOCs
(volatile organic compounds) especially for highateve VOCs (i.e., HRVOCs such as ethylene,
propylene, acetylene). For instance, an olefimfplath a capacity of 1.2 billion pounds of ethyen
productivity per year can easily flare about 5.0iam pounds of ethylene during one single start-up
operation (Xu and Li, 2008). Given the 98 % flariefficiency (TCEQ, 2015), the resultant air
emissions include at least 15.4 million pounds ,C40.0 Klbs CO, 7.4 Klbs NQ 15.1 Klbs
hydrocarbons, and 100.0 Klbs HRVOC (Xu et.al, 2009hese emissions may cause seriously
regional and transient air pollution events as waslhegative societal impacts (Ge et al., 2016tGe
al., 2017; Ge et al.,, 2018a; Ge et al., 2019). sHould also be noted that under adverse
meteorological and operation conditions (e.g., rgracross-wind, high jet velocity, or low
combustion heating value), the flare destructiott @moval efficiency (DRE) can be reduced, and
thus the portion of unburned species will be sigaiftly increased (Castifieira and Edgar, 2008;
Singh et al., 2012; Devesh et al., 2014). Amorg tbsultant consequences, one of particular

concerns is the increment of unburned VOCs, whiemsiently elevate local ground-ozone
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concentrations as a secondary pollution, becauseeors usually generated by photochemical
reactions between N@nd VOCs under sunlight (Cleveland, 1974).

Ground-level ozone poses detrimental effects on dmutipeings and many other living
species. For instance, ozone can irritate regpyaystem, which includes asthma aggravation,
lung function reduction, and permanent lung dam&genpa, 2008). Thus, ozone is regulated as
one of six common pollutants regulated by the Fad&lean Air Act. The U.S. EPA
(Environmental Protection Agency of the United 8sathas set the National Ambient Air Quality
Standards (NAAQs) for the ground-level ozone sidogy 1997. From Oct®] 2015, a more
stringent ozone standard on the 8-hr average gipfOhas been issued (EPA, 2016). Currently,
OGCPI flaring practices (American Petroleum In$#fl2008) needs to satisfy the 98 % standard
value for DRE. According to EPA regulations, a%®®RE or higher could be obtained if the flare
operations can be in accordance with 40 CFR Seéh8 (McDaniel, 1983). Flaring activities
(61%) are among the top three HRVOCs emission ssuit Texas, USA and thus has much
potential to form ozone pollution (Singh et al. 12D A rapid increase in ozone concentration has
been commonly observed at air quality monitoringtishs in Houston, Texas, USA. This
phenomenon was regarded as a transient high oam, evhich may due to industrial flare
emissions (Allen, 2017; Ge et al., 2018b).

In real practices, however, flaring DREs could bedr than the standard value due to
impact factors such as the cross-wind speed, et heating value of combustion zone (HVCZ)
and flare design (Pohl, 1984 and 1985). Rece@ityet al., 2016 has studied the ozone impacts due
to low DREs of multiple olefin plant start-ups wartual case studies, where the 8-hr ozone
increment under the assumed DREs of 95 %, 96 %%9@nd 98 % have been investigated,

respectively. Generally, plant start-up operatigh®uld generate the larger amount of flare
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emissions than that of normal operations; but thaye a much less frequency than daily normal
operation. Thus, it is still interesting to exm@athe air quality impact from lower DREs under
adverse meteorological and operating conditionandgu©OGCPI normal operations. And such
relevant studies are still lacking.

In this paper, a systematic methodology has begalglged to examine ozone impacts due
to the excess VOCs and N@eleased from regional OGCPI plants when their DRkles are
lower than the presumed national standard causeddwgrse meteorological and operating
conditions. The formulas considering meteoroloigésal operating conditions were derived from
CFD and WERF modeling and employed to predict tefects on flare DREs and thus subsequent
ozone formations. This study could enrich fundat@lennderstandings of industrial point source
emissions and provide the quantitative and valuabigport for the ozone pollution caused by

OGCPI flare emissions under low DRE instead ofdsath values.

2. Problem Statement

This paper derives the DRE formula for flare contimmsassociated with cross-wind speed,
flare jet velocity, HVCZ as well as flare desigrr@aeters, which are based on both CFD modeling
(Jatale et al., 2012; Ge et al., 2018c; Chen ampthdies, 2019) and the studies of WERF (Willi et
al., 2013). Next, the elevated point sources frlO@CPI emission inventory files (i.e., flare
emissions in this study) are extracted and modifi@ged on the derived DRE formula instead of the
standard value regulated by Texas Commission oiir@émental Quality (TCEQ). DRE values for
each flare emissions are calculated and adjustsédban cross-wind speed and jet velocity

provided by emission inventory of the studied ozepisode. After that, the number of VOCs and
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NOx from point sources can be obtained due to themipéete combustion of flare emissions from
OGCPI plants. Finally, the emission inventory viadl updated and generated by new point source
emissions calculated by adjusted DRE values, winthbe then employed for the air quality
modeling to simulate ozone concentration impactgdtiee derived DREs. For clarity, the
assumptions, given information, and informationbt determined for this study are summarized
below:

Assumptions:

(1) The studied flare emissions from OGCPI plani accur in the selected ozone
episode in Southeast of Texas, USA;

(2) Compared with the base case air-quality sinadacase studies on ozone impacts will
have all of the same modeling inputs as the base, @xcept the addition of flaring
emissions generated due to lower DREs from OGCahtplin the studied ozone
domain.

Given information:

(1) Spatial locations of all flare point source @GCPI plants in the studied domain;

(2) Jet velocity of each flare point source of shedied OGCPI plants;

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

(4) Geological domain information on the employegede region;

(5) The (Houston-Galveston-Brazoria) HGB ozone @gsduring May 3% and June 14
2006, which is served as the base case for airtguabdeling and simulation.

Information to be determined:

(1) Flare DRE corrections established based on 66 and WERF modeling;
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(2) Dynamic ozone concentration distribution in #tedied region (Southeast Texas) due

to the modified flare DREs of the studied OGCPhfda

3. Methodology

3.1 Methodol ogy framework

The general methodology framework for this studg baen summarized and showed in
Figure 1. Firstly, both CFD simulations and WER&dwmling are employed to obtain DRE profiles,
which will be the function of the cross-wind speddre jet velocity, HVCZ, flare design and others.
Note that the DREs for different elevated pointrsea are not the same due to the different cross-
wind speed and jet velocity at each location of&led point source. After that, flare emissions. (i
VOCs and NG) are recompiled by the updated DREs for each &devaoint source from the ozone
episode. Finally, the new emission inventory cangenerated and then employed for the air-
qguality modeling and simulation to investigate twone impacts. Note that two Scenarios are
performed to investigate the ozone impacts duehéadjusted DRE through CFD and WERF
modeling. In this paper, comprehensive air qualitydel with extensions (CAMXx), which is a
multi-scale 3-D photochemical modeling system,mgpkyed to simulate the spatial and temporal
distribution of ozone concentrations (CAMx User'aii@, 2014). Detailed ozone episodes
including emission inventories and meteorologiahdised as the base for the air-quality modeling
is downloaded from the website of TCEQ. The mduaa been certified by TCEQ as satisfying the

modeling guidelines established by U.S. EPA (TexAlSeld Study, 2016).

Figure 1. General methodology framework.
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3.2 Model descriptions

The comprehensive air quality model with extensi@@aMXx) is employed in this study to
simulate the spatial and temporal distribution @bree concentration. CAMx is an Eulerian
photochemical dispersion model that allows for gné¢ed “one-atmosphere” assessments of
tropospheric air pollutants (i.e. ozone, particegatair toxics, and mercury) over spatial scales
ranging from neighborhoods to continents (CAMx, 201CAMx has been approved by U.S. EPA
as the tool to demonstrate attainment of the fédéaadards for ozone by some states like Texas.

In this study, CAMx version 4.53 with the CB05 pbciiemical mechanism was used to
obtain ozone concentration distribution. An ozepisode (May 3% 2006 through June 162006)
provided by TCEQ is selected as the base case msodelation. The selection was mainly based
on three reasons: (1) the complete model input idatading geological, meteorological as well as
emission inventories; (2) the model has been viEdldo represent the field measured ozone
concentrations; and (3) this ozone episode (17 bales) has more serious ozone problems than
other episodes. Thus, it would be significant éof@grm our case studies by selecting this episode.
Note that all CAMx simulations were run on a Dadhgputer with four 3.6 GHz CPUs and 8 GB
memories. The employed CAMx model is a nestecregito-urban scale with grid resolutions of
36x36 km, 12x12 km, 4x4 km, and 2x2 km as showFigare 2. In this study, the 2x2 km domain
is selected because this domain has the higheduties; meanwhile, lots of OGCPI plants are

located in this domain area.

Figure 2. lllustration of CAMx simulation domains.
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3.3 Ozone calculation

The elevated point sources (i.e., industrial fl@missions from OGCPI plants) were
modified based on adjusted DRE values. For eale #ource, the adjusted DREs is calculated
based on CFD or WERF modeling. After that, emissiof VOCs and NQare adjusted. New
elevated point emission files for CAMx are thenablished after all flare emissions have been
adjusted and recompiled. Note that CAMx simulaipnovide hourly ozone concentration at each

spatial domain grid, which can be represented bydhowing equation.

C>(d, h,x) = CAMXx, (d, h, x,7,Els) (1)
where C (d,h,x) represents the hourly (the" hour ond" day during this eposide) ozone

concentration of the™ simulation case in the domain grid CAMX , represents tha-th CAMx

simulation case, which needs the adjusted DRE vélaee ) for all of flare emissions from

OGCPI plants in the studied air-quality domain. s E&present the emission inventories of the

studied ozone episode including elevated poing,ar®bile, on-road, biogenic and other emissions.

C$(d,h,x) represents the background ozone concentratioheobase case at hohron

day d in gridx with the original emission inventoriefNote thatC.> (d,h,x) values are obtained by
base case simulation and based on the standardvBIR& of 98 % for the elevated point emissions.
Co (d,h,x) represents the hourly ozone concentration ofthsimulation case at hour on day

d in gridx. To quantitatively study the ozone concentrationantpd from the adjusted DREs, the

amount of ozone difference between adjusted DREscand the base case is defined by the

following equation.

AC®(d,h,x)=C%(d,h,x)-C*(d,h,x), h=0,1,...,23 )
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where AC® (d,h,x) represents the hourly ozone difference due to djested DREsat hourh on

day d in gridx, ppb. Based on the results A€ (d,h,x), the significance of ozone impact from

adjusted flare DRE values can be obtained, whiaklidcturther provide a quantitative technical

support to relevant decision makers.

4. Case Studies

4.1 DRE results obtained through CFD modeling

CFD simulation shows that four variables affect DIRE of industrial flares: cross-wind
speed, jet velocity of flare vent gas, HVCZ, andidtiometric ratio. Note that the cross-wind
speed and jet velocity are available in the airiuanodel of the studied ozone episode. The
cross-wind speed of each flare emissions can keradat from the meteorological information, and
the jet velocity can be obtained from the emissientory. Thus, the actual DRE value for each
elevated point source (i.e., flare emissions) carcdiculated instead of using the assumption of
standard DRE value, which could usually underegs@nthe real amount of flare emissions. For
HVCZ and stoichiometric ratio, default values ubgdCFD simulations were adopted in this study.
The default value for HVCZ is 1461.8 btu/scf, ahd tefault value for stoichiometric ratio is 0.3.
Based on CFD simulation results from Singh et 2014) with approximations, DREs under the
specifiedU andV were obtained by Ge et al., 2018c.

For point source whose cross-wind speed and jetcitglare not specified in CFD
modeling, the bilinear interpolation method is a#dpto calculate their DREs. For a given
interval of the cross-wind speed &k ,[U,], and a given interval of jet velocity a€;[ V], the

DRE interpolation is specified as follows:

10
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[7(U,~U)(V,~V) +77,U ~U )V ,=V) +77 §U ~U)V =V) 477 4U ~U YV -V)] (3)

,7CFD =

1
(U2 _Ul)(\/Z _V])
Based on the bilinear interpolation, the compl&tation of /)., with respect tdJ andV

can be obtained as shownkigure 3, which is the contour plot of DREs withaolyes of cross-
wind speed and jet velocity. It can be seen thatDRESs keep the default value of 98 % when jet
velocity is less than 15 m/s. When the jet velpidtlarger than 30 m/s and the cross-wind speed is
larger than 5 m/s, DREs will be dropped lower ti&n%. Figure 4 shows the minimum and
average DREs of flares through CFD modeling. Theximum DREs are always the same as
standard value (i.e., 98 %). The minimum DREs eanigom 87 % to 93 % on different episode
days because of different meteorological conditiand flaring jet velocities. The average DREs
always keep 97.7 %, which implies that the crossemspeed and jet velocity would not affect

DREs for most of flares.
Figure 3. Contour plot of DREs through CFD modeling
Figure 4. Minimum and average DREs of flares orhdguisode day through CFD modeling.

4.2 DRE results obtained through WERF modeling

An alternate flare DRE formula for flares can beaaied and derived from the available
literature established by Water Environment Res$eafoundation (WERF) based on their
experimental observations (Willis et al., 2013)heTDRE formula based on WERF modeling are

shown as bellows:

LHV
Nwene =1-0.00166 87 ﬁ (4)

Flare

11
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where /e represents the flare DREs through WERF modelitdy ., and LHV ., represent

Flare
the low heating values of methane and flare, ragfg. A represents the coefficient of WERF
modeling for the DRE calculationU andV are still the cross-wind speed and the jet vejoaita

flare source, respectivelyg represents the gravitational acceleratiap.represents the flare tip

diameter.

The DREs calculated by the equations under diffecarss-wind speed and jet velocity are
tabulated in Table 1. It is worth pointing out ttllae results shown in Table 1 indicate that the
effect of cross-wind speed on DRESs only occurs wtherjet velocity is less than 10 m/s. When the
jet velocity is 1 m/s, the DREs could be as low@%%6 when the cross-wind speed reaches 15 m/s.
When the jet velocity is 10 m/s, the DREs wouldyobé dropped to 97 % with the cross-wind
speed as high as 15 m/s. When the jet velocitygiser than 10 m/s, the cross-wind speed has no

effect on the DREs as indicated in the Table 1.
Table 1. DREs Obtained by the WERF modeling

Figure 6 shows the minimum and average flare DRE8g episode simulation based on
the WERF correlation equations. It should be pamut that, although not shown, the maximum
DREs are always considered to be 98 %. As indicat¢his figure, the minimum DREs (shown in
red curve) can be as low as 90 % on the majoritEmbode days as shown in Figure 6. The
minimum DREs value ranges from 80.2 % to 90.5 % twedaverage is 85.4 %. However, the
average DREs (shown in blue curve) ranges from 93t@ 97.4 % and the average is 95.9 %. The

DRE difference shown in Figures 4 and 5 indicatd ftare DREs value through WERF modeling

12
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are greater than the DREs value through CFD mogleluhich means more gaseous pollutants are

generated based on the calculation through WERfeaiion equations than CFD modeling.

Figure 5. Minimum and average DREs of flares orhdagisode day through WERF modeling.

For each elevated point sources (i.e., flare eomns3iof the studied ozone episode, the
adjusted DREs are calculated based on Equatiora(Bj4) and employed to generate the adjusted
emissions of VOCs, NQand CO. The adjusted emissions of VOCs,,N@d CO can be
determined by the Equations (6) through (8). $wated point sources were modified and updated
in the new emission inventory of the studied ozepesode for further air-quality modeling and
simulations based on the adjusted DREs. Notetliea¢ are total 450 elevated point sources in the

studied emission inventory.

1-
fVOCS = fo,vocS 1_,,77 (6)
0
fNOX = fo,NoX %0 (7)
foo = fo,co %0 (8)

wheref; ocs, fono @nd f; oo are the amount of original emissions of VOCs,N@d CO based
on the standard DREJ, i.e., 98 %) for flare combustiony represents thg.p Or Dyere-  fuocs
fyo, @and fo, are the amount of the updated emissions basetiepadjusted DREs through the

CFD or WERF modeling.

4.3 Air-quality simulation results based on CAMx modeling

13
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The modified emission inventory files are inputoinCAMx model for air quality
simulations. As mentioned in Section 3.2, an ozpisode established by TCEQ was served as the
base case for air quality modeling and simulatidiirstly, the modeling was run once as the base
case to get the background ozone concentratiorstiagt original emission inventories. Secondly,
the air quality modeling was run again to get ozepacentrations with the updated emission
inventories, which are modified by the new elevaietht sources changed with the adjusted DREs
through CFD or WERF modeling. After that, resdiftsn two runs were compared to quantify the
effect of the lower flare DREs on regional ozonéytmn. CAMx model contains 28 layers started
from the earth surface to 14,664 m height. Al$® simulation results of each layer contain
1,575,936 (4104 x 24 x 16) ozone data due to 4194 56) grid cells, 24 hours a day and total 16
simulated days in the studied ozone episode. Hewenly ground-level ozone is designated as
the ozone NAAQs according to EPA's regulation. t8dye simplified in this study, the maximum
and minimum ground-level (i.e., first layer, 34 hmckness) ozone difference of each Episode day
were selected to investigate the ozone impactatigetadjusted DRESs for flares of OGCPI plants.

Figure 6 shows maximum ozone increment and decreameeach Episode day in the 2 x 2
km domain for Scenario I. It can be seen thatmtlaimum hourly ozone increment ranges from
0.002 to 0.18 ppb. The maximum hourly ozone deergmanges from 0 to 0.03 ppb. Note that the
individual DREs could be significantly changed by tatmospheric cross-wind speed and flare jet
velocity (e.g., the adjusted DREs can be as loW4a% at a jet velocity of 40 m/s and a cross-wind
speed of 15 m/s.). However, case studies showthkategional ozone impact will not be affected
much because the maximum hourly ozone incremeonlis 0.18 ppb. HVCZ and stoichiometric
ratio for flare combustion are fixed as normal eslun CFD modeling. Thus, these two impact

factors on DREs value are neglected. Figure 7 shnaximum ozone increment and decrement on

14
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329

each Episode day in the 2 x 2 km domain for Scerlarilt can be seen that the maximum hourly
ozone increment can range from 0.001 to 1.3 pphe Maximum hourly ozone decrement can
range from O to 0.3 ppb. Figure 8 shows the oapatial distribution on the day of the maximum
ozone increment for two Scenarios. The maximumnezmcrement for Scenarios | and I
happened at 6:00 am on June 11, 2006 and at 1@06naJune 13, 2006, respectively. The

corresponding locations of the maximum ozone inemnfor two Scenarios are shown in Figure 8.

Figure 6. Maximum ozone increment and decrememaah Episode day in Scenario |.

Figure 7. Maximum ozone increment and decremeraah Episode day in Scenario |l.

Figure 8. Ozone spatial distribution on the daghef maximum ozone increment for two Scenarios.

5. Conclusions

By coupling dynamic flaring DREs of OGCPI plantsmCAMx based air-quality modeling
and simulation, the ground-level ozone impact dased with meteorological and process
operating conditions have been quantitatively tddn this work. The CFD and WERF modeling
based DRE correlations have been investigated ctgply. Through case studies, it shows that
although the individual DREs through CFD modelinguld be significantly changed by the
atmospheric cross-wind speed and flare jet velptiy regional ozone impacts will not be affected
too much (only 0.18 ppb). However, the maximumrhoozone increment is 1.3 ppb through

WERF modeling by considering the HVCZ and flareigies Note that this is the initial study

15
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coupling process DRE estimation and regional aaliguimpacts to evaluate the ozone pollution
situation under the estimated DREs instead of stahdalue. This study could enrich fundamental
understandings of industrial point source emissiand provide the quantitative and valuable
support for the ozone pollution caused by OGCPieflamissions under low DRE instead of

standard values.
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Nomenclature

Abbreviations:
CAMx
CFD
DRE
EPA
HGB
HRVOCs
HVCZ
LHV
NAAQs
NOx
OGCPI
TCEQ
VOCs

WERF

Indexes:
A
d

Els

Comprehensive Air Quality Model with Extensm®
Computational Fluid Dynamics

Destruction and Removal Efficiency
Environmental Protection Agency of USA
Houston-Galveston-Brazoria

Highly Reactive Volatile Organic Compounds
Heating Value of Combustion Zone

Low Heating Value

National Ambient Air Quality Standards
NO/NG;,

Oil, Gas & Chemical Process Industries
Texas Commission on Environmental Quality
Volatile Organic Compounds

Water Environment Research Foundation

Index of the coefficient of WERF modeling for DRElculation
Each day during the selected episode
Index of emission inventories

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

365 n Index of ' CAMx simulation case
366 X Index of a domain grid
367

368 Parameters and variables:

369 U Atmospheric cross-wind speed
370V Flare jet velocity
3710 CAMX, Then-th CAMx simulation case

372 Cp» (d,h,x) Background ozone concentration of the base caseuasth on dayd in grid x

373 C> (d, h,x) The hourly ozone concentration of thifsimulation case at hour on dayd in grid x

374 ACY (d,h,x) The hourly ozone difference due to the adjustéd,V) at hourh on dayd in gridx

375 fovec The amount of VOCs emissions from the elevatedtgources in the studied ozone episode
376 fono, The amount of N@emissions from the elevated point sources inftindiesd ozone episode
377 fh00 The amount of CO emissions from the elevatedtsmuarces in the studied ozone episode
378 fyoc The adjusted VOCs emissions based on the adjbdf&dformula

379 fyq The adjusted NOemissions based on the adjusted DRE formula

380 fo The adjusted CO emissions based on the adjustdfdrmula

381 np The adjusted DRE value for flare combustion

382 1, Standard DRE value

383 ¢ Flare tip diameter
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Table 1. DREs Obtained by the WERF modeling

8%

8%

8%

8%

8%

8%

8%

8%

U Y 1 3 5 10 15 20 25 30 39 4(
0.1 | 98% | 98%| 98% 98% 98% 98% 98 98% 98% 9
1 98% | 98%| 98% 98% 98% 98% 986 98% 98% 9
3 98% | 98%| 98% 98% 98% 98% 986 98% 98% 9
5 98% | 98%| 98% 98% 98% 98% 98% 98% 98% 9
7 97% | 98%/| 98% 98% 98% 98% 98%% 98% 98% 9
9 94% | 98%| 98% 98% 98% 98% 986 98% 98% 9
11 | 87% | 96%| 98% 98% 98% 98% 98% 98% 98% 9
13 | 72% | 94%| 96% 98% 98% 98% 98% 98% 98% 9
15 | 70% | 89%| 94% 97% 98% 98% 98% 98% 98% 9

8%

Note: the unit of crosswind spedd)(and the jet velocity\) are both m/s.
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Figure 3. Contour plot of DREs through CFD modeling
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Figure 4. Minimum and average DREs of flares orhdggisode day through CFD modeling.
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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

o Effect of Flare DRE on Regional Ozone Pollution from OGCPI
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