Abst r act

Phot ocheri cal oxidant models are used to determne the level of control of anthropogenic hydro-
carhon and nitrogen oxide emssions needed to meet the national ambient air quality Standard for
ozone. Qurrent model s have sophisticated representations of the physical processes contro|||nP the
sources, sinks, transport and transformations of tropospheric trace gasses. The output from fhese
nodel s 1 often sinply the time dependent concentration of the trace gasses. This makes it difficult
to understand exact!y wh* the nodel predicts what it does. It is deSirable to performa mass bal -
ance anal ysis of the nodel output to determne the relative inportance of the physical processes and
chemstry which control the gas concentrations sinmulated by the model. A maSs bal ance analysis
woul d provi de:
» a tool for understanding how a model or how a specific chemcal nechani smworks;
v insights into the source of urban oxidant problens and the appropriateness of various control
strategies;

v the ability to treat urban areas as |arge chemcal reactors which process anthropogenic trace
gas emssions before they are released to the free troposphere

n ChaEter 2, | describe modifications to a photochem cal oxidant nodel CZIPR a research
version of EPA's Czone Isopleth Plotting Program (QZIPP). CZIPR produces output that includes
time integrated reaction rates for each reaction, and time integrated dilution, deposition and ens-
sions for each trace gas. | then describe a FORTRAN program | RREVAL, which can be used to
anal yze the integrated reaction rates and provide a series of Tables showng mass bal ance information
for oz0ne, n|tr09en,OX|des (Hradicals, and other species of inportance.” In Chapter 7,1 use (ZIPR
and the. Enpirical Kinetrc Model 1ng Approach to eval uate the sensftivity of VOC control requrrement
gred|ct|ons to CO concentrations.” Doubling the initral and aloft CO concentrations increased the

OC control requirement from23 to 43% | Used these model simulations as an exanple to ilfustrate
the use of the IRREVAL analysis program
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| nt roducti on

Backgr ound

Czone g(B) 1S a trace species normally present in the troposphere at concentrations
bel ow 60 parts per billion volume (ppbv). (8 can be transported to the troposphere
fromthe stratosphere or produced directly in the troposphere by photo-chen cal
reactions of nitrogen oxides (NOx = NO-f NC2), hydrocarbons (HC) and carbon
monoxi de (CO). These conpounds are precursors to the formation of (8. The
sinmplest reaction sequence leading to 3 productionis

0+ MH  +(Q) --eeeee N HR + 000
H2 +NO - >N2 + (H
N2 -MA NO -+ 0(3P)
03p) +@  -ee-ee- h0B
Net Reaction:
Co + 200 ------- y 2 + @

HC and NOx al so react to produce 08 in a simlar but nore complicated mechanism
HC and NOx precursors are emitted both by natural sources and by human activities.
Gobally, bi oqemc and anthropogeni ¢ sources of NOx and HC are highly uncertain but
are roughly of the same magnitude [Logan et al., 1981]. Anthropogenic em ssions
however, are concentrated in urban areas. Under conditions which enhance 08
formation, 8 concentrations in or near urban areas often range from 120 to over
300 ppbv. 3 formation is enhanced by clear skies and stagnant air masses which
reduce dispersion of precursors.

Czone i's al'so a strong oxidant which can react with and damage sensitive
surfaces. The U.S Environnental Protection Agency (EPA) has designated (8 as
one of seven criteria pollutants and has set Nationa Arbient Ar Quality Standards


NEATPAGEINFO:id=B2086F84-E22D-476C-B635-ACF25831A61B


I ntroduction Hstory of the OZI PM Model

for 8 as a maxi mumone hour average concentration of 120 ppbv. Any state
whi ch exceeds the 120 ppbv standard more than 4 times in 3 years nust develoiD
a State Inplenentation Plan (SIP) demonstrating how the state will attain the
standard. A SIP includes enissions inventories of volatile organic conmpounds (VQC)
and NOx, control neasures designed to reduce the enissions, and a modeling study
denonstrating that the controls are sufficient to attain the standard. Conmpounds
such as CO, nethane and ethane react relatively slowy, so EPA has defined VOC to
be those hydrocarbons which react faster than ethane.

Both VOC and NOx are needed for O3 production to occur. In theory, one
coul d reduce @3 by reducing VOC em ssions al one, NOx emissions alone, or hoth VOC
and NOx emissions sinultaneously. If the air mass were NOx rich and VOC poor
it would be easier to neet the standard by controlling just VOC emssions. |f the
air mass were NOx poor and VOC rich, it mght be easier, and nore econonical
to control only NOx emissions. In sone case, it mght be necessary to contro
both VOC and NOx- " *“he past, EPA has encouraged only VOC controls but has
al lowed NOx controls if modeling studies demonstrated themto be effective. There
currently exists some controversy over which type of control is nore effective and
more econonmi cal [Chanei des et ai, 1988].

H story of the OZI PM Model

The EPA has sponsored basic research in photochem cal nechanisns and the de-
vel opment of photochem cal oxidant models. Until recently, EPA has reconmended
two nodel ing approaches for use in the SIP O3 attainnent denonstration. One
approach requires the use of sophisticated three-dimensional airshed models. The
second nethod, the Enpirical Kinetic Mdeling Approach (EKMA), is described
indetail by Hogo and Gery [1988]. EKMA requires multiple simlations of (3 pro-
duction with a range of initial VOC and NOx concentrations. The conputer program
whi ch performs the sinulations is called the Qzone Isopleth Plotting with Optiona

Mechani sm - Version 4 (0ZIPMY). 0ZI PM was based on an earlier program called
the Qzone Isopleth Plotting Package (QzZIPP). Although current revisions to the
Clean Air Act may require the use of the more sophisticated airshed nodels, EPA

has continued to sponsor work on the Ozone Isopleth Method. The most recent is
a research oriented version of QZIPP called OZI PR

Like the earlier versions, GZIPRis a sinple trajectory model. The user specifies
the initial VOC and NOx concentrations, typically at 8 AMat the city center. OZIPR
then nodel s a colum of air moving fromthe city center to the |ocation of the
observed O3 maxinmum  Emssions along the trajectory are added to the col um.
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GOAL OF THI'S WWORK [ntroduction

and the height of the colum is allowed to rise following a specified mxing height
profile. The species within the colunm nay be diluted by the mxing height rise, or
Speci es may be entrained fromair aloft. For examle, if the initral CB i the colum
|5 zero and the aloft air contains 40 ppb OB, then C3 will be entrained into the box
until the 3 concentration in the colum reaches 40 ppb. If it exceeds 40 ppb, then
@.in the colum will be diluted until the mxing height rise ends. For quidance on
using CZI PR see Cery and Qrouse [1990]. For a conpl éte description of The nodel
Its assunptions and [imtations, see Hogo and Gery [1988].

(ZI PR model s the reacting species in the colum of air by solving a stiff system

of ordinary differential equations using a Gear-type nethod. There 1S one equation
for the concentration of each species i:

da dGi da dGi dGi ddi

+ + + +
dt dt dt dt @iied At crorain d deposi tion

The term dGi/dt\™A* 15 the sumof chem cal production and chemcal |oss of species
| at the current tine, It is determned by calculating the rates of each reaction
in the chemcal nechanism OZIPR [ike nost photochenical models, does not
nornally cal culate the mass of species i which reacted dur|n% the time interval; it
need only calculate the rate of change to correctlyéged|ct the concentration at the
end of the time interval. The normal output of CZIPR and most models, is the
concentration profile of each species as a function of tine. Infact, the user need not
even see the concentration profiles. Using the EKMA approach, CZIPR reports the
3 maxi mum for each sinulation and the predicted control VOC requirenent. The
concentration profiles can be requested. In addition, the rate of each reaction can
be requested at certain intervals. This information is, however, difficult to extract
and difficult to interpret.

GOAL OF TH S WORK

Jeffries [1984] developed a method of analys|s which integrates the reaction rates
over tine. Using his Pnotochencal Kinetics Simulation Systenl(PKSSQ he pro-
duces a file conta|n|nq the integrated reaction rate for each reaction in the mecha-
nism Thisis the total mass, in parts per mllion volune (ppm, of a Species with
a coefficient of one, that wes produced or consumed in that reaction. For examle

an integrated reaction rate (IRR) of 3.0 ppmfor the reaction
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I ntroduction GOAL OF THI S WORK

the total mass of any species produced and consumed during the sinulation. Using
this method, Jeffries explained the final O3 concentration predicted by the nodel in
terns of the ppmof new CH radicals produced, the chain length of CH propagation
reactions, and the ppmof N2 and O3 produced per ppm of new OH (wth new CH
defined as photolytic sources of CH radicals).

Integrated reaction rates can also be used to performa mass balance anal ysis
on any species in the reacting systemand to gain insights that are not possible
by sinply looking at the concentration profiles and (8 maximum For exanple, an
integrated raction rate analysis could be used to deternne how much @ is produced
by each VOC in the VOC mi xture. The process of extracting the information from
the integrated rates is, however, very tedious. A conputer programis needed to
performthe analysis. Furthernore, the conmputer programmust be general enough
that it can read any reaction mechanismand its integrated rate file

This report describes a FORTRAN conputer program |RREVAL, which per-
forms an integrated rate analysis for any reaction mechani smand any photochem ca
model which produces output files in the correct format. Chapter Two begins by
describing nodifications made to QZIPR to produce the integrated rate file. Chap-
ter Three describes the format of the QZIPR output files which are read as input
files by IRREVAL. Chapter Four describes a sinple exanple mass bal ance anal ysis
which illustrates the algorithms used in |RREVAL. Chapter Five contains a nore
detailed listing and description of the IRREVAL output files, and Chapter Six con-
tains a listing of |RREVAL commands and explains their use. Finally, Chapt(;r
Seven describes an exanpl e anal ysis using | RREVAL on a niunber of QZIPR sinm-
lations designed to study the sensitivity of urban O3 formation to CO concentrations.
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Modi fications to (ZI PR

1 maﬁ,e several nodifications to CZIPR to produce the integrated reaction rate file.

|
s section | wil briefly reviewthe operation of the numerical solver in CZIRR

Nt |
Wil then discuss modifications made to CZIPR and the equations used to integrate
the rates. Finally, I wll present integrated reaction rate output and discusS the

accuracy of the integration scheme used.

~ (ZIPR uses a Gear-type nunerical integration scheme to solve the system of
differential equations and to predict the s%em es concentration profiles. The method
used 1S descr] bed by Hogo and Gerg |1988]. and in more detai| by Spel | man and
H ndmar sh (1975]. The integration begins with a time step of 10'™" ‘mnutes and
uses the total rate of change of each species to predict the concentration at the end
of the time step. A variable-order, Taylor-senes-tyPe ponTn.omal IS used to more
accurately predict the concentration in subsequent S er. hi's allows Iarqer time
steps to De used. The Jacobian matrix containing the partial derivatives of the rate
of change of concentration of each species with respect to each other species is used
to correct the concentrations, update the Taylor series polynomal, and estimate
the error at each step. The FCRTRAN subroutines which performthe nunerical
integration are described bel ow.

Figure 1 summarizes subroutine calls made by the numerical solver in CZIPR,
n the OZI PR computer code CZIPVAINI's the main code which reads input files and
ontrols the model run. SIMis the first routine called by CZIPVAIN after the input files
re read. SIMsets up and controls the individual simlations and provides mich of
he time step dependent output. SIMcalls DRIVES which is the driver routine for the
nteqration scheme. At each tine step, DRIVES calls the subroutines which il ement
ﬂe ar integration schene. These routines will also call DIFFUN which cal Cul ates
2
I

rate of chiange of each sgem es due to chemcal react|ons, emssions, entrainment,
ution, and deposition,

|
C
d
;
I
i
t
{

everal attempts may be made with successively smaller
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M oflifications to OZI PR

QOzq) Mai i i | RRI nt
N | RRVMASBAL Re-1nitlRR
‘ SIM A Ti meDep
. Ti meDep
DRI VES
T
DI FFUN
Geer Sol ver I ntegration
DI FFUN
Figure 1. Flow chart of subroutine calls in GZIPR E lipses contain subroutines or new calls

to subroutines added for the integrated rate cal culations.

time steps to predict the concentrations within the specified error tolerance. After
successfully reaching a time at which output was requested, DRIVES returns contro
to SIM SIMwites to the output files and then returns to DRIVES to continue the
integration

| added to QZIPR a command called irr (integrated reaction rates) which cre-
ates two new output files, an integrated reaction rate file (*.IRR) and a conpressed
mechanismlisting file (*.CWP). These are the input files used to run the post-
processing program | RREVAL. The *.IRR file contains time integrated reaction
rate for each reaction in the mechanism and then lists the initial concentrations, fi-

nal concentrations and time integrated emssions, net dilution, and deposition terns
for each species in the mechani sm

| added the follow ng FORTRAN subroutines to QZIPR to create the *.IRR
and *.CWP files:

NMECCMP. FOR

I RRI NI T. FOR
REI NI TI RR. FOR
| RRMASBAL. FOR
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Modi fications to OZI PR

| also mde several modifications to the numerical solver described above to inte-

grate the reaction rates. VWhen the irr commnd s used, CZIPMAINwill call [RRINIT
efore calling SIMto save the initial species concentration in the array initconc
CZI PMAIN then"beging the sinulation by calling SIM After successfullﬁ conpl eting a
tine step (as described above), DRIVES nmakes one additional call to DIFFU Passlng
It the current time and SF?C'GS concentrations. These are used to cal culate the inv
stantaneous rates of reactions, emssions, and deposition. The rates are integrated
bY averaging the rate fromthe current time with the rates fromthe previous tine
S

ep and multiplied by the length of the time step. This calculates the increnenta
change in mass:

I <j <3 1<J<3

Where A7 - IS the integrated reaction rate for the tine step in units of ppm A - is
the rate constant for reaction i, and G are the reactants in reactioni.

The integrated rates of diluted emssions, total emssions, net entrainment, and
deposition are also calculated for each species. The increment of production or [oss
of ‘species | due to process k during each time interval <—1tot is calculated as:

R ¢ dg ="
AO ki~ ’ dt dt
To summarize, the instantaneous rates at each time stepis averaqed Wth the rate
fromthe previous time step and then multiplied by the length of the time step

This calculates the increnental change in mass, in units of ppm during the time
step.

At the end of the sinulation OZIPVAIN calls | RRVASBAL. | RRVASBAL suns the
chemcal 1oss and production of each species, and then calculates the predicted final
concentration using a mass balance on all the sink/source terms for each species.
Finally, |RRVASBAL writes the integrated reaction rate for each reaction and the

integrated rates of change due to the various sink and source terns for each species
tothe *.IRRfile.

Table 1 Hsts an exanple CZIPR input file which illustrates the use of the irr

conunand. When the QZI PR conmand:

IRR = CMW,
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Accuracy of Integrated Reaction Rates Mdifications to QZIPR

Table 1. Exanple QZIPR input file using IRR command

1! Exanple QZIPR input file with |RR Comrmand
2 af:\ozipr\nec\tnecn.chd
3 af :\ozipr\n)ec\zenn.cW

4 PLACE > ATy = Atlanta, @A

5 LAT = 33. 65, LON = 84 417, TZone == 4.
6 YEAR = 198, MONTH = 6, DAY = 4; <
7 BOUNdary >

8 REAC =

9 PAR, 0. 5640, 0. 4980, 0. 4980,
10 ETH, 0. 0370, 0. 0340, 0. 0340,
11 QLE, 0. 0350, 0. 0200, 0. 0200,
12 TA,, 0. 0890, 0. 0420, 0. 0420,
13 XYL, 0. 1170, 0. 0260, 0. 0260,
14 FORM 0. 0210, 0. 0700, 0. 0700,
15 ALD2, 0. 0520, 0. 0370, 0. 0370,
16 NR, 0. 0850, 0. 2730, 0. 2730
17 | FRACti on_N02 = 0. 25,

18 TRANsport =

19 03Surface = 0O,

20 03ALof t = 0.039,

21 HCSUr f ace = 0. 038,

22 HCAL of t = 0.02,

23 NOXSUr f ace = 0,

24 NOXALoft = O,

25 COsuU =1. 2,

26 CQOAL = 0.5;< (BOUN

27 MET > DI LU =

28 MHI NI TIAL = 250, {DF = 510>
29 MHFI NAL = 1515;< {DF =63 0>

30 TITLE > Base Case 0.6:0. 1, Std VOC <
31 af:\inc_reac\base.eiiis

32 MODIFY > AC = 0.00001; <
33 TIME > 800, 2100 <

34 IRR = TIME, CWP;

35 CALC >

36 NMOC =0. 6;

37 NOX = 0. 1;

38 PRI NT [BRI EF] =

39 TI NI =60,

40 TSTE=60;

41 FI LE[ 1] =ALL; < ( CALQ)
42 END.
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Nodi 1 cations to GZIPR Accuracy of Integrated Reaction Rates

15 used, CZIPMAINwill call the subroutine NECOWP which creates a *. QWP file that
contains an ahbr ewaedfomof the rrechan|sm||st|n the reactants and products

for each reaction. Example *.[RR and * O\/PhlesaesovwnnTableZand pFab|e3
They are described in detail in Chapter 3.

Integrated rate output can also be requested at specified time intervals during
the simufation using the GZI PR command:

Thetmemtervalsfo IRRoutp espec | ng the tin it and tstep options under
the PRINT command (default val u e g) This i's the sane command used
tospemf%theume nterval at whic tt())zmn se es concentrations to the screen
and to the QZIPR* QUT file. When CZIPR reac esoneoftheeout put time
ntervals DRIVESretur ns to | to ite the ou Pt eI =1 |he o§t|on|s
used, | RRARSBAL wi I1 be called me DRIVES returns OSIMT cause t

integrated rates for the fime inter al t bep|ntedt0 e* R flefo eac out put
nterval. |RRVASBAL will also call RINIT tore-initialize the Integrated rate arrays

for the next time interval.

Accuracy of Integrated Reaction Rates

ié need. a test tovenfy that the nethod used above to integrate the rates is
performng adequately. It the nethod is sound, one would expect a mass bal ance
on the mteg rated rates to predict nearly the same final concentration as does the
Gea thod. The sub routine | RRVASBAL performs the mass balance and writes the

ar predicted concentrations and the mass bal ance cal culated concentrations to the

f||e Table 2 is the IRRfile created by the GZIPR input file shown in Table 1.
The | ast two colums of the second Page of Tahle 2 shows the conparison of the
CZI PR predicted final concent ations to the final concentrations cal culated using a
mass bal ance on the integr ated rates. The two values for the final concentrations are
nearly equal for s Bemes Wth 3|gn|f|cant concentrations at the end of the si mJIat|0n
For éxample, QZIPR predicts afinal O3 concentration of 0.1444 pp n]an a MSs
bal ance on the integrated rates also predicts a final C3 concentration of 0. 1444 ppm

Thef|na| concentrations differ for species which approach zeoconcent ation
at the end of the smul ation. Th|s occurs because of round-off errors when summ n?
reat|ve &Iarge sink and source terms that nearly{cancel out. For exange severa

opb of " CH may" react during the similation, but the frnal concentration is nearly
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zero. The discrepancy occurs at final concentrations |ower than 10~* ppni. This is
essentially zero and may be negl ected.

10
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Modi fications to OZI PR

Table 2. Exanple IRRfile created fromthe OZIPR input file shown in

Tabl e 1.

I RR

"Base Case 0.6:0.1, Std VOO»
1"09/29/90 17: 14: 27"

1"Rxn No Int Rate"

< 1> 4.15165404937557E+00

16> . 79497338300671E- 06

c 2> 5.51936044644063E+00
3> 4.00236333137808E+00
4) 3.06801707259495E- 04
5> 4.96062624624798E- 05
6> 4.69868006113115E- 05
7> 1. 89740009972245E- 02
8} 1. 30293045499928E+00
9> 7.09891146994088E- 02
10> 6.13601937618200E- 02
11> 9. 62892905979182E- 03
12> 1.79981487997829E- 03
13> 5.32501027765866E- 03
14>  4.32742745733808E-03
15> 1. 43333300384620E- 02

1
5

S e ke N N A W R B B S B B R

17> . 19155600098287E- 03
18> 3. 83159375772563E- 05
19> 5, 11733006035235E- 03
20> 5. 14944861606306E- 05
21> 6. 47762242533742E- 08
22> 6.26221481954433E- 03
23> 5. 85598452339812E- 03
24> 1.09179186726886E- 04
25> 1. 3681803a400354E- 10
26> 2. 42100444288025E- 02
27> 5.13348723413648E- 04
28> 1.07326064330375E- 01
29> 8.69611250035314E- 02
30> 8.69270601187410E- 02
31> 2.50874350310208E- 05
32> 2.09113025370469E- 03
33> 1.70133949693297E- 03
34> 1.75096423736573E- 04
C 35> 3.22647730929988E- 04
{ 36> 3.72808690770314E- 02
C 37> 1. 4920661647173 2E- 02
( 38> 6.18464466803960E- 03
C 39> 1.06643652779432E- 02
{ 40} 2.40768978595708E- 06
{ 41> 5.49877140165445E- 06
{ 42} 5. 74738432788049E- 06

. Rl e Tt e il o Wit B o Man i o BN@ Ran lan B O~ — T e T N N

43}
44}
45}
46}
47}
48}
49}
50}
51}
52}
53}
54}
55}
56}
57}
58}
59}
60}
61}
62}
63}
64}
65}
66}
67}
68}
69}
70}
71}
72}
73}
74}
75}
76}
77}
78}
79}
80}
81}
82}

1.69006642799491E- 02
1.16072976340762E- 05
7.10814647201706E- 04
1. 69653135162211E- 02
5.26967701755859E- 02
5.04751929078723E- 02
4.18/17564193362E- 05
7.33516621482771E- 04
4.21381514210787E-03
1.72138315136152E- 02
9.1600387575 7504E- 03
4.09556861921389E- 03
1. 01058142969628E- 05
1.89491298546057E- S
4.06054398030878E- 03
4.32897314842512E- 04
7.12430830799501E- 07
5.24117650963277E- 06
3.12256223434871E- 03
2.03403584042478E- 04
1. 84414720728490E- 03
6.16203718485416E- 04
1.42272027576837E- 03
1.66052432376600E- 03
7.18848599254689E- 04
1. 38305079682046E- 03
5.12246117503721E- 04
3, 59252993611738E- 04
2. 85556312473819E- 05
3. 35405320131073E- 03
5. 80309844377548E- 04
1.63464467140638E-03
[0]00000000000000 =400
[oNec000000000000 =]
[eN00000000000000 =11
[eecc00000000000 = 1i1]
5. 65245621722099E- 02
4.20964992618864E- 04
2.5928a563342004E- 03
1.81303732083587E+01

11
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Wodifications to QI PR Accuracy of Integrated Reaction Rates

Table 2a. Exanple IRR File, cont

I"specie""Initial »Reacted""Prodi Jced""Net Entrain""Enmis" "Tot Enis'’ "Final C  "calc C'
"NO2 2.50E-02  4.34E+00 4.35E+00 -4.25E-02 1.52E-03 3.0E-03 1.587E-03 1.581E-03
“NO " 7.50E-02 4. 20E+00 4.15E+00 -5.50E-02 2.89E-02 5.7E-02 3.271E-08 1.061E-05
"0 ' 0 0CE+00 5.51E+00 5.51E+00 -4.79E-09 O OOE+00 O OE+00  1.567E-19 -8.287E-08
"03 " 0 OCE+00 5. 40E+00 5.51E+00 2.81E-02 O OOE+00 O OE+00  1.444E-01 1, 444E-01
"NCa ' 0 CCE+00 2. 45E-02 2. 46E-02 -1.03E-07 O OOE+00 O CE+00  6.332E-05 6. 340E- 05
"010 - 0 OCE+00  7.09E-02 7,09E-02 -1.56E-10 O OOE+00 O OE+00 O OOOE+00 - 8. 279E- 09
"H20 . 2.00E+04 1.13E-02 O QOE+00 O OCE+00 O OCE+00 O CE+00 2. 000E+04 1. 999E+04
"OH 0 OCE+00  1.38E-01 1.38E-01 -2.02E-07 O OCE+00 O CE+00  4.917E-09 -9. 536E-08
"HO2 0 0CE+00 2.07E-01 2.07E-01 -2.29E-06 O COE+00 O OE+00 4. 735E-06 4. 896E- 06
" N205 * 0 CCE+00  5.15E-03 5.19E-03 -6.09E-07 O OOE+00 O CE+00  3.526E-05 3. 530E- 05
" HNO3 O OCE+00 5.13E-04 2 50E-02 -4.97E-03 O OOE+00 O OE+00  1.953E-02 1. 953E- 02
" HONG * O OCE+00 5. 96E-03 6.26E-03 -2.96E-04 O OCE+00 O OE+00 8. 163E-07 9. 168E-07
"PNA O OCE+00 8.69E-02 8.69E-02 -7,41E-06 O COE+00 O OE+00  1.633E-06 1.566E-06
"H202 0 OCE+00 4. 97E-04 3.79E-03 -3.35E-06 O OOE+00 O OCE+00 3.291E-03 3.291E-03
"GO &  1.20E+00  3.72E-02 3.56E-02 -5 88E-01 O OOE+00 O OCE+00  6.101E-01 6. 101E-01
" FORM" 1.52E:02 3.17E-02 3.24E-02 -1.34E-02 2.18E-03 4.9E-03 4.633E-03 4, 633E- 03
"ALD2 1.63E-02 1.76E-02 1.69E-02 -1.59E-02 2.70E-03 6.0E-03 2,6 339E-03 2.339E 03
" C203 0 QCE+00  7.04E-02 7.04E-02 -2.29E-07 O OCE+00 O CE+00 5.774E-06 5.784E-06
"X02 & QO0E+00 5, 73E-02 5.73E-02 -1.16E-06 OcOOE+00 O CE+00  1.642E-05 1, 645E-05
"PAN O OCE+00 5.04E-02 5.26E-02 -5.11E-04 O OOE+00 O OE+00  1.710E-03 1.710E-03
"PAR " 3.57E01  1.72E-02 -2.19E-02 -3.21E-01 5.86E-02 1.3E-01 5.563E-02 5.564E-02
" X02N" 0 0CE+00  2.59E-03 2.60E-03 -5.93E-07 O OOE+CO O OE+00  1.116E-05 1.116E-05
"ROR . OOCE*00 1.32E-02 1.32E-02 -7.79E-11 O OCE+00 O OE+00 8. 209E-13 -7.118E-10
"OLE 1.08E-02 4.51E-03 O OOE+00 -8.17E-03 1.81E-03 4.0E-03  1.535E-05 1.549E- 05
"ETH 117802 3.33E-03 O OOE+00 -9.99E-03 1.92E-03 4.3E-03  3.467E-04 3. 469E- 04
"TQL @ 7.85E-03  1.84E-03 O OOE+00 -6.92E-03 1.32E-03 2.9E-03 4.097E-04 4. 098E- 04
"CRES+  OOQCE+00 2.37E-03 2. 75E-03 -3.78E-04 O OOE+0O O CE+00 9. 856E-09 2. 796E- 09
"T02 0 CCE+00 2. 03E-03 2.03E-03 -1.45E-08 O OOE+00 O CE+00 4. 637E-11 -6.464E-11
" OPEN O OCE+00 9. 00E-04 1.05E-03 -1.48E-04 O OOE+00 O CE+00 4.538E-06 4.550E- 06
"CRO 0 0CE+00  1.38E-03 1.38E-03 -6.75E-09 O OCE+00 O CE+00 6, 389E-10 7. 863E- 10
"MALY O OCE+00  2.21E-03 2. 68E-03 -4.59E-04 O OOE+OO O OE+00 1, 467E-05 1. 468E- 05
CXYL @ 8.80E-03  3.35E-03 O OOE+00 -7.03E-03 1,52E-03 3.4E-03 2, 734E-05 2. 745E-05
"l soP ! 0,00E+00 O OOE+00 O OCE+00 O OCE+00 O OOE+00 O, OE+00 O O0CE+00 O OOCE+00
TNRO@ 6.18B-02  1.81E+01  1.81E+01 -5.22E-02 8.83E-03 1.9E-02 1.793E-02 1.793E- 02

12
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Acctiracy of Integrated Reaction Rates Nodi i cations to CEIPR

Table 3. Example QWP file created fromthe CZIPR input file shown in
Table 1. The CWP file has been further modified to include CH and

ORNI T.

MECH =

n NO2=NO+0

2> 0=03

3> 03-*-NO=N02

4> a)-N02=N0

5> &l - H02- NO3

6> 0+NO=N02

n. 03+N02=MD3

8> 03=0

9> 03=010
10> 010=0
11> H20+0LD=2. 0* CH
12> 03+0OH=HO02
13> 03+H02=CH

14> N03=0. 89*N02+0. 89* (¢ 0. 11*NO
15> NOB+MO=2. 0* NO2
16> NO3- »' NO2=NO+N02
17> NO3+N02=N205

18> M2O6+H20=2. 0* HMO3
19> N2C6=N03- f NO2

51> METH+OH=X02+FORM+H02

52> PAR+CH=0. 87* XQ2+0. 13* XO2M+0. 11 *HO2* 0. 11* ALD2+0. 76* ROR+- 0. 11* PAR+0. 13* CQ2

53> ROR=1. 1¥ALD2+0. 96* XC2+0. 94* HC2+- 2. 10* PAR+0. 04«XO2N+0. 020* ROR

54} ROR=H02+C02

55} ROR+NO2=0RNI T

56} OrOLE=0. 63* ALD2+0. 38* HOR+0. 28* XQ2+0. 3* CO+0. 2* FORMHQ. 02* XC2N+0. 22* PAR+0. 2* CH
57} OH+OLE=FORMrALD2+XC2+HO2+- 1. * PAR

58} (B+0LE=0. 5*AL02+0. 74* FORH+0. 33* CO+ 0. 44* H02+0. 22* XC2+0. 1* OH*- 1. 00* PAR+0. 93* C02
59} NOB+OLE=0. 91* XO2+0. 09* XO2N* FORMrAL02+- 1, * PAR+M)2

60} O+ETH=FORMt0. 7* XOR+CO+1. 7*H02+0. 3*CH

61} OH+ETH=X02+1. 56* FORM-HO2+0. 22* ALD2

62} OB+ETH=FORH+0. 42* CO+0. 12* HC2+0. 58* CO2

63} OH+TOL=0. 08* XQ2+0. 36* CRES+0. 44* HO2+0. 56* TQ2+0. 08* ARO

64} TO2+NO=0. 9* NO2+0, 9* HO2+0. 9* OPEN+0. 1*ORNI T

65} T02=CRES+H02

66} OH+CRES=0. 4* CRO+0. 6* XQ2* 0. 6* HO2+0. 3* OPEN

67} NO3+CRES=CRO+HNO3

68} CRO-)' NO2=ORNIT

69} OPEN=C203+H02+C0+0. 59* ARO

70} OPEN+OH=XR2+2. * CO+2. * HOR +C2(3+FORMHQ. 29* ARO

71} OPEN+(B=0. 03* ALD2+0. 62* C2CB8+0. 7* FORMH0. 03* XQ2+0. 69* C0+0. 08* OH+0. 76* HCR+0. 2* MALY+0. 2* ARO
72} OHtXYL=0. 7* HO2+0, 5* XQ2+0. 2* CRES+0. 8* MALY+1. 1* PAR+0. 3* TQ2+0. 5* CO2

73} OH+MELY=X02+C203

74} MGLY=C203+H02+CO

75} 0+ SOP=0. 6* HC2+0. 8* ALD2+0. 55* OLE+0. 5* XQ2+0. 5* CO* 0. 45* ETH+0. 90* PAR

76} O+l SOP=XC2+FORM0. 67* HO2+0. 13* XC2N+ETHH0. 4* MGLY+0. 2* C2C3+0. 2* ALD2

77} 8+ SOP=FORM+0. 4* ALD2+0. 55* ETH*0. 2* MGLY+0. 1* PAR+0. 06* CO+0. 44* HO2+0. 1* OH+1. 34* CQ2
78} NO3+I SOP=X02N+ORNI T

79} X02+N0=N02
80} X02+X02=

81} X02N+NO=ORNI T
82} NR=NR |

13
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| RREVAL [ nput Files

Three files axe required as | np ut for the IRREVAL program (1) an * CND | nput
file which identifies the *.CVMP and *.IRR i nput f||es and all ows the user to give
cormands for processing them % ) an *.CMP Input file containing an abbreviated
formof the mechani smused for the simulation; and (3) an *. IR input file con ai N
ing the integrated reaction rat for each reaction, and the sink and source terms for
each species. The *.CWP and * IRR files mist be created by using the IRR com

mand when runnlng CZIPR the /1 command [ine option when running PKSS.
Each input file is described i eta|| bel ow.

CMD I nput File

The *,CMD file can he created using any text editor

t has an unstructured format subject to the fol lowing rules:
' Cbnnen ts are allowed between curly brackets and on lines wth the ! symo

in colum one.

' Blank spaces and blank lines are ignored, although blank spaces can be used
to separate numbers or words.

v The first S|gn|f|can t line nust begin wth the @@sxnbol in colum one and then
the d|rec tory R thway and name of the CMP file. The second significant |ine
al 0 hegins wth the @synbol and [ists the directory and name of the IRRfile,
nly the file nane need be given for f|Ies in the same directory as the QD
file. Asemcolonis not requited after the file name.

v Commands nust end with a sem colon. Commands na* be given in aqg or der
wth these exceptions: the CYCLES command should precede the REPLACE
connand the BALANCE or EVALUATE conmand shoul d be last; and the

& =a N7 a 14
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|RR Input File | RREVAL Input Files

CWD file nust end with the END conmand and a punctuation mark. Comn
mands axe described in Chapter Six.

An exanple CMD file is shown in Table 4.

CMP I nput File

The *. QWP file is created at runtine by CZIPR and PKSS. The * is replaced by the
file nane of the CZIPR input file or the PKSSinitial condition (*.1C) file nane. The
CWP file lists the reactants, products, and product coefficients for each reaction in
the mechanism but it excludes rate constants and docunentation in the mechanism
file. An exanple CWP file wets shown in Table 3.

In most cases, the user will further nodify the CVP file before using it with
| RREVAL. In many photochem cal models, the mechanismhas been sinplified by
i gnoring unreactive products or treating some species inplcitly. The user can
restore the mssing species by using a text editor to add themto the reactions in
the CWP file. For example, CBA treats CHA inplicitly by witing a reaction with
OH and nodifying the rate constant to account for the CH4 concentration. For IRR
to calculate the CH4 contribution to O3 production, CH4 nust be added to the CH
reaction. Inthe CWP file in Table 3, CH4 has been added as a reactant to Reaction
51. The user can also add other species to the analysis, for example CJ or organic
nitrates can be added as products in the appropriate reactions. Currently, the
generic name CRNIT is coded into the Subroutine OUTNO2. FOR and shoul d be

used for all organic nitrogen sinks to get a correct balance in the NOy table in the
* NOX output file.

When adding species to the CVP file, no blank spaces are allowed between the
equal sign and the first product. Comments czin be included between curly brackets
or onlines withthe ! symbol in the first colum. Wen adding reactants to the
CW file, e.g. CH4, the IRRfile nust include source terms for the reactants. (If
a species is reacting it must have a source.) If CH4 is not included in the QZIPR
mechani sm OZI PR automatical |y adds £in initial concentration of 1.79 ppmCHi to
the sink/source section of the IRRfile

|RR Input File
An exanple *.IRR file was shown in Table 2. The *.IRR input file begins with

the IRR command and is followed by one or nore [ines of documentation enclosed
in double quotes.  The first [ine of documentation is printed at the beginning of

LLEVAN ' a_ . — 15
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| RREVAL nput Fil es IR Input File
Tabl e 4. Exanple CMD input file

I Exainple CMOfile using EVALUATE coi mand.

1
2
3 af:\irr\base.cinp
4 abase.irr

5

6 NOY s NO3, N205*2, HNO3. MONO, PNA, PAN, ORNIT:
7 NEW <New Radi cal Reactions> 7

8 11, < h20°010=2. 0*CH>
9 23, CHONGsOH+NO

10 30, {PNA=H02+N02>

11 2A, CH02=2.*CH>

12 38, <FORME2. *HO2+C0>

13 45, CALD2=X02+2. *H02+CO+FORW>

14 54, {RORSH02}

15 65, a02sCRES+H02>

16 69, <OPEMEC203+H02*CO>

17 74, tMLY=C203+H02+C0>

18 40, 42, 56, 58, 60, 62, 71,75, 77, GO and 03 rxns)

21 CYQLES = "PMA Cycle", "PAN Qycle", H202 Cycle",
9, 10, 11, 14, 15, 16, 17, 18, 19],

2 DDA 2 tho, ’1%]

25 (RGANlC CO METH. PAR 2*ETH, 2*0|.E 7*TO0L 8*XY|. F 2ALD?,
7 B Y, B oS oh ek o2 AN

325 REPLéCI? T)g)% le'El(R TCI-2|03 ID’AA\\LOZ CRO RR MALY. CPEN,

31 EVAL;
32 END.

al | output files, For QZIPR there is one |ine ?t d?c mentation which will be
1

I

the tle fromthe QZIPR* INP fiTe, For * IRRfiles fromPKSS the first Hue of
ocunen ation 15, saved, others are 1gnored. The [RRfile then contains a list of
|nnngrated reactton rates wh each VeJue separated by at [east one blank space
nts in curl ¥ ackets can he |nc|uded to |dent|th reaction nunbers or ot her
documentation. The number of |nteqrated ctton rates mist be eaual to the
nunber of reactions l1sted in the e T 1S occurs natur a|| he correct

QWP f1le 1 used, hnt N0 ad |t|o Chec |nn]|s performed to verl y that the a me(

CWP ttle L0 esn H § 10 fhe nec anta | (1) WeI'S Use 0 gene ate e

he | ast | nteg reaction rate 1s fo oned y a Sem co on. The | R RRf1]e then ha
se ction ||s |ng S|nk ang source terms r each species. In | PRIRR files, each
ne beg nn the s ecte nane encL 0 do ub e quotes and then nine nunbers
eparat€d by ol anks spdces. n or de a e

1) Initial concentration,

16
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|RR Input File | RREVAL I nput Files

2) Chemical |oss,

) Chenical production,
) Net entrainnent,
)

Em ssions (ppm) corrected for dilution,

o O B~ W

) Total emssions (ppn) into a hox with the initial mxing height,

) Deposition,

) Final concentration calculated by OZIPR and

) Final concentration as determned froma mass balance on the the integrated

rates.

© oo

The sink/source section ends with a semcolon. The chemcal [oss and production
terms are used to check the mass bal ance on each species and are not used by
| RREVAL. Deposition is read by IRREVAL but is not yet included in the output

files.

QZIPR will create time dependent IRRfiles if the irr * time; command is used
inthe GZIPR*.INP file. Time dependent IRR files have the followng structure:

IRR s n
"Title fromQZIPR input file."

Tinme = x
I"Rxn Mb" "Int Rate"

{1 y1
C 2> y2

where n is the nunber of time intervals, x is the time in mnutes at the end of the
2'" time interval, and the yi values are the integrated reaction rates. The IRRfile
will have an integrated reaction rate and a sink/source section for each of ntinme
intervals. Each tine interval begins with the Time = x line and ends with a semcol on
The last interval has the | synbol after the semcolon.

Time dependent output provides a more realistic analysis of the contributions
of initial NG, chemcally produced N2, and individual organics to the fina (8

concentration.

17
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Al gorithns

Some Sinple Exam ples

| RREVAL started as a sinple program designed to show the reactions which pro-
duced or consuned any given species. |t has gradually evolved into a more com
prehensive program It Utilizes several complicated alq | this which can provide
a etailed mss halance anal yS|s of key speci es in photochem cal oxi dant mschaw
nisns. | will beqmvmthavey |ej mpl ementation of |RREVAL, Illustrate its
use, and then explain why more detal edlnorna|on|sde3| ed. This wll showthe
mt{vation for the addition of newfeatures to the simple case. It will al'soilTustrate
their valug and serve as an introduction to the algorithns used to i mplenent each

| will use the example |RRfile shown in Table 2, and the exarrpleconp I essed
nechanismfile shown in Table 3. These files were generated fromthe exanple
OZIPR|npu t file shown_in Table L. For this exanple, OZIPR%Zedmtedahna ®

concentration of 144,47 ppb. The goal is t ounders and uhy IPRped|ced hi §
value, or, in other words, to explain how and why this anount of 08 was produced.

o The mechani smin Table 4 shows that @3 is chemcally produced exclusively

0O(3P)-f-03------ A03 (~2)

The IRR file shows that th|s I eact |on produced5519 mof ®. To understand the
(3 producton, e mst etemne ouce theO ) (triplet state monatomc

p
oxygen). The nechamsmsowst at 0(3P) 15 produced |n our different reactions
gght 0(3P) |sformd|aﬂg m%ﬂ)v\hm% uced|nnnr%than 15 affere L
eact|ons [t quickl'y beco s t ust0| t| y-and sumtne reactions
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Some Sinple Exampl eg Al gorithms

produce these species. In the sinplest case, |RREVAL can be used to show the
processes whi ch produce or consume any species in the nmechanism | used the
simple command (CWD) file:

af :\irr\base. einp

abaseave.irr
End.

which identifies the conpressed mechanismand IRR files to be analyzed. If no other
commands axe |isted, the programpronpts the user first for a search type and then
for a species name with the nenu:

Enter nunber for search type:

(1) Show Production of a Species
(2) Show Consunption of a Species
(3) Show Reaction Products

(4) Do all 3 searches

(5) Qit

Enter Search Type (Choices are 1 to 4, 5to exit):

| used search type (1) to request the production of C3, 0(3P), and NO2. The resulting
mass bal ance file (BAL) is shown in Table 5. The structure of the BAL file is
explained in detail in Chapter 4. IRREVAL Qutput Files.

Table 5 shows all sources of @B, 0(3P), and NO®2. In line 9, it reports the fina
3 concentration of 0.1445 ppm determned froma mass bal ance of sink and source
terns. Line 5 shows the gross chemical O3 production of 5.51936 ppm Line 7 shows
that net O3 entrainment fromair aloft contributed an additional 0.02818 ppm or
0.508% of the gross O3 sources.

¢ can attenpt to trace G production back to its original sources by exam ning
how 0(3P) was produced. Line 14 of Table 5 shows that 75.2%of O(3P) is produced
from photolysis of NO2, and in line 15 23.6%is produced from photolysis of (8.
Tracing the O3 source back one step farther, we see in line 26 that 91.82%of the
N2 was produced by

In other words, @3 is produced fromO(3P), most of the 0(3P) is produced from NC2,
and most of the NO2 is produced from@3. It is diificult to determne which canme

19
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Al gorithng Some Sinpl e Exanpl es

Table 5 Exanple of a sinple BAL output file show ng sources
of @, 0(3P), and N2

1 SSSSSSNAZSSSASS 3SXS>NSSS3ZSZ3xs3 03
2 03 is produced in reactions:

3 Percent Rxn Mo, I RR Mass

4 100.00 Rxn 2 O -> 5.519E+00 * { 1.000*03 >

5 Total 03 Produced: 5.51936  99. 492X

6 Init 03 Cone: . 00000 . 000X

7 03 Net Entrainnent: . 02818 . 508%

8 TOTAL 03: ‘i, 54754

9 Final 03 Cone: . 14450 2. 605X

10 03 React ed: 5. 40305 97. 395X

Sass SsSsSsa SSSSSSXSSs 0

12 0 is produced in reactions:

13 Percent Rxn No. I RR Mass

14 75.21 Rxn 1 NOo2 -> 4,152E+00 * f 1.000*MO 01 .000*0 >

15 23.60 Rxn 8 03 -> 1.303E+00 * { 1.000*0 )

16 1.11 Rxn 10 01D -> 6.136E-02 * i 1.000*0 >

17 .07 Rxn 14 NO3 ->  4.327E-03 * | .890*N02 O .890*0 O .110*NO >
18 Total O Produced: 551980 100 . COOX

19 Init O Cone: 00000 . 000X

20 TOTAL O: 5. 51980

21 0 Net Dilution: . 00000 . OOOX

22 Final 0 Cone: 00000 . 000X

23 0 Reacted: 5. 51980 100 . OOOX

24 SSSSSSSSSAaxsSSSss =ss M2

25 NO2 is produced in reactiora:

26 Percent Rxn M. I RR Mass

27 91.82 Rxn 3 03+NO -> 4.002E+00 * 1.000*M2 }

28 .00 Rxn 6 0O*NO -> 4.699E-05 - 1. 000*NO2 >

29 .09 Rxn 14 M3 -> 4.327E-03 .890*N02 * |, 890*0 + .110*N0 >
30 .66 Rxn 15 NO3+NO -> 1.433E-02 - 2.000*N02 >
31 .12 Rxn 19 MROS -> 5,117E-03 - 1.000*NG3 O 1.000*N02 >
32 .00 Rmn20 NO -> 1.030E-04 - 1.000*NO2 }
33 .00 Rxn 24 O+ - HONO ->  1.092E-04 * 1. 000*NO2 )
34 .00 Rxn 25 MONO -> 2.736E-10 - .500*NO + | 500*N02 >
35 2.46  Rxn 28 H02-"NO > 1.073E-01 - 1,000*0OH + 1 .000*N02 >
36 1.99 Rxn 30  PMVA -> 8.693E-02 - 1. 000*HO2 * 1.000*MR2 >
37 .00 Rxn 31 O+ ~PNA ->  2.5096-05 - 1. 000*MD2 )
38 .39 Rxn 46 C203-)'NO ->  1.697E-02 - 1.000*NO2 + 1.000*X02 + 1.000*FORM + 1.000*H02 + 1 ,000*C02
39 1.16 Rxn 48 PAN -> 5,048E-02 - 1.000*C203 O 1.000*N }
40 .00 Rxn 59 NO3+0LE ->  7.124E-07 - - 910* X2 + |, 090*X02N + 1.000* FORM + 1.000*ALD2 + 1.000*PA
41 .01  Rxn 64 TO2+NO > 6.162E-04 * .900*MD2 +  9Q0*HO2 + . 900* OPEN + .100*ORNI T }
42 1.30 Rxn 79 X02>MD -> 5,652E-02 * 1. 000*N02 >
43 Total NO2 Produced: 4. 35906 99. 395X
44 I nit NO2 Cone: . 02500 . 570X
45 NO2 Dil uted Em ssions . 00152 . 035X
46 (Total Em ssions were . 00304 ppm)
47 TOTAL MD2: 4. 38558
48 NO2 Net Dilution -. 04256 . 970X
49 Final NO2 Cone: . 00158 . 036X

50 NO2 Reacted: 4.34144 98. 993X
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Removi ng Cycling Processes Al gorithns

first, the O3 or the NO®2. This phenonenon arises fromthe rapid interconversion of
NO, N2, and @3 in the reactions:

NO2- ANO +0(3P) (Rl)
o(3p) + 02 ------ »03 (R2)
a3 + NO ------ N NO2 (- R3)

Al though NO2 phot ol yzes and produces 3 on a tine scale of mnutes, the NGais
rapidly reproduced by reaction with 3. As a result, the observed concentrations
may change very slowy over a period of hoiirs. This illustrates the process of a
psuedo- st eady-state. The species are rapidly reacting, but the concentration does
not change significantly over short time periods. Because we axe attenpting to
explain a small increase in the net (3 concentration, it would be more useful to
know the net @8 production fromthe N/ @ cycle shown above

Renovi ng Cycling Processes

| RREVAL includes a CYCLES command which allows the user to identify a group
of reactions which axe part of a cycling process. The programthen sums the mass of
each species produced or consvuned in those reactions. The net production (or |oss)
of each species is then stored in the product coefficients in a single net reaction. The
integrated reaction rate of the single net reaction is assigned a value of one hecause
it is more convenient to store the mass reacted in the product coefiicients than in
the integrated reaction rate array. Details on the use of the CYCLES conmand

is explained in Chapter 6: IRREVAL Commends. This Section explains how the
CYCLES conmman wor ks.

I'n any photochem cal oxidant mechanism there will be several processes which
cycle or interconvert species. In addition to the N2/ O3 cycle described above,
peroxyacetylnitrate (PAN) and pemitric acid (PNA) also cycle N2 in the reactions:

NO2 + C208 - ----- > PAN (i 247)
PAN  ------ >NO2 +C208 (i 248)
and
NO2 + HO2 @ ------ N HOZNO2 1 R29)
HO2NO2- - - - - e NOR + HG (i 230)

In Table 5, lines 28 to 30, 35 and 38 show that another 4%of the total chem cal N2
production was actually recycled NO2 fromthe NG, HO2NO2 and PAN cycles. Only
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Algorithns Removing Cycling Processes

Table 6. Command file with all major cycles in CB4 renoved.

af;\irr\base. cinp
abaseave.irr
CYCLES » "PNA Oycle", "PAN Cycle", "HONO Cycle", "H202 Cycle",
"03/M2 Chemistry" «tl1, 2, 3, 4, 5 6, 7, 8, 9,
10, 11, 14, 15, 16, 17, 18, 19],
"03/HXx Cycle" =[12, 13];
END.

about 4.2%was produced fromnew sources (lines 34, 37 and 41) in the reactions:

HO +NO- - - - - ENOa+OH (i ?28)
2®B + NO------ >N02+ ... (i7?46)
) (@2 + NO ------ > NO2 {R79)

Tabl e 6 shows a command file which uses the CYCLES command to renmove all

maj or cycling processes in the Carbon Bond Four (CB4) mechanism The resulting
net production of @3, 0(3P), and NO2 are shown in Table 7.

Line 6 of Table 7 shows that there was a net photochem cal production of only

0.12411 ppm @B conpared to 5.51936 ppmof gross (3 production in line 5 of Table 5.
Inline 8 net entrainment of O3 is now seen to he 18.339%of the net @3 sources. The

mej or species in the net O8/NO2 Chemstry cycle (now stored in a single reaction
with coeficient units of ppm inlines 4 and 5 are:

O 136N2 + OO O0H20----¢ 0.135NO + O 12438 + 0.019CH + ...

The yield of O3 per N2 consumed in this net reaction is less than one because the

cycle includes (1) the effect of odd oxygen losses in nitrate chemstry and (2) the
loss of odd oxygen in the reaction:

0(1D) + HO----- y 20H

Monat om ¢ oxygen production end | osses have approximately cancelled out (lines
13 t0 22). Lines 28 and 33 of Table 7 show that 59.14%and 31. 11%of the net N2
production resulted fromthe reactions of NOwth HJ and NOwith XC2. Another
9.63% cane fromreactions of other organic intermediates with NOn [ines 29 and
32, Irf] Il\il&es 35 and 36, initial N2 and emssions of NO2 produced another 0.02651
ppm o :

1wl use "gross chem cal Eroduction" and "gross chemcal loss" to refer to
chenicaJ production and chemcal |oss of a species before cycling reactions are
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Renmovi ng Cycling Processes Al gorithms

Table 7. BAL file with all mjor cycles in CB4 removed.

N SSSSSSSSSSSSSSSSSSSSSSSSSSSsssssss 03
2 03 is produced in reactions:

3 Per cent Rxn No. I RR Mass

4 100.00 Rxn 1 03/N02 Cheiiiistr-> 1.000E+00 « < -.136*N02 + .135*NO + .000*0+ .124*03+ . 000* NO3
5 + .000*010 + -.010*H20 + .019*O0OH + . O000*N2OCb + . 0O00* HNO3}
6 Total O3 Produced: .12411 81. 661X

7 Init O3 Cone: . 00000 .000%

8 03 Net Entrainnent: .02787 18. 339X

9 TOTAL O03: . 15198

10 Fi nal 03 Cone: . 14442 95. 023%

11 O3 Reacted: .00756 4. 977X

13 0 is produced in reactions:

14 Per cent RxnNn No. I RR Mass

15 100.00 Rxn 1 03/NO2 Chemistr-> 1.000E+00 « { -.136*N02 + .135*NO + .000*0+ .124*03+ .000*NO3
16 + . 0O00*010 + -.010*H20 + .019*OH + . O0O00*N2OCb + . 000* HNC3 =
17 Total O Produced: .00003 100.000X

18 Init O Cone: .0000O0 . 000X

19 TOTAL O: . 00003

20 O Net Dilution: . 00000 . 015X

21 Final O Cone: . 00000 -. 935X

22 O React ed: . O0003 100. 205X

23 SS 3SSS 3BSSSS S3SS SS3SS SSSSS SSSS S3ass  N02
24 NO2 is produced in reactions:

25 Percent Rxn No. I RR Mass

26 .06 Rxn 20 NO -> 1.020E-04 * { 1.000*N02 >

27 . 06 Rxn 21 HOMD Cycl e -> 1. 000E+00 * C .000*NO + . 000* N02 . 000*H20 + . 000*HONO + -.001*OH>
28 59. 14 Rxn 28 HO2+NO -> 1.071E-01 « { 1.000*CH + 1.000*N02 >

29 9.33 Rxn 46 C203+NO -> 1.689E-02 * < 1.000*N02 + 1.000*XO2 + 1.000*FOTM + 1.000*H02 >
30 .00 Rxn 59 NO3+0LE -> 5.390E-07 * { .910*X02 O . 090* X02N + 1.000* FORM + 1. 000* ALD2
31 + -1.000*PAR + 1.000*NO2 >

32 .30 Rxn 64 TO2+NO -> 6.127E-04 { . 900*N02 + . 900*H®2 + . 900* OPEN }

33 31.11 Rxn 79 X02+N0 -> 5.634E-02 { 1.000*NO2 }

34 Total NO2 Produced: . 18112 87. 232X

35 Init NO2 Cone: . 02500 12. 041X

36 NO2 Diluted Enmi ssions . 00151 . 727X

37 (Total Enissions were . 00301 ppm

38 TOTAL NO2: . 20763

39 NO2 Net Dilution: -.04224 20. 346X

40 Final NO2 Cone: . 00185 . 891X

41 NO2 React ed: . 16353 78. 763X
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Al gorithrs Repl adng I nternedi ates

renoved. "Total chemcal production” and "total chemcal loss" will refer to the
production or loss after all cycling processes are removed

1 wll define the total sources of NC2 during the sinulation as the sumof the
chem cal NC2 production (after the renoval of cycling processes) plus the N2 con-
tributed by physical processes such as emssions, initial concentration, or net en-
trainment. For any species |:

Total Sources = Total Chemical Production + Initial + Ennissions + Net Entrainment

The total sources of NO2 nust be bedanced by sink processes. Sinks are chem ca
reaction |osses, net dilutionto the air aloft, deposition and final concentration

Total Sinks = Total Chemcal Loss + Net Dilution + Deposition + Final Concentration

Chemcal loss of N2 can restdt in production of either 3 or other nitrogen product s
such as HNGB or organic nitrates. | wll define the 08 yield per NO2 produced as the
number of (B molecul es produced from N divided by the total sources of N in

the simulation.

Repl aci ng I ntermedi ates

Using Table 7 it is now possible to attribute the chemcal production of (8 hack to
the processes whi ch produced the NO2. Thirty-one percent of N2 was produced by
XC2. (XO2 is an operator used in CB4 to represent the conversion of NOto NO2 by
all RQ2.) X2 is produced by the deconposition of organic conpounds. It would
be informative to know which organics produced the X2. This woul d enable us
to attribute the O3 production back to the organics which produced the X(2. The
REPLACE command can he used to performthese cal cul ations. To explain the
reflape function, I wll first performa mss balance on XC2. Lbin?lthelconnand
filein Table 6, | requested search type (4) for XQ2. The new BAL file i's shown
in Table 8 X2 is produced by 19 different reactions of organics. It is consumed
(Iines 43 and 44) in only two reactions

X2 + NO ----- SNO2 ( R79)
XO -fF-XQ ------- > (- R80)

and 0.029%1is unreacted (line 39) and is present as final concentration. The |ast
section in Table 8 shows that for eachJme of X2 that reacts, 0.986 ppmof NOare
consumed and 0.986 ppmof NC2 are produced (lines 49 to 51).
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Repl aci ng I nternedi at es

1
2
3

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
a4

25
26
27
28
29
30
31

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Table 8. BAL file for X02 with al

noved.

SsSsaszssSSS SSS3 SSSS3 S33S3 38SSSXSSS!

Al gorithns

maj or cycles in CB4 re-

X02

X02 is produced in reactions:
Per cent Rxn No. I RR Mass
1.24 Rxn 45 ALD2 -> 7.087E-04 « { 1.000*X02 O 2.000*H02 + 1 .000*CO + 1. 000* FORM )
29.56 Rxn 46 C203-)-No -> 1.689E-02 « { 1.000*N02 * 1.000*X02 + 1.000*FORM * 1.000*H02
+ 1.000*002 >
.15 Rxn 49  C203 > 8.391E-05 « { 1.000*X02 O 1.000*FORM + 1.000*H02 * 1.000*C02 }
.98 Rxn 50 C203 == T.in«f:-04 ¢ { . 790*FORM + . 790*X02 + -.210*HO2 + .790*CH }
7.34 Rxn 51 HETH+OH -= 4.195E-03 * { 1.000*X02 O 1.000*F(»H + 1.000*H02 }
26.12 Rxn 52 *OH = 1.716E-02 « C . 870*X02 * . 130*X02N O . 110* HO2
0 . 110*ALD2 0 .760*ROR + -1.110*PAR 3
15.34 Rxn 53 <> 9.131E-03 « | 1.100*ALO2 * . 960*X02 O . 940* HO2
+-2.100*PAR O . 040* XO2N + -.980* ROR >
.01 Rxn 56 (HOLE -> 1.882E-05 ¢« C .630%*AL02 + .380*H2 * .280*X2
+ .300*C0 + .200* FORM + . 020* X02N
0O .220*PAR + . 200*CH >
7.07 Rxn 57 OHOLE ->  4.040E-03 * { 1.000*FORM * 1.000*ALO2 + 1.000*XC2
1. 000*HO2 * -1.000*PAR >
.16 Rxn 58 03-i-OLE ->  4.282E-04 ¢ i .500*AL02 + .740*FORM + .330*CO + .440*H02
+ .220*X02 O .100*CH +-1 . 000* PAR + .930*CQ >
.00 Rxn 59 NO3+aE ->  5.390E-07 ¢ { .910*X02 + .090*X2M + 1. 000* FORM
[J1. 000*ALD2 0 -1.000*PAR O 1.000*NC2 >
.01  Rxn 60 0*- ETH > 5.210E-06 * { 1.000*FORM + .700*X02 + 1.000*CO
. 700*HO2 * . 300*OH >
5.45 Rxn 61 OHfETH > 3.113E-03 « { 1.000*X02 O 1.560*FORM + 1.000*HO2 + .220*ALD2 >
.26 Rxn 63 OHTOL ->  1.839E-03 * { .080*X02 + .360*CRES O .440*HO2 + .560*TO2 >
1,74 Rxn 66 OH+CRES ->  1.658E-03 ¢ { .400*CRO + .600*X02 + .600*HO2 + .300*OPEN }
.63 Rxn 70 OPEM+OH > 3.587E-04 « i 1.000*XQ>2 + 2.000*CO [2. 000* HO2
+ 1.000«C203 O 1.000* FORM >
.00 Rxn 71 OPEN+03 ->  2.790E-05 « { . 030*ALD2 + . 620* C2032¢e« . 700* FORM + . 030*X02
0 .690*CO + . 080*CH + .760*HO2 + |, 200*MALY
2.92 Rxn 72 OH+XYL -> 3.338E-03 ¢ { .700*H02 O .500*XC2 O .200*CRES
0 .800*MALY + 1. 100*PAR + . 300*TO2 >
1.01 Rxn 73 OHMELY -> 5.790E-04 « { 1.000*X02 O 1.000*C2C8 >
Total X02 Produced: . 05715 100. 000X
Init X02 Cone: . 00000 . OOOX
TOTAL X02: . 05715
X02 Net Dilution: . 00000 . 002X
Final X02 Cone: . 00002 . 029X
X02 React ed: . 05713 99. 969X
X02 is Consuned in the Follow ng Reactions:
Per cent Rxn No. | RR Mass
98.62 Rxn 79 X02- ~NO -> 5.634E-02 * { 1.000*N02 )
1.38 Rxn 80 X02 -> 7.873E-04 * O
Total X02 Reacted : 5.712736f--02
The products of X02 are:
Pr oduct Mass Yield per Percent of
Speci es Pr oduced X02 Total Prod
NO2 . 05634 . 98622 1.293
X02 -. 05713 - 1. 00000 -99. 969
NO -.05634 -.98622 -1.328
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Algori ths How REPLACE Wr ks

How REPLACE Wbr ks

The REPLACE command al gorithmis divided into two FORTRAN subroutines.
DECOVPOSE. FCR i dentifies al | reactions in which X2 is consumed and creates
a single net reaction, or array, which has nePative coefficients for species that axe
consumed with XC2 and positive coefl Scients for species that are produced from XC2.
Each coefficient is divided by the total mass of X2 reacted. This converts the array
to Productlon (or [oss) of each product per XC2 reacted. The array is then nultiplied
b%. he fraction of the total XQ2 source which is consuned in chem cal reactions (in
this case 99.97%. This gives a replacement array which has production (or loss) of
each product per X2 produced. Inthis exanple, each X2 that is produced results
in the consunption of 0.9859 NO and production of 0.9859 NC2. Thus, we know that

for any source which produces 1 ppmof X2, that XC2 will react to produce 0.9859
ppm of” NQ2.

The second subroutine, REPLACE FOR then passes through the mechanism
and identifies reactions where X2 is produced. The product coefficient of XO2 in
a reaction is nultiplied by the replacement array, and the values are added to the
products of the reaction. X(2 is then eUnnated firomthe products in that reaction.

Finally, the reactions with X(2 as a reactant nust be renoved or corrected. If
X2 is only produced chemcally, then reactions with X2 as a reactajit are deleted
(because the mass of reactEints consimed in these reactions has been distributed
anong the reactions which produced the X2). If some fraction of X2 i's contributed
by other sources, such as initial concentration, then the reactions with XX as a
reactant are reduced only.by the fraction of total XO2 sources due to chem cal
production. For exanple, if 10%of HCHO were present inititially and 90% was
chem cal |K produced, reactions of HCHO would be multiplied by 0.1. The remaining
mss i the HCHO react ons woul d be distributed anong the reactions which produce

| added the command "REPLACE = X(2;" to the command file shown in Table 6
and requested production of NQ2. The resulting BAL file is shown in Table 9. The
effect of replaci n% XC2 can now be seen by conpari n(? NC2 82erUC[| on in Table 8
and Table 9. The 31%of NC2 which had been produced by XO2 i's now distributed
armné; the 19 reactions which produce XC2. For exanple in reaction 51, CH4 RrOw
duced (4.195E-3)(0.986) ppmof NC2, or 2.28%of chemcal N2 production (Iine 3%.
In addition, produces HCHO and HJ which al so react to produce N2 The RE-
PLACE command can be used on nost species which are produced as intermediates
in the reaction mechanism |f HCHOis replaced, the repl acement array will be
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Using EVALUATE for a Full Mass Bal ance Al gorithms

substituted for HCHO in reactions which produce HCHO. The reactions wth HCHO
as a reactant will be reduced by the fraction of total HCHO sources due to chenical
producti on.

It is inconvenient to enter species nanes interactively, so a BALANCE com
mand was added to allow the user to list the species names in the command file
The programwi || then show production, consunmption, and the net products of each
species Usted in the BALANCE command. It will not pronpt the user for species

nanes.

Usi ng EVALUATE for a Full Mass Bal ance

Usual Iy, the user will request a balance on many of the species in the mechani sm
This creates a very large BAL file and contains nuch information that may be of
little interest. It would be difficult to scan the BAL file for key information. An
EVALUATE command wi || extract the inportant information fromthe BAL file
and organize it into tables in the @, N, HOr, and HC output files. Exanples of
these files are presented and explained in Chapter Five: |IRREVAL Qutput Files.

This section continues with an explanation of the algorithnms used to produce the
files.

To produce the @8, NOx, HOXx and HC files, several new conmands and speci al
rules must be introduced. Wen the EVALUATE command is used, the species HJ
and N2 shoul d not be replaced. This is because | RREVAL cal cul ates the number
of nolecules of O3 produced per HJ produced (Yield NO2 per H®) and the nunber
of ol ecules of @B produced per N produced (Yield O3 per NO2). |RREVAL stores
the production of H® and N2 from each organic, and these yields are used to
calciilate the @ production. For exanple, the CH4 reaction nvist be in the form

CH4 + OH----- * + XN + yHO 4+ ...
To repeat, NO2 and HG shoul d not be REPLACED when the EVALUATE command

is used.

| RREVAL di stingui shes between organic and inorganic reactions. The user
must identify which species are organic using the ORGANI C command. The NOX
table contains a nitrogen bal ance, so the user nust also identify nitrogen containing
conpound using the NOY conmand. The HOX file shows CH radical initiation,
propagation, and termnation. The user nust identify the CHinitiation reactions

using the NEWconunand. An exanple CVMD file using these commnds was shown
in Table 5.
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Al gorithma

Usi ng EVALUATE for a Full Mass Bal ance

Table 9. BAL file showng NQ2 sources with X2 replaced and
all major cycles in CB4 renoved.

] atsxssssassxssSsSsSSsssssSsSxssi sssssasSsar

2 NO2 is produced

3 Percent Rxn No.

4 .06 Rxn 20 HO

5 .06 Rxn 21 HONO Cycl
6 59.14 Rxn 28 HO2+NO
7 .39 Rxn 45 ALD2

8

9 18.52 Rxn 46 C203+NO
10 .05 Rxn 49 (203

11 .31 Rxn 50 C203
12

13 2.28 Rxn 51 HETH+OH
K 8.13 Rxn 52 ™

15

16 4.77 Rxn 53

17

18 .00 Rxn 56 (XOLE
19

20 2.20 Rxn 57 O+HOLE
21

22 .05 Rxn 58 03+0OLE
23

24 .00 Rxn 59 NO3-K}LE
25

26 .00 Rxn 60 O+ETH
27

28 1.69 Rxn 61 OHETH
29

30 .08 Rxn 63 OHTOL
31

32 .30 Rxn 64 T021-NO
33 .54 Rxn 66 OHi - CRES
34

35 .20 Rxn 70 OPEN+OH
36

37 .00 Rxn 71 OPEN-K)3
38

39 .91 Rxn 72  OH+XYL
40

41 .32 Rxn 73 OHNGLY
42

43 Total NO2 PrnHueed:

44 1nit NO2 Cone:

45 NO2 Diluted Enissions

46 (Total Em ssions were
47 TOTAL MD2:

48 NO2 Net Dilution;

49 Final NO2 Cone:

50 NO2 React ed:

in reactions:

N2
| RR Mass
-> 1.020E-04 * { 1.000*N02 >
e -> 1.000E+00 * j .000*MO O . 000*N + . 000*HONO & .001*CH }
- 1.071E-01 * < 1.000*CH 1 .000*HX2 >
> 7.087E-04 * t 2.000*H02 + 1.000*CO + 1.000* FORM
[}.986*N0 [ . 986*N02 >
-> 1.689E-02 - { 1.986*M)2 O 1.000*FORM + 1.000*H02 + -.986*N0O }
-> 8.391E-0S * < 1.000*FORM O 1.000*H02 + -.986*N0 O . 986*N02 }
-> 7.108F-04 * { L790*FORM O -. 210*H02 + . 790* OH
+.779*N0 O L779*N02 )
-> 4.195E-03 ¢ < 1.000*FORM + 1.000*H02 + -.986*N0 + . 986*N02 >
> 1.716E-02 * C L130*XeM O . 110*H02 + . 110*ALD2 H . 760* ROR
1. 110*PAR O -.858*MD O .858*N02 }
> 9.131E-03 » < 1.100*ALD2 O .940*H02 +-2.100*PAR + .040* X02N
Ase - 980*ROR + -, 946*N0 + .946*N02>
-> 1.882E-05 « C .630*ALD2 [ . 380*H02 + .300*CO + . 200* FORM
0 . 020*X02m 0 .220*PAR + .200*CH [+. 276*N0 + . 276*N02 )
> 4.040E-03 « C 1.000*FORM + 1.000*ALD2 + 1.000*H02
£11. 000* PAR * -.986*NO + . 986*N02 >
-> 4.282E-04 * | .5U0*ALD2 * . 740*FORM O . 330*00 + . 440* H02
+ .100*0H +- 1. 000*PAR + . 930*002 +-.217*NO + . 217*No2 }
-> 5.390E-07 « { .090*X02M O 1. 000* FORM * 1. 000* ALD2
£11. 000* PAR O |.897*N02 * -.897*N0 >
-> 5.210E-06 * { 1.000*FORM + 1.000*CO + 1.700*HC2
+ .300%0H + - . 690*MD + , 690* N2 >
-> 3.113E-03 * | 1.560*FORM + 1, 000*H02 * . 220* ALD2
[F.986*MD + . 986*MD2 )
> 1.839E-03 « < .360*CRES + .440*H02 + . 560*T02
[F.079*NO * .079*H®2 >
== 6.127E-04 - | .900*N02 O . 900*H™® + . 900*OPEN + .100*ORNIT
> 1.658E-03 « { .400*CRO O  .600*HD2 + . 300* OPEN
0-.592*M0 00 . By«J*N02 >
> 3.587E-04 « C 2.000*CO + 2 000*HO2 + 1.000*C203
1. 000*FORH + -, 986*N0 + . 986*N02>
-> 2.790E-05 « t .030*ALD2 + ,620%0203 O .700*FORM + . 690*00
+.080*OH O .760*H®2 [0 .200*MALY + . 200* ARO [+. 030*NO + 030*N02 }
-> 3.338E-03 - { . 700% H023e ¢ . 200* CRES + .800*MALY + 1.100*PAR
+ . 300*T02 + .500%*00? + -.493*N0 + . 493*N02 }
> 5.790E-04 * < 1.000*C208 + -.986*H0 + . 986*N02 >
.18112  87. 232X
. 02500 12. 041X
. 00151 . 727X
. 00301 PPM)
. 20763
-.04224  20. 346X
. 00185 . 891X
. 16353 78. 763X
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Using EVALUATE for a Full Mass Bal ance Al gorithms

| RREVAL wi |l process the CYCLES ajid REPLACE conunands and produce
a modified mechanismarray with considerably fewer reactions then the original
reaction. The nunber of reactznts in each reaction however, wll increase. For

exanpl e, reactions of C203 (an organic internmediate) will have been elim nated,
but each reaction which produced C2O3 will contain all of the species that C2C3

vdtimately produced in its degradation reactions. The WRITE command can be
used at any time to see the current formof the mechani smaxray. The program wil|
then store the anovnt of HO2 and NQ2 produced and the amount of ' OH consuned by

each organi ¢ species, reactions in which NOy is produced or consumed, and reactions
in which OHis produced and consuned. The rate of O3 production fromthe i*"'

hydrocarbon coul d then be cal cul ated as:

ao3 <f HC. | "HO aNCz "NGaN do"
at ffh, ¢ VdHa SHi dHO D aNGa

The production of @ frominitial NO2 could be cal culated as:

dOz

a« NO2., ... M* A~QN

If the integrated reaction rates are given sinply as the total integrated rate for the
entire sinulation period, it is not possible to integrate the derivatives in equations
(A) and (B), but the derivatives can be approxi mated as:

/ _Qtdt = AC,
W A
dHC ~ AHC.
qu A ANO2. -
dHO ~ AHC,
CjNOZ'A‘I\lozi'\("eldo’fNO2 er HQ rrodc%d {ﬂ/ \
oW Y per HG produced (ppni ppm
dCs A3 )
oo aop - Yield of 08 per NC2 produced (ppnt ppm

and then the integrals over time of equations (A and (B) can be approximted as:

[(BJ . AHCiI\ AAAA /\/\Q\ + AN\. J'/\/\Q\
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Algori thwi a Time Dependent Anal ysi's

where AQ3 is the incremental production of @3 in ppm

The yield of N2 per HO2 produced is calculated by summing NC2 production
in reactions of HJ, and then d|V|d| ng by the total HJ sources in the sinmuation
(after ekmnating all cycling of NO2 and HO).

ANC2  Sumof N2 product|on in HQ reactions
AHG Total HO2 production

Its value is Usted at the end of the *.HC output file. The yield of (8 per NO2
Produced Is calculated by dividing G production in the G3/NQ chemstry cycle by

otal NO2 sources.

A3 Sumof @3 production in N2 reactions
ANO2 Total NO2 production

Its value is listed inthe *. NOX output file.

The *.03 file wll show the mass of each organic reacted, the (3 yield per

or gani ¢ reacted, and the total CB attributed to each or gani c. gend|x A shows the
chai n reaction of ethene and i1lTustrates the calculation of 608/ 6ETH. These out put
files are described in detail in chapter 5.

Ti me Dependent Anal ysis

The method described in the previous section provides an aproximtion of how the
predicted 8 is produced. Its major wealcness is that the calculated yields of O3 per
NC2 and NO2 per H® in equations (A) and (B) are cal culated as averages for the
entire sinulation per|od In this exanple, chenical production of (3 was 124 Ppb
The total sources of NO2 were 181 p Pb cher cal product| on plus 26 ppb of initial
NC2 and NC2 emissions, for a total o 2076ppb averaged over the sinul ation
period, for each gpb of NO2 produced, 0 (B are p oduced The inital N2
concentration i's 25 ppb, S0 u3|ng this met hod 0 (25) = 15 pb of OB is attributed

to the initial N2, Ljkemise, for each ppb of produced yanogamcspeu €s,
6 ppb of G is attributed tot hat or gani C.

The ef[iciency of conversion of N2 to (8, however, varies as a function of tine,
In the early rmrmnqb NOi's high and ||tt|e et producti on of 8 occurs, so much of
the initial N2 may be |ost tod||ut|on Chem cal NCIZproduct|on|s|agest later in
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Ti me Dependent Anaiysig Al gorithms

the day when NO2 is converted more efficiently to . The yields of these conversion
processes nust be known as a function of time to correctly attribute O3 production
to the various sources. The irr =tine conmand saves the integrated reactions rates
periodicaly, e.g. at 60 mnute intervals, throughout the sinmulation. This allows a
conpl ete mass bal ance anal ysis to be performed for each interval, and the yields of
conversion processes can he cal culated for each interval

Thi s appoach gives a nore accurate description of the contribution of initial
N2 and chemically produced NG to the (8 production. It treats nore accurately
all of the tine-dependent yields and conversion processes. For exanple, the yield
of conversion of HJ to NO2 depends on the abundance of NO. A conpound which
produced HJ late in the day when NOis depleted woul d not have the same inpact
on @3 production as a conpound which produced HG eaxUer in the day.

Thi s approach al so presents new difficulties. In the tine-averaged case, the
simul ation consisted of one interval. Osproduced from species present at the be-
ginning of the sinulation coxild be attributed to the initial concentration of those
Speci es.

I'n the time-dependent case, the simulation is divided into several intervals

At the begiimng of any interval after the first, there will be sone concentration
of each species, e.g. N®. This NO2 can be partially attributed to NO2 present at
the beginning of the sinulation and partially attributed to the various new sources
of NO2 during each interval after the beginning of the sinulation. | have tried to
distinguish the initial NO2 present at the beginning of the first interval fromthat
present at the beginning of subsequent intervals by calUng the latter "old NO2" or
the "current concentration at the beginng of the interval"

QZI PR reports the concentration of NO2 at the beginning of any interval (the
"old NO2"), but IRREVAL nust determne what fraction of the old NO2 is |eft
over frominitial N and what fraction has been produced chemcally since the
beginning of the sinmulation. (Renenber that N2 is rapidly photolyzed, so that
the identical N nolecule which was initially present will no |onger exist, but,
because of the psuedo-steady-state equilibrium an NO2 formed fromthe initial N2
may be present.)

| included an algorithim (described below) to trace the NO2 produced from
each source and from each species in the nmechanism | assuned that the rate
of NO2 production is constant during an interval and that the rate | oss processes
axe constant and act proportionally to the concentration of NO2 present from each
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Al gori thns Time Dependent Analysis

source at any given time. | wll use the followng sinple exanple to describe the
algorithimand the calculations it perforns:

Suppose a sinulation consists of one interval [asting one hour. At the beginning
of the interval there is aninitial N concentration of 100 ppb. Another 50 ppb of

NQ2 is emtted |inearly dmin% the interval, and N2 |oss occurs linearly during the
interval with a total [oss of 30 ppb. Let

Xi"t = the concentration of N2 due to initial N2 at timet
X2,t = the concentration of NO2 due to NO2 emssions at tine t
XT,t = Xi,t +X2,t =total N concentration at time t

P2,t =rate of new NO2 fromemssions = 50 pph/ hr

Pr.t =total production rate of NO fromall new sources

Lt =loss rate of NO2 = 30/hr

At timet =0, X2,0=0and Xt,0=-X10 =100 ppb. Xt can be expressed as a

function of tine:

X1t = XTt-io+ (PTt —Lt)t
and the rate of change of Xi and X2 are Hnear first-order differential equations:
dXi T(~AM

fr-p (M

whi ch can al so be expressed as:

d i Ldt
Xr Xt,o + {Pt - L)t

T " Xt,0+ (Pt - L)t " "M A

The anal ytical solutions to (C and (D) axe:

' :X’ O(AAAii /\) ANN | E)

0o +{R- ) RORE B ot R g

{F)

{0
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Time Dependent Analysis Algoiitlim

For the exanple given above, 76 ppb of the initial NO2 would be left and 44 ppb of
enmtted N2 woul d have accunul ated by the end of the hour.

For each additional source of new NC2, for example, chem cal production by
organic species |, equation (F) is solved with the appropriate values for X o and

Source and sink terms are not linear in a typical simlation, but a simulatiion
can be split into intervals with nearly linear sink and source terms. In CZIPR
the comand irr = tine,- is used to request time dependent intergrated reaction rate

output. The tine interval for output is set using the comand print> tstep=x; <. The
default time interval is one hour.

To summarize this discussion, in a time-dependent |RREVAL analysis, NO2
present at the end of interval t is made up of sone mass that was present initially
and some mass that was produced since the beginning of the sinulation. At the
beginning of interval i + 1, IRREVAL reguires a method to determne how much of
the current NO2 concentration is attributed to initial NO2 and how much is attributed
to new production inin all previous intervals.

| added two subroutines to inplement the al%orithns described above. Subrou-
tine SAVEPROD. FCR saves the amount of NC2 each organic during each interval

SAVEPRD i s called after cycles have been elimnated and before species have
been replaced. SAVEPROD. FCR builds an array.P(i,N% which is the mass in ppm
of species I produced by source j. The subroutine INTSPE FOR then uses P(|% ) to

solve equations (E) and {F) above for NO2. It updates an array X(i,]), where XI,j)
I's the mass in ppmof species | attributed to source j, and

XT(0 = EX(i i)

j =
is the current concentration of species i

~The same probl emoccurs for intermediates species which are elininated us-
ing the REPLACE command, e.%. FORM and C203 in CB4. \When the REPLACE
command i s used, |RREVAL attenpts to attribute (3 ﬁroduced fromintermed ates
0 the HmwpmmmmmmonmmﬂyﬂwmwteiMmmmMQInanm-
averaged analysis, the chem cally produced fraction of these species i elinnated
The fraction present initially or emtted is considered a primary organic and is not
elimnated. In a tine-dependent analysis, each replaced species will have a non-zero

33


NEATPAGEINFO:id=4A25B135-1696-4AC4-9EF2-FE863910AED8


Algorithms Time Dependent Anal ysis

concentration at the beginning of each interval after the first. The "ol d" concenﬂ
tration at the beginning of each of these intervals nust be correctly attributed t
the sources which produced the species in the earlier intervals. The sanme nethod
described above for NQ2 is used to determne, in each interval, the fraction of the
"ol d" intermediate concentration to be attributed to each prinary organi ¢ species

The cal culation is further conplicated, however, for replaced organic interne-
diates hecause a replaced species may be produced by another replaced species.
| used the method described above for N2 to cal culate X(i,j) for each replaced
species, where i is an index for the replaced species and j is an index show ng
whi ch organi ¢ species produced replaced species i. | then added another subrou-
tine, ELIMREP. FCR, to sort the array X(i,j). It attributes all production of species
| to primary organics. Briefly, when a source species | is itself a replaced species,
the array X(j, k) is used to determne which species produced the j, so that the mass

of i produced by j is attributed to the organic species which produced j.

The primary goal of these calculations is to attribute the (8 production from
intermediates to primary organics. The subroutine TIMOUT. FOR checks if @ is
conserved in the substitution process. If (3 is lost, a message is printed to the TI3
output file and the O3 production by each organic is increased to make up for the

| ost mmss.
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| RREVAL Qut put Fil es

| RREVAL can be used in three different nodes which determ ne the nunber of

output files. In the sinplest case, the user wishes to view detailed information
about the sources, sinks and reactions of one or several species. The CW and
IRR input files must be specified; the CYCLES and REPLACE commands may be
used to elimnate cycling processes and internediates; and the | GNORE and NEW
commands may be used to determne the nunber and types of species shown in the
out put. Species nanes can be entered interactively or the BALANCE conmand

can be used to list the species for which an analysis is desired. Qutput is listed in
the *.BAL file.

The EVALUATE command perforns a conpl ete mass bal ance anal ysis of or-
gani ¢ and nitrogen containing species. It creates the additional output files *.03,
¥ NOX, *.HOX, and *.HC, where the * is replaced by the nane of the command file
Figure 5 showed a typical CMD file used for CB4 which illustrates the EVALUATE

command. This CMD file was used to generate the output files listed bel ow.

If atinme dependent IRRfile is used, the conplete analysis is perforned for

each interval inthe *.IRRfile. The @3, NOy, H)y and HC Tables are witten to the
output files for each interval, so these files may he as large as | OOK. The *.BAL
file my be larger than one Myte, and it is possible to avoid creating it with the
SUPPRESS conmand. Four additional files are then created which summarize key

time dependent information. These are *.TIM *.TI2, *.TI3 and *. Tl 4. Each output
file is described bel ow

BAL Qutput File

An exanple BAL file is shown in Table 10. Wen | RREVAL reads the mechanism it
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| RREVAL Qutput Files BAL Qutput File

Will combine coefiicients of species which occur twice in the reaction. (This sinplifies
the ana|y3|s.2.The BAL filewill first list reactions which have been modified by
conbi ning coefficients. For exanple, the reaction

generates the message shown in line 5 of Figure 10.

The BAL file then displays information for the reactions which were sumred
using the CYCLES command. Line 9 lists the reactions which were found to contain
HONO and whi ch axe summed to calculate the net cycle reaction. Lines 11 and 12
show the net reaction produced by the sunmation. In net cycle reactions, the re-
action's integrated reaction mass 1s set to 1.0 while the mass of species reacted and
produced is actually stored in the net reaction coeficents. This simplifies the sum
mng of masses for species which occur in reations which have different integrated

masses.

A varning nessage will occur for species which are found to have no source, as
inlines 14 to 15. In this case, odd oxygen was summed with the CYCLE commnd
so that atomc oxygen sinks and sources cancelled out. As discussed in Section 2
there axe small errors in the mass balance for each species so that [ine 16 shows a
smal| amount of 0 reacted while none is produced. The difference is small in this
case So no error has occurred, but this warning message can indicate problens when
the error is large or if a species expected to be present has zero sources

Lines 19 to 23 show the message displayed when a species is replaced. The
repl acement array is shown inlines 21 £ind 22, It is the sumof all species produced

by or reacted with the replaced species. In this sinple example, one NOis consumed
by X2 to produce one NO2. The yields are less than the "Percent Reacted" because

some X2 reacts with itself to formno products.

For each species listed in the BALANCE or EVALUATE conmands, the de-
tailed mass bal ance information is in a block with three sections. Table 3 shows

an exanpl e output for CO The first section, Hes 26 to 41 lists all reactions whicl

produce CO and the percent produced via each reaction. The amount produced by
a given reaction is the product of the integrated reaction rate (first nunber after
the arrow) an the CO product coefficient. Lines 35 to 40 then show all sinks and
sources of 0O The second section, hnes 43 to 46, lists all reactions which consune
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BAL Qutput File | RREVAL Qutput Files

Tabl e 10. Exanple BAL Qutput File

1

2

3

4

5 Adjusted Rxn 16 NO3 > 1. 00*NO . 00*No2
6

7 Cycle - MONO Cycle

8 Rxns found * 6

9 SuRiflied Reactions: 21 21 22 23 24 25
10 Net Reaction is:
11 . 00038530*NO . 00000011*H20 .0004922S*COH
12 -> .00010695* N2 . 00027835* HONO
13

14 Wrning: Species "0" had 0 Total Mass in IRVB.
15 Prod > .00 Init cone > .00 Enmi ss « . 00
16 Sum Reacted » S. 257712E- 05
17

19 Repl aced specie is: X02
20 Prod Specie Yield per X02 produced

21 NO 2 . 9767

22 NO - . 9767

23 Percent Reacted > 99.926 X

24

25 ESSS co

26 COis produced in reactions:

27 Percent via irr prod

28 43.27 Rxn 37 FORN4' OH -> . 172E-01 { 1.000*HO2 + 000* CO

29 16. 93 Rxn 38 FORM -> . 672E-02 C 2. 000*H®2 + 000* CO

30 29.10 Rxn 39 FORM -> . 115E-01 { 1.000*CO >

31 .01 Rxn 40 FORM-O - > . 257E-05 { 1.000*CH O 000*H®2 O 1.000*CO >
32 .23 Rxn 62 O03+ETH -> . 217E-03 { 1.000* FORM .420*CO H .120*HO02 >
33 1.41 Rxn 69 OPEN -= . 558E- 03 { 1.000*C2C3 1. 000*HO2 + 1.000*CO >
34 4.55 Rxn 74 MGLY -> . 180E- 02 < 1.000*C233 1. 000*HO2 + 1.000*CO )
35 Total CO prodtKed is . 03965 3. 199X

36 Init CO cone was 1. 20000 96. 801X

37 TOTAL CO = 1. 23965

38 CO Net Dilution uas -.55157 44. 494X

39 Final CO Cone > . 64863 52. 324X

40 CO Reacted - . 03945 3. 183X

41 (net entrainment only added to total if positive)

42

43 COis consuned in rxns below to produce:

44 Percent via

45 100. 000 Rxn 36 OHCO -> . 03945 « { 1.000*HOZ2 >

46 Total CO reacted uas 3. 945234E- a2

47

48 The products of CO are:
49 prod specie production Yield per CO X of Tot Prod

50 HO2 . 0394523 1. 00000 30. 280
51 OH -.0394523 -1. 00000 a27.806
52 CO -.0394523 - 1. 00000 -3.183
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| RREVAL Qutput Files 03 Qutput File

CO and the percent of the total reacted lost via each reaction. The third section,
lines 48 to 52, contains a row for each species that is produced by or reacts with
CO. The first colum is the nfine of species x, the second colum is the amount of
spe0|es t produced %or reacted if negative), t the t h|rd colum is the yield of s Ee0|es
| per COreacted. The fourth colum I's the percent of total species x sources that
produced (or Ios) by reactions involving CO Inthis exa Ie 30% of the total HJ
I's produced by CO, while 28%of the CHis consuned by

If the WRITE conmand is used, the mechanismand integrated reaction rate
arrazs wll appear in the BAL file. Varnings may also occur in the mass bal ance

blocks if IRREVAL finds that species x i's producing species | in one reaction and
species ;' is producing species x in another reaction

03 Qutput File

The *.03 file wll contain "Table 1: Ozone Production". See Table 11 for an

exanple @B file. Arowfor each hydrocarbon shows the amount of the hydrocarbon
(HQ reacted (ppm, the number of NO2 molecul es produced per HC reacted, the

otal N2 production (ppm due to each HC, the (8 production (ppm due to each
the fraction of total @B sources due to each HC, and nunber of @8 molecul es

produced per HC reacted. Sinilar information is shown for each inorganic reaction
whi ch produces N2 (lines 17 to 19). Lines 21 to 28 summarize the processes whi cl

produce or consume (8. There are two error checks in Figure 11. Line 26 conpares
the total O3 sources calculated by IRREVAL to the total sources given in the IRR
file. The total should be very close to 100% Lines 28 and 29 conpare the final (3

Fgggeqtra ion calculated by IRRwith that calculated by mass balance within the
e

Line 9 of Table 11 shows that the average yield of G3 (ppm per ETH (pmno
reacted i s 1.735 Appendix A shows the chain reaction of ethene and Pllus trates t
cal cul ation of AQG3/AETH.

NOX Qutput File

The * NOXfile contains a table [abled "Table 2: NOx Bal ance" (see Table 12 for
exanple NOX file). The NOX file has rows show ng individual chemcal sources and
sinks for NO|nppmf NOZlnbohppmandpecent and for NGz in ppm (NQ =

- NOX). Conservation of ni equires that, h|nany [ oW, thetotalo
sources must equal the total of%\w sinks, where NOy = NO+ NG + NG Lines 1
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NOX Qutput File | RREVAL CQutput Files

Table 11. Exanple O output file

1 Table 1: 03 Production
2 3BSS3SSSSSSXSS3SSXSS3S3SSSSSSS 3SS3S33: KS3I3SIISISSISSISSSSassssssxsa
3 Source React ecKppnV) YNQZ/ ppn NO2 Prod 03 Prod XTot 03 Y03/ ppm
4
5 Organi ¢ Sources
6 (e0] . 03621 . 908 . 03289 . 01996 13.11 . 551
7 NETH . 00421 2.408 . 01015 . 00616 4. 04 1. 461
8 PAR . 02360 2.947 . 05876 . 03566 23.42 1.788
9 ETH . 00333 2.858 . 00952 . 00578 3.79 1.735
10 QE . 00451 3.593 . 01082 . 00657 4.31 2.180
11 T . 00184 2.424 . 00447 . 00271 1.78 1.471
12 XYL . 00335 4.664 . 01564 . 00949 6. 23 2.830
13 FORM . 01112 . 808 . 00898 . 00545 3.58 . 490
14 AL02 . 00932 2. 846 . 02652 . 01609 10. 57 1.727
15
16 Organi c Subtotal . 09750 1.823 . 17775 .10787 70.84 1.106
17 I norgani c Reactions
18 Rxn 20 NO . 00010 . 00006 .04
19 Rxn 21 HONO Cycle . 00011 . 00007 .04
20. . .
21 Inorganic Subtotal . 00021 . 00013 .08
22 Total Org+linorg Prod . 17796 .10800  70.92
23 03 fromold NO2 . 02500 . 01517 9. 96
24 NO2 Em ssions . 00152 . 00092 .61
25 Net 03 Entrai nnent . 02818 18. 51
26 TOTAL 03 Sources . 15228 100. 00
27 03 Reacted . 00779 5.12
28 Final 03 Cone . 14449
29 Correct cone fromIRR . 14450

SXVIB SOKCSSWNEE @ SKXXS3 SI B3XxX333Sa

to 20 show the contribution of initial concentrations, emssions, dilution, and fina
concentration to the NOy bal ance. Wthin each set of paired source/sink col ums
(for NO, N2, NOz) mass conservation requires that the total sources must equal the
total sinks. In addition, for N, the summed NO2 sources and sinks cal cul ated by
I RR axe conpeired to the correct total N2 sources. Thus, in Table 12, line 22 of
the "% colum should be 100% This is a check for errors in the routine which

identifies and sums N2 production.

Lines 24 to 28 summarize inportant information from Table 12 which can be
used to conpare different reacting systems or different photocheni cal mechanism
@ is produced (perhaps exclusively) by photolysis of NG. Line 24 shows the fraction
of total sources of N2 consunmed in the GB/NX chemstry cycle. The value will
depend on which reactions are included in the G/N® cycle. | normally include
the 8 and N2 photolysis reactions, inorganic NO3 reactions and the 0(1D) + HO
reaction (see the command file in Figure 5 for a conplete list of reaction nunbers).
Thi's choice of reactions renoves all cycling effects of photolysis reactions on N2
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| RREVAL Qutput Files NOX Qutput File

Tabl e 12. Exanple NOic output file

Tabl e 2: NOx Bal ance

1
2 SSSSSSSSSS3SSSSSSSS3SSSSSSS Bssssszsiat Bssss sxsae «assssssssssssssass SSXSSSS3 acsssssaSSSS—S—SSS—
3 Reaction NO NO2 NOz = NOoy - N
4 Sour ces Si nks Sour ces X Si nks X Sour ces Si nks
5
6 Total Organic Rxns .00000  .07411 .07043 34.44 . 00000 .00 . 00441 . 00074
7
8 Rxn 28 MO+HO2- >MD2+CH . 10733 . 10733 52.48
9 RN 1 03/N02 Chenistry . 13570 . 00000 . 00000 .00 . 13613 66. 57 . 00044 . 00000
10 Rn 20 NO . 00000 . 00010 . 00010 .05 . 00000 .00 . 00000 . 00000
11 Rxn 21 HONO Cycle . 00000 . 00041 . 00011 .05 . 00000 . 00 . 00030 . 00000
12 Rxn 26  OH#N02 . 00000 . 00000 . 00000 .00 .02421 11.84 . 02421 . 00000
13 Rxn 29 PNA Qycle . 00000 . 00000 . 00000 . 00 . 00001 . 00 . 00001 . 00000
14 Rxn 81 X02N>NO . 00000 . 00259 . 00000 .00 . 00000 .00 . 00259 . 00000
15  Rxn 27 OHHNO3 . 00000 . 00000 . 00000 .00 . 00000 .00 . 00051 . 00051
16 Total Chemical Rxns . 13570 . 18453 .17797 87.03 .16035 78.41 . 03247 . 00125
17 Initial Concentration . 07500 .02500 12.23 . 00000
18 Eni ssi ons . 02892 . 00152 .74 . 00000
19 Net Dilution . 05507 . 04256 20.81 . 00580
20 Final Concentration . 00001 . 00158 .77 . 02542
21
22 Total s . 23961 . 23961 . 20449 100. 00 . 20449 100. 00 . 03247 . 03247
23 SSSSSSSSSZSSXSSSZSZSSSSSSSS: sassnxss sssaz bbSS SrSSBSSxSxSSSSSSSsSxSZBS33SS SSSSS3S ==s======
24 Fraction of N02 Consumed in Photol ysis Rxns « . 665706
25 Fraction of NO2 Consuned in Non-Photolysis Rxns > . 118436
26 Fraction of NO2> Unr eact ed a .215858
27 Yield 03 per NOZ Photol ysed »  .911652
28 Yield 03 per NO2 Produced ' . 606893

and (3. Line 27 shows the average yield of O3 per NO2 consumed in the GB3/ N2
chemstry cycle. It is a measure of the extent to which NGB chenistry and CH
production renove odd oxygen fromthe system When NO2 concentrations are

high, there may be a net loss of odd oxygen in these reactions, and the yield of (8
per N2 photol ysed woul d be zero.

Line 25 shows the fraction of NO2 sources consumed in reactions other than the

(/N2 chemstry cycle. This is a measure of how effectively reactions with CH and
orgEmc intermediates remove N2 fromthe system

Line 26 is the fraction of NO2 sources that are unreacted, either as final NO2 or

N2 dilution. Finally, line 28 shows the yield of O3 per molecule of NC2 produced
It should be equal to the product of Unes 24 and 27.

Line 24 showed that 66%of the total NC2 source, or 136 ppb, was consumed in

the G/NQ chemstry cycle. It would be physically incorrect to conclude that only
136 ppb of N2 photol yzed. In fact, NO2 rapidly photol yzes to produce @3 and NO
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throughout the day. And much of the O3 and NO rapidly react to reproduce NC2.
As discussed in Section 4, the total NG used here is the sumof NJ sources after
all cycling processes are renoved. The 136 ppb of NO2 consunmed in the O3/ N2
chemstry is the mass of N2 which reacted fo form 3 and was not subsequently
converted back to NO2.

HOX Qut put File

VOCs react primarily with OHradicals in a chain-type reaction sequence. Chain-
reactions consist of a radical initiation step, a propagation step, and a radical ter-
mnation step. Aradical is a species wth an unpaired electron, also called a "free"
electron. Free electrons are created in pairs by photolysis reaction of photo-acceptor
speci es. For exanple, photolysis of (8

03-7202 + 0(10)
creates 0(1D) which can then abstract a hydrogen atomfrom water:
0(1D)-| - H20----- COH| - OH

creating two "new' OHradicals. New OH radicals can also be generated by the
photol ysis of organic photo-acceptors such as al dehydes:

HCHO- * 2H0i -f CO

and the subsequent reaction of NOwth HJ:

An (H radical can react with a VOCin the propagation step. For exEinple, CH
abstracts an H atomfroman CH4:

The net hyl peroxy radical converts an NOto NG, formng a methoxy radical, and
2 abstracts an H atomfromthe nethoxy radical to form HR.
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OH Propagation

> vea ¢ PO

Figure 2. Propagation of CH radicals by reaction wth a single VOC

and the H®2 can then react with NOregenerating the CH radical.
| HO2 + NO----- >0H + NO2

The net reaction for this propagation chainis:
CH + 202 + 2NO------ A HCHO + 2N2 + H20

The chain-termnation reactions are those in which radicals are lost by the
reconbination of free electrons, e.g.:

It amxtiv-eist opoducea3|gn|f|can anount of (8, there nust be a source

of "new" CH radical s which start and maintain the chain process. In the early

norning, photolysis of HCHO or HONO Jire often significant sources of new CH while
later n the day, photolysis of O3 may produce much of the new CH

To produce @3, the VOC mxture nust also regenerate significant quantities of
CHin the pr opagat|on step. In other words, the rate of chain propagauon reactions
mst be |arge conpa red to the rate of cha|n ermnat|0n reactions. Because of chain
te mnation reactions, less than one OHis regenerated fromeach "CH which reacts

hanogjlmc Apopag ation factor for an|nd|V|dua| VOQ can_he defined asthe
nunber adi cal's produced in ¢ hehnal step of the chain, InFiqure 2, piis the
nunber of CH radi cals %ene ed per ' CH that reacts with VOC he val ue of p
a

mst beless han or equal to one. (It would be equal 0 one if there vere no cha|n
termnation react|0ns )

The propagation factor of the mxture i's the sumof the propagation factors
of the individual VOCs weighted by the firaction of 0‘|V\/ﬂ|Ch reacts with each VCC

Chain termnation reactions have a propagation factor of zero. Figure 3 illustrates
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Chem cal Mechani sm

v

P, dxO

Radi cal q 0 . Propagat i on 1-p
Initiation b
Term nati on
Chal n Length 0
q 1-P-

Figure 3. Relation of the propagation factor of the mxture to the OH chain |ength.

the ' OH chain-reaction. Photolysis reactions generate q new OH radicals. The
second box in Figure 3 represents the propagation and consunption of OH radicals
in chain-propagation and chain-termnation reactions. For each OH consuned, pmi x
(H radi cal s axe regenerated in proagation reactions, where Pmix is the propagation
factor of the mxture. If pmix is low termnation reactions axe fast relative to
propagation reactions. The total amount of 'OH reacted, Q is:

Q=q+qgPnix +qPli. +... +QPmix

_ q
Q= | -Prr

The OH chain length is defined as the total OH reacted per new CH produced and

can be cal cul ated as:

_ Q
CH Chain Length = —

H Chsiin Length =-------- —

The propagation reactions described above al so produces new organic photo-
acceptors. These can photol yses to produce additional new "CH radicals. As a result,

43


NEATPAGEINFO:id=6C564BF6-83B8-4195-A632-8DE9AFFED2B3


| RREVAL Qutput Files HC Qutput File

the nunber of new CH radicals produced will depend on
o The actinic flux,

* The prescence of photo-acceptor species in the mxture, and
* The production of new photo-acceptors in the chem c2d mechani sm

One method of characterizing @3 production is in terns of the sources of new
(H radical s and the propagation factor or chain length of the mxture. Thisis
useful both as an explanation of howthe @ is formed, and as a tool for conparing
@3 production predicted using different photochem cal mechanisms. The HOX file
contoms information on the OH cycle described above.

The *.HOX output file contains the three tables |abeled: "Table 4: New CH
Sources"; "Table 5. OH Propagation"; and "Table 6: HOx Mss Bal ance" (see the
exanple file in Table 13). If the NEWcommand has been used to identify reactions
produci ng new HOXx radicals, the table |abeled "Table 4" will list the contribution
of individual organic species and individual inorganic reactions to new CH The
OH radical s produced fromnew HJ radicals axe also considered to be new |f
organi ¢ photo-acceptors £ire produced as internediates by a primaxy hydrocarhon,
new ' OHwll be attributed to the primeiry hydrocarbons which produced the organic
phot 0- accept or.

The table labeled "Table 5" Usts the contribution of individual organic species
to "CH propagation. The first pair of colums shows the pph of 'CH reacted with each
organic. The third colum shows the ppb of HJ produced by each organic. The
fourth and fifth colums show the 'OH produced by reactions of each organic. This
is calculated as the product of the H® production and the yield of OH per HJ -
The last colum in "Table 5" is the propagation factor for each organic. It is the
nunber of 'OH molecul es regenerated by the organic per molecule of ' CH consuned
by reactions of the organic. The last Une in "Table 12" shows the average CH chain
length. Alowchain length mght indicate alarge loss of 'CHradicals with N2 or
inefiicient conversion of HJ to "OH under |ow NO conditions.

The table |abeled "Table 6" shows a mass balance on ' CH and HJ sinks and

sources.

HC Qutput File

An *. HC output file is produced if either the PATHWAYS or SHOW commands
are used. The PATHWAYS conmand produces a table |abeled "Table 7. Pathway
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Tabl e 13. Exanple HOx output file

Tabl e 4: New OH Sour ces

SSASS ASSSSSSSSSSSS SSXSSSASSS SSSS SSSSS SSSS asass saaaa aszs aaaaa aaas ssaaa aaaassaaaaa
Source New OH New HO2 Tot New OH X of Tot al
(ppb> (ppb) (ppb)

HETH . OO 1. OS5 . 98 2. 38
PAR . OO 6. 45 6. O6 14. 67
ETH . OO . 40 aAa. 3L . A8
OO E .00 1. 30 1. 22 2. 95
TOL . OO 1. 238 1. 20 2. 92
X¥YL .. OO0 4. 86 4. 56 11. O5
FORM . OO 4. 33 4. O6 o. 84
ALDZ2 . OO0 2. 81 2. 64 sS. 39
Rxn 1 03/ NO2 Chemistry 19.26 .00 19. 26 46. 63
Total New Radi cals 19. 26 23.48 41. 30 100. OO0

Tabl e 5: OH Propagation (based on OH Yield per H02s .9384)

asaaaaaaa aaaaa aaaa SUNBEXSSSSSSSSS aaass sXxsa st xKsnkxsss aaaa aaaaa aaaaasaaaaaaasaas

Speci es OH Loss XLoss HO2 Prod Tot OH Prop XProp Propagat i on
=ppb) (ppb) (ppb) Factor

Cco 36.21 27.82 36.21 33.98 38.25 . 938
HETH 5.56 4.27 5.56 5.21 5.87 . 938
PAR 26.76 20.56 19.32 18.13 20. 41 . 678
i TH 5.15 3.96 5.11 4.79 5.40 . 931
CLE 5.27 4.05 5.11 4.79 5.39 . 910
TOL 3.05 2.35 2.40 2.25 2.53 . 737
XYL 6.02 4.62 5-23 4.91 5.53 . 816
FORM 5.56 4.27 5.56 5.21 5.87 . 938
ALD2 11.32 8.69 10.18 9.56 10.76 . 845
O ganic Total 104. 88 80.59 94.67 88.84 100. 00 . 847

Average OH Chain Length s 3.1s

Table 6: HOx Mass Bal ance

Loss HO2 XLoss Prod HO2 XProd Loss OH XLoss Prod OH XProd

(ppb) (ppb) <PPb) (ppb)
I norgani c Rxns
Rxn HO2- ANO- >0H- i - NO2 107.33 90. 84 .00 .00 .00 .00 107.33 82, 47
03/ N02 Chem st ry .00 .00 .00 .00 .00 .00 19.26 14,80
03/ HOx Q/cl e 3.53 2.98 .00 .00 .00 , 00 3.53 2,71
HONO Cycl e .00 .00 , 00 .00 .52 .40 .00 .00
OH+NO2 .00 .00 .00 .00 24.21 18. 60 .00 , 00
PNA Q/cl e .03 .03 .00 .00 .03 .02 .00 .00
H202 Q/cl e 7.26 6. 15 .00 .00 , 00 .00 .03 .02
OH »HNO3 . 00 .00 .00 .00 .51 .39 .00 .00
I nor gani ¢ Subt ot al 118.15 99. 99 .00 . 00 25.26 19.41 130. 14 100. 00
O gani ¢ Subt ot al .00 .00 118. 15 100. 00 104.88 80.59 .00 .00
Fi nal Concentration . 00 . 00 .00 .00
Total HOx Sinks 118. 15 100. 00 118.15 100. 00 130. 14 100. 00 130, 14 100. 00

—a—a asxs ssssas azss sSxatas SSSSS sx Bs SSSSSa S3XSSS3XS ESXXXXXSS SSS3XXSS3sasssssss
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Tabl e 14. Exanple HC output file

Table 7: Pathway Specific Yields

S8S3S SSS3 3SSSX SS3S S S
Per cent React ed YOH Y03 YHO2 YNO2 YFORM Net YOH Net Y03
.42X . 0000 Rxn 56 O+OLE -.26 .00 .95 .78 .17 .63 1.00
89.97X .0040 Rxn 57 OH+OLE -1.91 . 00 2.25 1.76 .52 .20 2.31
9.59X . 0004 Rxn 58 03+OLE -. 44 -1.00 1.21 .60 .35 .69 .03
.02% . 0000 Rxn 59 NO3>0LE -.91 . 00 1.25 2.67 .52 .26 2.31
100. 00X 00447 ppm OLE -1.77 -.10 2.15 1.64 .50 .25 2.08

Table 8: @Goss Oganic Production of Key Species

3 SS SSSS SSSS3 SSSS SSSSSSSSS S SSSS sssss SSSS: ==
Sour ce Reacted(ppni) FORM Prod Y FORM X H02 Prod YH02 X N02 Prod YNO2
Organi ¢ Reactions
co . 036206 . 00000 . 000 .00 .03621 1.000 30.64 . 00000 . 000 .00
METH . 004214 .00153 .363 13.00 . 00660 1.567 5.59 . 00415 .985  5.89
PAR . 023394 .00262 .112 22.26 .02577 1.102 21.81 . 03483 1.489 49. 46
ETH . 003331 .00195 .585 16.59 .00651 1.953 5.51 .00361 1.084  5.13
OLE . 004474 .00150 .335 12.75 . 00640 1.431 5.42 .00491 1.097 6.97
ToL . 001844 .00021 .116  1.82 .00368 1.996 3.11 .00113 . 612 1. 60
XYL . 003354 .00095 .284 8.10 .01010 3.011 8.55 .00708 2.111 10.05
FORM . 011119 . 00000 .000 .00 . 00989 .889  8.37 . 00000 . 000 .00
ALD2 . 009319 .00299 .321 25.47 .01299 1.394 11.00 .01472 1.579 20.90
Organic Total .097255 .01175 .121 .11815 1.215 . 07043 . 724
Organi ¢ FORM production .01175  40.251X
Init FORM cone uas . 01526 52. 270X
FORM Emi ssi ons uere . 00218 7. 480X
TOTAL FORM s . 02919
FORM Net Dilution -. 01344  46. 043X
Fi nal FORM Cone - . 00463 15. 872X
FORM React ed .01112 38. 086X
Yield OH per HO2 - . . 93842
Yield NO2 per HO2 = . 90828
Yield 03 per NO2 » . 60689

Specific Yields". An exanple *.HCfile is shown in Table 14. For each organic |isted
in the PATHWAY command, it shows the mass and fraction of that organic reacted
in each of the reactions which consume it. It also shows the yields of key species
produced per VOC reacted in units of ppnippm The first two col ums show yield
for the CH and O3 consumed directly in reactions with the organic. The third and
fourth colums show HJ and N2 yields. The fifth colum shows the yield of the
speci es requested in the SHON command. The last two col ums show the net yield

of CHand (8, where the yields of OHper HJ, NO2 per HJ, and O3 per N2 are

used to calculate the net yield:
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/[, aoH \ ~HO aoH
Net Yield O3 SV(IJ et * WG aHd

et Yield 03 \f/({q’%Sr]i}ect Vav<3|'q(||| Loédecl )Jﬂ%/\

The sumof the VOC reacted and average yields axe shown in the [ast row for each
speci es.

|f the SHONconmand is used, |RREVAL produces a table |abeled "Table 8:
Organic Production of Key Species." The first two colums list the organic species
ajid the mass of each reacted in ppm If the species requested in the SHON comn
mand is HCHO, the next three colums will show the total ppmof HCHO produced
by each organic, the yield of HCHO fromeach VOG per VOJ reacted, and the per-
centage of total HCHO production contributed by each organic. The table shows the
same information for HJ and NO2 production by each organic.

TIMQutput File

| RREVAL currently produces three time dependent output files when a time de-
pendent *.IRR input file is read

The first tine dependent output file is *.TIM It contains a table [abeled "Ta-
ble la: Time Dependent O3 Mass Bal ance" (see Table 15). It shows the (3 produc-
tion, inppm from initial N emssions of NO2, net O3 entrainment, and chencal
production of NO2. It also shows chemcal [oss of O3 during each tine interval. The
sink and source terms across a row sumto give the final 8 concentration, at the
end of the interval, in the last colum.

The *. TIMfile contains a second table | abeled "Table 2a: Time Dependent (3

Chem cal Production" (see Table 15a). It summarizes inportant chemcal reaction
information for each time interval. The first colum of "Table 2a" in Table 15a shows

the end time of the time interval. The second colum, "tiVOCr", shows the mass
(ppm of organics reacted during each interval. The third colum "dHG /dVOC"
shows the average production of HO2 per VOC reacted (ppm ppm during the in-
terval. The fourth "dNCa/ dHO" shows the average yeild of N2 per HO®2 produced
(ppnippm dtiring the interval. The fifth colum " dNO/dS/QCF " shows the average
production of NO2 per VOC reacted (ppm ppm. The sixth colum "dNO2t/<i VOG*
I's the average production of NJ per VOC (ppm ppm) during the interval calcul ated
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Tabl e 15a. Exanple TIMoutput file

"Conniand File is base.cnd"

"Qutput File created at 15:43 on 10/05/90"
"Base Case 0.6:0.1, Std vocC'

"Table la: Time Dependent 03 Mass Bal ance"

“Time""Init 03""Init NO2""Enmi 8 M2""EntrBin""Chein Prod"

1
60
122
182
241
300
361
420
482
541
603
661
720
780

" TOT"

"Table 2: Tinme Dependent 03 Chem Prod*'

SSSS SSSSa SSSS SSSSS asSSS assa sasaasaaa asasa aaaasS Saaa aaaaa axaa aaaax Saaaa Zsaa aa
"dNo2t "

sass=
11

“Ti me"

1
60
122
182
241
300
361
420
482
541
603
661
720
780

Ave

. 00000
. 00219
. 00774
. 01908
. 03081
. 04321
. 05699
. 07446
. 09478
. 11846
. 13208
. 13992
. 14366
. 14475

. 0000

* H

"dver "

. 00005
. 00518
, 00754
, 00735
. 00788
. 00850
. 00983
. 01123
. 01267
. 00877
. 00569
. 00277
. 00102
. 00023

. 08871

0

»

. 00192
. 00000
. 00000
. 00135
. 00117
. 00056
. 00018
. 00002
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

. 00520

dHo2"  "d

"dvart 'd

1

PP RPRPRPRPRRRPRPR

, 7135
. 8023
. 9398
. 0961
. 2401
3677
4549
4750
4611
. 4826
5260
5755
6245
. 5052

. 3319

NO2"
Ho2"

. 9893
. 9994
. 9992
. 9990
. 9987
. 9982
. 9963
. 9871
. 9150
. 7468
. 6332
. 5910
. 4992
. 2155

. 9062

. 00000
. 00000
. 00000
. 00013
. 00015
. 00011
. 00005
. 00001
. 00000
. 00001
. 00000
. 00000
. 00000
. 00000

. 00048

"dNOo2"
" dver "

. 4345
. 5640
. 6639
. 7432
. 8113
. 8605
. 8656
. 8085
. 7463
. 7940
. 8990
1. 0492
1. 2367
. 9514

. 7961

. 00026
. 01565
. 01290
. 00500
. 00059
. 00136
. 00224
. 00263
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

. 02818
SSS99°° 523 SSS3SS8SSXSSSSSXSSIXSS« X Sk XSSXS«Sai S« S« SSSa«a«3 SXSS«« S« SSSSSSSS«XZ=S«

" dver "

1404
3659
. 6030
8382
0499
2258
3151
2644
0832
9011
8652
9804
. 0477
. 2758

N [ NNNMNNMNNR R R

2.0013

. 00000 . 00000
. 00000 . 01010
. 00000 . 00157
. 00537 . 00013
. 01064 . 00015
. 01466 . 00018
. 01974 . 00028
. 02341 . 00051
. 02487 . 00121
. 01522 . 00164
. 00941 . 00160
. 00479 . 00107
. 00169 . 00061
. 00000 . 00025
. 12981 . 01929

"do3"

dNo2"

. 0768
. 0000
. 0000
L1711
. 3129
. 4147
. 5338
. 6526
. 7622
L7711
. 7500
. 6733
. 4528

0003

5043

" 403"

"dver ™

. 0876
. 0000
. 0000
. 3145
. 6414
. 9229
. 2357
4777
5878
4659
. 3990
. 3333

. 9272
-. 0004

el i R S

1.0092

"do3o0"
"t

. 000005
. 000000
. 000000
. 002312
. 005056
. 007842
. 012148
. 016587
. 020118
. 012852
. 007957
. 003698
. 000945
. 000000

. 089521

"Chem Loss" "Final"

. 00219
. 00774
. 01908
. 03081
. 04321
. 05699
. 07446
. 09478
. 11846
. 13208
. 13992
. 14366
. 14475
. 14450

. 14450

"doNo2"
v dver "

. 0000
. 0117
. 8097
4274
2598
. 9262
4370
. 9252
. 4902
. 3457
. 3330
. 5700
1.5884
7.5694

PRENN R

1.1983

s=sss=: = = :
SSSTSSSTsaassaaais sssss as sasaaasaaasaassas asaaass s sssss sa<ss sssss SSS5ESS ssss ss

d030 -- organic produced 03
d03n -+ ol der chem NO2 produced 03
do3p -- total chenical produced 03
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"do3n”
"t

. 000000
. 000000
. 000000
. 003054
. 005574
. 006787
. 007540
. 006777
. 004734
. 002337
. 001421
. 001064
. 000733
. 000000

. 040021

"do3p”
g

. 000005
. 000000
. 000000
. 005366
. 010630
. 014629
. 019688
. 023364
. 024852
. 015190
. 009378
. 004763
. 001678
. 000001

. 129542
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Tabl e 15b. Exanple TIMoutput file

"Tabl e 2(b): Tine Dependent OH Sunnary"

s=sz=s: SBSSSSSSSSSAxXSSSSSSSSSSSSSSSSasssSszs

1 "omdnoH' "X nOH' "X nOH! " OH" "doH' " OH Terninal "
"Time" jipph" "organ” "inorg" "Ch.L." "dHO2" "Xorg" "Xinorg"
1 .02 99.7 .3 2.33 .9942  69.1 30. 8
60 1.50 98.6 1.4 2.84 .9997  76.2 23.8
122 2.41 93.1 6.9 2.92 .9995 75.0 25.0
182 3.13 82.1 17.9 2.76 .9994 71.9 28.1
241 4.17 70.9 29.1 2.68 .9992 71.5 28.5
300 5.20 62.2 37.8 2.66 .9986 72.4 27.6
361 6.23 55.9  44.1 2.70 . 9969 74.7 25.3
420 7.00 51.9 48.1 2.86 . 9878 79.7 20.3
482 6.88 47.8 52.2 2.95 .9330 86.3 13.7
541 5.07 41.0 59.0 2.70 . 8141 91.2 8.8
603 3.05 40. 4 59. 6 2.65 . 7543  93.0 7.0
661 1.34 49.6 50.4 3.06 .7718 93.3 6.7
720 .36 67.0 33.0 3.96 .7994  93.1 6.9
780 .05 84.8 15. 2 5.11 .8237 93.0 7.1
Ave 46.48 58.5 41.5 2.81 .9367 80.4 19.6

Note: PPH new OH is nornmalized to 60 min intervals.

dtid  _ dHO* dHO dNG
dvosr rtvo0r dHG ctVor

The eighth colum, "dCa/rfVOCr", is the O3 production per VOC reacted during the
interval calcul ated as:

dg _ dfiOt do3

dvOCr ~ d\/0Cr dN02

where dQz/dhi02 is the yield of 3 per NQ produced (ppnfppn) shown in the
seventh colum. The ninth colum is the direct O3 production from organics during
the interval calculated as:

<030 _ d03  dyPCt

dt  ~ dWeC, dt

As described in Section 3, the N2 present at the beginning of any interval can
be attributed in part to initial and emtted NO2 and to chem cal production of NO2
in ear her intervals. The eleventh coliunn shows the @ produced fromthis beginning
or "older" N during the interveJ. Using the method described in Section 3, this (B
production is attributed to the various soiurces which originally produced the NC2.
The last colum in "Table 2a" shows the total O3 production during the interval.
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The *. TIMfile contains a third table |abeled "Table 2b: Time Dependent
OH Summary" (see Table 15h). The first colum shows the end time of the time
interval. The second through fourth col vunns show the nunber of new ' CH radicals
(ppb) formed during each interval, and the percentage produced by organic and
Inorganic reactions. Nore detailed information for each tine step is contained in
the *. HX file. The fifth colum "CH Ch.L." shows the CH chain length during each
interval. The product of "new CH' and "Chain Length" is the total OH produced
inthe interval. The sixth colum shows the average yield of CH per HX® produced
(an1ppn) during the interval which affects the OH chain length. The last two
colums In "Table 2b" show the percentage of OH which reacts with organic and
| norgani ¢ conpounds during ea" interval.

The val ues shown in the tables [abeled "Table 23" znd "Table 2b" are included

to give insight into the time dependence of factors effecting 3 production. The
changes in these values for different sinulations may also give insight into the factors
effecting changes in 3 production for different sinmulations or different mechanisns.

The second tine dependent output file is *.TI2 (see Table 16. It contains a
table |abeled "Table 3" which shows the mass of NO2 attributed to each source
process at the beginnin? of each interval. The mass of NO2 attributed to each
source at the beginning of each interval is calculated using the al gorithm described
in Section 4 It isusedto correctly attribute O3 production to the sources which
originally produced the NC2.

An exanple T4 output file is shown in Table 17. The TI4 file shows the
cumul ative 3 production by each VOC and frominitial N2, emtted N2, entrained

@, and inorganic sources of NC2. It also shows the cunulative chemcal [oss of (8
and the cumualtive O3 total.

The inorganic production of NO2 could be fromthe reactions:

HOONR - N2 + HQ
NO + NO ------ > NO2
NS AN 40

or other inorganic reactions. Atine averaged analysis of (8 production shows that
I norganic reactions generally produce less than 0.1%of total N02. In a time depen-

dent analysis, however, the total appears to be about 2% This is due prinarkk%
to the production of N2 fromentrained G in the first fewintervals. This

production is classified as inorganic. The fraction of this N2 which photolyses | ater

a M e
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Table 16. TI2 Qutput File Show ng Conposition of NO2 as a

function of tine.

"Conmand File is base.cnd"

"Qutput File created at 15:43 on 10/05/90"
"Base Case 0.6:0.1, Std VOC'

Table 3: Contributions to Current NO2 Concentrations

sssss asssassss BSSSSSSssssssssa: SSSSSS3ESSSSSSSS

Time Current Initial Em ssi ons Ent r ai nnment Pr oducti on Tot al
Cone ppm X ppm X ppm X ppm K X

o] . 0250 . 0250 100. 00 . 0000 .00 . 0000 .00 . 0000 .00 100. 00
1 . 0230 . 0229 99. 65 . 0000 .09 . 0000 .00 . 0001 .26 99. 97
60 . 0284 . 0140 49. 37 . 0007 2.49 . 0000 .00 .0136 48.14 99. 98
122 . 0264 .0079 30.01 . 0006 2.32 . 0000 .00 .0178 67.67 99. 98
182 . 0220 . 0037 16.98 . 0004 1.85 . 0000 .00 .0178 81 .16 99. 97
241 . 0179 . 0013 7.48 . 0002 1.08 . 0000 .00 .0164 91 .44 99. 96
300 . 0146 . 0003 2.30 . 0001 .57 . 0000 .00 .0141 97.13 99. 96
361 . 0104 . 0000 .36 . 0000 .16 . 0000 . 00 .0104 99.48 99.94
420 . 0062 . 0000 .02 . 0000 .02 . 0000 .00 . 0062 99.096 99. 90
482 . 0030 . 0000 .00 . 0000 .01 . 0000 .00 .0030 99.99 99. 81
541 . 0019 . 0000 .00 . 0000 .04 . 0000 .00 .0019 99.96 99. 68
603 . 0016 . 0000 .00 . 0000 .02 . 0000 .00 . 0016 100.04 99. 67
661 . 0016 . 0000 .00 . 0000 .03 . 0000 .00 . 0016 99.90 99. 55
720 . 0017 . 0000 .00 . 0000 .01 . 0000 .00 . 0017 99.99 99. 64
780 . 0016 . 0000 .00 . 0000 .01 . 0000 .00 .0016 99.99 99. 60

inthe day to produce @ is attributed to an inorganic source. Total net O3 entrain-
nment is also totaled separately. The contribution of O3 entrziinnment to the final O3
concentration could be calculated as a fraction of the total net O3 entrainnent and

the NO2 produced from @3 entrainment.

An inaccuracy in the time dependent analysis of the accumulation and sub-
sequent reactions of inorganic N2 reservoirs such as NO3 and HO2NQ2 may al so
contribute to the inorganic source of NO2. For exanple, NO3 may accunulate early
inthe sinulation while N2 |evels are high. The NO3 photol yses later in the sinula-
tion. In atime dependent analysis, no information is saved about the NO2 sources
which contributed to production of NGB earlier in the day. Wien NOB reacts to pro-
duce N2 later in the day, the @ produced fromthis NO2 is incorrectly attributed
to inorgaoaic reactions. The N production from NG shoul d actual |y be attributed
to the other sources of the N2 which originally produced the NO3. The error this
causes is small because the O3 attributed to inorganic sources is generally less than
2% however, the conputer code could be modified in the future to performnore
sophi sticated cal cul ations
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Table 17. TI4 Qutput File Show ng Cumul ative O3 Production

and average @B yields per VCC.

"Command File is base.cnd"

"Qutput File created at 15:43
"Base Case 0.6:0.1, Std voC'

"Tabl e | h: Cum Organic Specie

"Timel

1

60
122
182
241
300
361
420
482
541
603
661
720
780

"Tinme'

60
122
182
241
300
361
420
482
541
603
661

780

" Speci e"

METH
PAR
ETH

TOL
XYL
FORM
ALD2

3
3
3.
4
1
3.
6.
1
1.
2.
2.
2.
2
2.

NMNNNNNNNNREO R e

on 10/ 05/ 90"

Contributions to 03 (ppbv)"

Hco " HETH " PAR
193E-04 3. S44E-05 1.048E-03
193E-04 3.84AE-05 1.048E-03
193E-04 3.844E-05 1.048E-03
178E-01 8.849E-02 1. 158E+00
520E+00 3. 615E-01 3.911E+00
462E+00 9. 014E-01 8. 325E+00
757E+00 1. 900E+00 1. 521E+01
169E+01 3. 503E+00 2.459E+01
791E+01 5. 688E+00 3.579E+01
169E+01 7. 154E+00 4. 346E+01
368E+01 7. 986E+00 4.878E+01
458E+01 8; 374E+00 5. 157E+01
4«6f-+01 8. 496E+00 5.257E+01
486E+01 8. 496E+00 5.257E+01
Inorganic:™ "Init NO2" "Enis NO2"
558E-04 1. 920E+00 1.610E-03
558E-04 1. 920E+00 1.610E-03
558E-04 1.920E+00 1.610E-03
380E-01 3.274E+00 1. 355E-01
. 761E+00 4. 441E+00 2.872E-01
1R6E+00 4. 996E+00 3. 944E-01
385E+00 5.174E+00 4. 492E-01
477E+00 5. 199E+00 4.626E-01
509E+00 5. 200E+00 4. 664E-01
544E+00 5. 200E+00 4.721E-01
580E+00 5.200E+00 4. 741E-01
609E+00 5. 200E+00 4. 754E-01
.626E+00 5.200E+00 4. 756E-01
. 626E+00 5. 200E+00 4. 756E-01
"Total React" "O03 Yield"
" (ppbv)” " (ppbv/ ppbv)”
36. 000 . 690
4.214 2.016
23. 602 2.228
3.331 2.524
4.513 2.026
1.844 1.915
3.354 3. 308
6. 700 . 283
5.151 1.370

"ETH
2.314E-04
2.314E-04
2.314E-04
2. 729E-01
9. 257E-01
1. 941E+00
3. 412E+00
5. 178E+00
6. 870E+00
7. 727E+00
8. 150E+00
8. 344E+00
8. 410E+00
8. 410E+00

"OLE

“Init 03"

O. OCCE+00
0. onoE+oo
O. OOCE+00
O. OOCE+QO
O. OOCE+00
O. OOCE+00
O. OOCE+QO
O. OOCE+QO
O. OOCE+QO
O. OOCE+QO
O. OOCE+QO
O. OOCE+QO
O. OCCE+00
O. OOCCE+00

“03 Prod"
" (ppbv)”

24.857
8. 496
52.572
8.410
9. 144
3.531
11. 095
1. 896
7.058
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NNNNDMNNND®OWWWWNRN

102E- 04
102E- 04
102E- 04

. 635E-01

. 814E+00
. 511E+00
. 465E+00

119E+00
163E+00
580E+00

. 868E+00
. 060E+00
. 144E+00
. 144E+00

"TOL

WWwwWWRONNR ®WER 0®o 0

"Olu 03"

641E-01

. 592E+01
. 882E+01
.- WAE+O1
. 441E+01
. 305E+01
. 081E+01
. 818E+01
. 818E+01
. 818E+01
. 818E+01
. 818E+01
. 818E+01
. 818E+01

-4

-1.
-1.
-1.
-1.
-1.
-1

-1.
-1

-1

-1.
-1.
-1.
-1.

. 396E- 05
. 396E- 05

396E- 05
171E-01
969E- 01
340E-01

. 469E+00
. 223E+00
. 926E+00
. 264E+00
. 427E+00
. 504E+00
. 531E+00
. 531E+00

"Reac 03"
610E- 04
010E+01
167E+01
180E+01
195E+01
213E+01
240E+01
292E+01
413E+01
576E+01
736E+01
843E+01
904E+01
929E+01

. 516E+00

, 102E+01
. 110E+01
. 110E+01

P RPrPRPPPRPRONBANDNPADDN

PR PPRPRPPONOD®RLN

TIM Qutput File

" XYL
. 500E- 04

500E- 04
500E- 04
717E-01

828E+00
330E+00
231E+00
026E+01
060E+01
085E+01

"Tot 03™

. 190E+00

742E+00

. 908E+01

081E+01

. 321E+01
. 698E+01
. 443E+01

471E+01

. 183E+02

319E+02
397E+02

. 434E+02
. 445E+02
. 443E+02

Prrprprrrrp®0p e

" FORM
. 091E-03
. 091E- 03

091E- 03
518E-01
348E- 01
238E+00
545E+00
740E+00
843E+00
875E+00
888E+00
894E+00

. 896E+00
. 896E+00

NNNNOODOAWR OO OO

HALD2

206E- 04
206E- 04
206E- 04
962E-01
975E+00

. 443E+00
. 927E+00
, 039E+00
. 660E+00
. 905E+00

001E+00
043E+00

. 058E+00
. 058E+00
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The last section in the TI4 file shows the total mass (ppm) of each VOC reacted,
the total O3 production attributed to each VOC, and the production of O3 per VOC
(ppm ppm) averaged over the sinulation.
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BALANCE = nanej, nane2, ... nane,;

USE: The user [ists the species names for which a mass balance is desired.
|f ORGANIC is defined, the name ORGANIC can be used instead of |isting
i ndi vi ducd hydrocarbon names. Commas are optional

DI SCUSSI ON: The BALANCE command perforns a sinple mass bal ance on
the listed speciess with the output witten to the *.BAL file. To obtain a
conpl ete mass bal aiice, the ORGANIC command nust be used to identify
hydrocarbons, and then the EVALUATE command nust be used.

CYCLES = "cyclenamei" [= R, R2, ... Ra], "cyclenangj" [= R, R, ... R];

USE: Each cycle name is enclosed in double quotes. The user can specify which
reactions to sumby placing an equal sign and brackets with reaction nunbers
after the cycle name closing quote. If reaction nunbers are not specified, IR
REVAL assumes that the first word in the cycle name is a species nane, and all
reactions in which that species occurs are sumed to produce a net reaction

Commas or bl ank spaces may be used as separators.

Dl SCUSSI ON:  The CYCLES command al | ows the user to sumthe reactants

and products for a set of reactions to determne net chemcal [oss and produc-
tion for each species. This is useful when reactions rapidly interconvert two
species. For exanple, consider the reactions

NO2 -~ 0 + NO (1)
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O L O Z =03 (2)
NO+ OB @ ------ * N2 + O2 (3)

Reactions (1) and (2) rapidly convert NO2 to @ while (3) rapidly converts @3
to NO®. This cyclic process, and other inorganic processes such as the NO3
and CH3C(=0) 02N02 cycl es, dom nate both NO2 production and NO2 consunp-
tion within the system but the net effect of these cyclic processes on the N2
concentration is small. Typically, organic oxidation reactions provide the bulk
of the net increase in N and hence are responsible for net increases in (3.
Because of the cycUng processes, organic N2 production is a small fraction of
gross N2 production and its significance is difficult to analyze unless net N2
production is calculated. By using the CYCLES option for each set of reactions
which rapidly cycles NG, the sources of net increases in N2 and O3 are easily
determned. Figure 5 shows an Exanple CVMD file. All of the major processes
in CB4 which cycle any species have been summed to formnet reactions mak-

ing it easier to determne which processes contribute to net changes in species
concentrati ons.

END.

USE: The END conmeuid is always the last command in the CMD file. It
shoul d be followed by a sem colon or period. Lines after END are ignored

EVALUATE;

USE: This should be the |ast conunand before the END command. The OR-
GANI C command nust first be used to identify hydrocarbons.

DI SCUSSI ON: | RREVAL perforns a conpl ete mass bal ance anal ysis of O3,

NOy and HOx production with output to the *.03, *.NQy, *.HX, and *. HC
output files. Time dependent output files Jire created if a time dependent IRR
file is used.

| GNORE = speciesi, species2, ... Species,;

DI SCUSSION: If the mechanismin the *.CVP file contains speciess which are
uni nportant to the user, for exanple O M 2 or N2, they can be deleted from
the mechanismwith the I GNORE command. This is useful for conplicated
mechani sns which are near the IRREVAL internal array menory limts
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IRR [= n]

USE: The IRR command nust precede the IRR file or be the first significant
line of the IRRfile. If atime dependent IRRfile is used, n nust be the number
of intervals. This lineis inserted automatically by QZIPR when it creates the
IRR file. The structure of the IRRfile is described in detail in Chapter 3

MECH = ...:

USE: Thi's conmand nust immediately precede or be at the beginning of the
* CWP file. Adetailed description of the OWP file is give in Chapter 3. The

CWP file ends with a senicol on.

NEW= R, R2, ... Rn

USE: Reaction nunbers are listed for reactions which are chain initiators, nor-
mal |y photolysis reactions which produce new CH radicals. If intermediate
organi ¢ radicals axe produced in the photolysis reaction, they should be the
| ast species replaced in the REPLACE conmand. This al | ows new CH pro-
duced fromthe organic radicals to be attributed to the photolysis reaction.

DI SCUSSI ON: - Tropospheric gas phase chemstry is driven primarily by CH
radical attack on orgzinic nolecules. The organics can react to regenerate CH
radicals creating a chain reaction. The intensity of the reacting systemand the
amount of @B produced wi |l depend both on the nunber of new ' CH radicals
formed euid the average chain length, or the number of times an CH radica

reacts before being lost inachain termnating reaction. Typical reactions in
each step of the chain are listed bel ow

o A 0(1D) + @ (INITIATION
0(1D) + H0  ------ A20H
HCHO-*C0 +2H
HO fFNO e >H  + N2
QO+™H +(® ------ ACR2 + HO ( PROPAGATI ON)
g +N - CH  + N
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OH N2 - ---- AHNCa ( TERM NATI ON)

The NEW command nust be used to identify which reactions axe sources of
new *OH radical (initiation reactions). IRREVAL will then performa detailed
mass balance on "OH and HG with the output in the *.HOX file. |RREVAL as-
sumes that OH formed in any reactions other than those |isted after the NEW
command axe formed in chain propagation reactions. It then calculates the av-
erage chain length. The nunber of new OH radicals generated and the average
chain length can be valuable in conparing and understanding differences in O3
predictions fromdifferent simulations or with different mechanisns. If a tine
dependent IRR input file is used, The ntunber of new'CH radical and chain
length are Usted as a function of tine inthe *.TIMoutput file

NOY = speciesi[*xi] species2[*X2] ¢ « ¢ species,[*ar,];

USE: Identifies speciess which contain nitrogen. An optional * symbol and
coefficient may follow the species name to define the nunber of nitrogen atons
in each species. The default value is one. The name ORNIT shoul d be added
to the *.CWP file for reactions in which nitrogen sinks were ignored in the
mechani smand ORNI T shoul d be included in the list of NOY speciess.

DI SCUSSION: IRREVAL wil| attenpt to performa conplete mass bal ance on
nitrogen containing conpounds. However, the NOY command must be used
to identify nitrogen containing conpounds. NO and NO2 are treated separately
and need not be listed with NOY, Qutput is in the *.NOX file. Organic nitrates
are typically ignored by conpressed mechanisms. Currently, the nanme ORNIT
I's coded into subroutine OUTNO2, so ORNIT nust be added to reactions which

ignored organic nitrates inthe *.CMP file in order to obtain a correct NOY
bal ance.

ORGANI C = speciesi[*a;i] species2[*X2] s ¢ species,[*X,];

DI SCUSSI ON: The ORGANI C conmand al l ows the user to define a hst of
organi ¢ nol ecules. It must be used if the EVALUATE conmmand is used to
request a conpl ete mass bal ance analysis. If ORGANIC is defined, it can be
used in the BALANCE command instead of |isting individual hydrocarbons.
An optional * symbol and coefficient may follow the species nane to define the
nunber of carbon atoms in each species.
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PATHWAY = species J, speciesj, ... Species,;

DI SCUSSI ON: | RREVAL normal |y shows the yields of key speciess for each
organi c. However, sone organics may react via several different reactions. The
PATHMY command al | ows the user to request reaction specific yields and the
fraction reacted via each pathway for organics that react via nultiple pathways.

PKSS;

USE: PKSS and QZIPR input IRR files have a sUghtly different structure
because GZIPR includes terms for emssions, deposition and entrainment. |f
a PKSS input IRRfile is used, the PKSS command nust be given before the
IRRfile is specified. The default case is an CZIPRIRR file

REPLACE = speciesi, species2, ... Species,;

USE: The REPLACE command replaces intermediate reaction products with
their final products. Up to 30 speciess can be replaced. If the NEWconmand
I's used, organic radicals produced in photolysis reactions should be the |ast
species replaced. This allows new ' CH produced by the organic radical to be
attributed to the photolysis reaction which produced the organic radical

DI SCUSSI ON: Hydrocarbon oxi dation reax:tions produce internediates which

may undergo further reactions before ultimtely producing HJ, NC2 and unre-
active final products. It is often desirable to know the amount of NO2 produced
fromthe initial reactants rather than fromthe intermediates. The REPLACE

command el i mnates intermediates by replacing themwith their final products

The REPLACE command only operates on the fraction of species i whichis
produced chemcally. If i is present initially but i's not produced, the REPLACE
command has no effect. If : is both present initially and produced chemcally
| will be replaced wherever it is produced, and the integrated reaction rate for
reactions in which t is consumed will be reduced by the fraction of I whichis
chemcally produced. If the only source of : is chemcal production, reactions
consumng : axe elimnated. Mass is conserved because speciess reacting with
| are carried over as negative products in the reactions which produced |

The al gorithmused to inplenent the REPLACE command is described in
more detail in Chapter 4.
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SUPPRESS;

DI SCUSSI ON: Nornal |y, I RREVAL creates an *.BAL file which has detailed
information about array manipul ations and mass bal ance cal cul ations. The
* BAL file can be larger than one Myte for tine dependent IRR input files.
The SUPPRESS option prevents | RREVAL fromwiting to the *.BAL file.

SHOW = speci es;

DI SCUSSI ON:  The SHOW conmand wi || generate detailed information on the
production of one species (in addition to the detailed information created for
@, noy, and HX). The SHOW speciesname is typically HCHO, CO, or HQ2.
Qutput is in the * HC and *.TI3 output files.

VRI TE;

DI SCUSSI ON: The WRI TE conmand causes the current form of nechani sm
array and integrated reaction rates to be printed to the *.BAL file. The output
has a special character and a nunber before each reaction: an "o0" or an "i"
signifies either an organic or an inorganic reaction. Organic reactions are those
containing any species listed in the ORGANI C command. The nunber indi-
cates the ntinber of carbons among the organic reactants. This is inportant
because | RREVAL uses it to avoid double counting NO2 production in reactions
where two organics react. The WRI TE conmand can be used at any time and
may be used several tines to see how the mechanismand integrated reaction
rate arrays change after the use of other commands
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Exanpl e | RREVAL Anal ysi s

| nt roducti on

This chapter illustrates a typical anzdysis which can be performed using | RREVAL

| used QZIPR and the Enpirical Kinetic MdeUng Approach (EKMA) to test the
sensitivity of predicted O3 majcimns and predicted VOC control requirenents to
the initiel and aloft CO concentrations, | used a base case sinulation which was sim
Ilar to a simlation used by Chamedies (1988) in his study of biogenic hydrocarhbons.
In this chapter | will:

1) Describe the EKMA method and the GZIPR input files used,

2) Show the inpact of doubling CO concentrations on the predicted 3 majcinum
and VOC control requirement,

3) Use IRREVAL to conpare O3 production in the base case sinulation to the
doubl ed CO (2xC0) trajectory sinulation, and

4) Use IRREVAL to conpare the hase case control scenario sinulation to the 2x(0
control scenario sinulation.

EKVMA Met hod

QZI PR includes an EKMA option which can be used to predict VOC control re-
quirements. The user nust specify the observed one-hour average maxinmum (3
concentration (the design value) and the measured initial VOCto NOx ratio for a
typical @3 episode. OZIPR then perforns a series of simulations, adjusting the ini-
tial VOC and NOx concentrations at the specified ratio until it nmatches the design
val ue. After matching the design value, GZIPR performs several more simulations
| owering the VOC concentration until it matches the O3 standard of 120 pphV. This
method is enpirical because it arbitrarily changes the measured initial concentra-
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tions to match the design value. Normally, the change made in the measured initial
concentrations nust be within the uncerteiinty range of the measured val ues.

The initial concentrations used are the average concentrations neasured in the
city center from6 to 9 AM These represent both the initial concentration and
early norning enssions of VOC and NOx- The emissions through the rest of the day
axe input as a multiple of the 6 to 9 AMconcentrations. Thus, the VOC and N
em ssions |evel s can be changed sinply by changing the 6 to 9 AM concentrations.

| used the QZIPR input file shown in Table 1 as a base case scenario. | used
an initial VOCto NOx ratio of 6:1 and an O3 design value of 147 ppb. In the base
case | used a CO surface concentration of 1.2 ppmand a CO aloft concentration of
0.5 ppm The siuface concentration of 1.2 ppmwas reconmended for Atlanta by the
EPA. This value was chosen based on CO neasurements in Atlanta on high 3 days.
The nmean concentration of the neastirements was 1.2 ppmwth a one standard
deviation uncertainty of 0.85 ppm (Baugues, 1988). The CO al oft concentration
of 0.5 ppmis the default val ue.

| used QZIPRto performa single trajectory sinulation using initial concentra-
tions of 600 ppbC VOC and 100 ppb NOx- CZI PR predicted a maxi mum one- hour
average @3 concentration of 144.7 ppb. | used the same sinulation conditions with
the EKMA option to predict the control requirement. OZIPR used initial VOC and
NOx concentrations of 627 ppbC and 104 ppbv to match the O3 design val ue of
147 ppbv. It then reduced the VOC concentration by 23.2%to neet the O3 standard
of 120 ppb. These results are summarized in the first three colums of Table 18.

Table 18. Summay of QZIPR Sinmul ations.

Base Case Doubl ed CO
Si mul ati on NOX VO @8 NOX VOC ®
(ppbv) (ppbQ) (ppbv) (ppbv) (ppbC) (ppbv)
Traj ectory 100 600 144.7 100 600 159.1
Desi gn Day 104 627 147.0 80 477 147.0
Control Denp 104 481 120.0 80 274 120.0
Control Requirenent 23. 2% 42.5%

| then modified the QZIPR input file by doubling the surface and aloft CO
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concentrations to 2.4 ppmand 1.0 ppm respectively. | repeated the single trajectory
sinulation and the EKMA sinulations for the doubled CO (2xQ0 ) case. The results
are simmaxized in the [ast three colums of Table 18. In the single trajectory
sinulation, doubling COincreased the O3 maximumfrom144.7 to 159.1 ppm To
match the design day O3 value, QZIPR had to use initial VOC and NOx concentrations
about 25% | ower in the 2xQ0 case than in the base case. As a result, the EKMA
control calculation uses ower initial VOC and NOx concentrations for the 2xC0 control

case than for base control case. The predicted VOC requirement increased from
23.2% for the base case to 42.5%for the 2xC0 case.

Single Trajectory O3 Production

W woul d [ike to luiderstand why a relatively small increase in the G3 maximm
led to relatively large increase in the VOC control requirenent. | will begin by
conparing the concentration profiles for the base case and 2xC0 case single trajectory
sinulations. Figure 4 conpares the 03, N2 and NO profiles for the two simulations.
The top plot in Figure 4 shows that 3 increased more rapidly and reached a higher
value in the 2xQ0 case. It is difficult to see the change in the NO and NC2 profiles.

The second plot shows the percent change in the 2xCD concentration profiles relative
to the base case. This is calculated as:

Percent Change = 100MAn" et Ao

C 6o»e

This is a more effective way to show the change in concentration when the change is
small. Figure 5 shows the percent change in radical and VOC concentration profiles.

Sone qualitative observations can be made fromthe conparison profiles in
Figure 4 and Figure 5. The 2xC0 profiles of NO2 increased and NO decreased slightly
inthe first 200 mnutes of the simlation. This suggests increased conversion of
NO to NO2 by organic radicals. The 'OH concentration was slightly [ower for the
first 200 mnutes in the 2xC0 case due to the increased CO radical sink, but the CH
concentration was arger in the 2xC0 case from200 to 400 mnutes. VOCs react nore
rapidly in the 2xC0 case even though there is greater conpetition with CO. CH
is ainportant NOx sink and by 400 mnutes, the NOx concentration has decreased
significantly. This causes a rapid increase in HJ and H2Q concentrations and a
decrease in OH After 450 mnutes, the 2xC0 systemis NOx depleted and becones
less reactive. The final VOC concentrations are higher in the 2xQ0 case.

Conparing the profiles gives a qualitative feeling for the changes caused by in-
creasing CO W can get a nore quzntitative inmderstanding by using the integrated

rates.
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Figure 4. Conparison of O3 and NOx profiles for base case and 2xC0 simul ations.
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Tabl e 19a shows production and loss of (8 in units of ppmfor each interval
of the base case sinulation. Table 20a shows the same information for the 2xQ0

simlation. Conparing the last row of each table, we see that chemcal production
of @3 increased from129.8 pph to 147.3 pph. Net entrainment of O3 decreased from
28.2 ppb to 25.6 ppb, and chemcal loss of (8 increased from19.3 to 20.3 ppb.

W would like to knowin more detail which VOCs caused the chem cal produc-
tion of (8. Figure 6 and Figure 7 were prepared fromthe T4 output file. Figure 6
IS a pie-chart showing the percentage of (3 production attributed to each source.
Production of @8 by COincreased from15 2%of the total in the base case to 26.2%
of the total inthe 2xC0 case. Figtire 7 is a bar graph conparing the mass of each
VCC reacted, the @3 yield per VOC reacted, and the total (8 production from each
VOC for the two cases. It shows that, except for PAR the mass of each VOC reacted
is virtually unchanged when COis increased. This suggests that increased CH prop-
agation fromthe extra CO conpensates for increased conpetition with COfor CH
radicals. Inaddition, the O3 yields per VOC are nearly the same so @3 production
fromeach VOC is approximately the same in the two sinulations. Slightly [ess CHi
and PAR reacted which indicates that there was increjised conpetition for "CH late in
the day when CH concentrations were |ower. Mst of the change in O3 production,
22 pph, is attributed to the increase from36 to 67 ppb of CO reacted.

% know that more @3 was produced because nore CO reacted. Now we woul d
like to understajid why more COreacted. Table 21 shows the time dependent OH
tables fromthe TIMoutput file for the two similations. Conparing the second
colum, we see that nearly identical amunts of new'CH radicals were produced
in both sinulations for the first four intervals. The fifth colum, however, shows
that the CHchain length was about 15%greater during the first four intervals in
the 2xQ0 case. Looking at the last two colums, we see that a larger percentage
of OHreacted with organics (where COis included with organics) in the 2xQ0 case.
The greater OH chain length occurs in the 2xC0 case hecause more OH reacts with
CO, which has a high propagation factor, and less CHreacts in chain termnation
reactions with NOx- Figure 8 show the production of new OH the 'CH chain length
and the percentage of CH consumed with organics and CO.

After the foiurth interval, the (3 concentration is higher in the 2xC0 case and (8
photolysi s begins to contribute more new ' CH as well. The increase in (8 production
fromthe longer chain length is accelerated by the production of nore new CH
radicals fromthe increased 3. Talcing the product of the total new CH and the
average chain length in the last rows of each table, we see that a total of 158 ppb
of OH were produced in the 2xC0 case conpared to only 130 ppb in the base case.
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Figure 5. Comparison of radical and HC profiles for base case and 2xC0 sinul ations.
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Sinte Trajectory (8 Production

Table 19a. Time dependent O3 Mass Bal ance for Base Case

"Time""lnit 03""Init NO2""Einis NO2""Entrain""Chein Prod"

60
122
182
241
300
361
420
482
541
603
661
720
780

“TOT

“Ti me"

60
122
182
241
300
361
420
482
541
603
661
720
780

Ave

. 00000 . 00192
. 00219 . 00000
. 00774 . 00000
. 01908 . 00135
. 03081 . 00117
. 04321 . 00056
. 05699 . 00018
. 07446 . 00002
. 09478 . 00000
. 11846 . 00000
. 13208 . 00000
. 13992 . 00000
. 14366 . 00000
. 14475 . 00000
. 00000 . 00520

. 00000
. 00000
. 00000
. 00013
. 00015
. 00011
. 00005
. 00001
. 00000
. 00001
. 00000
. 00000
. 00000
. 00000

. 00048

SSSSSSSa ZSSSS SSSSS SSSS SSSSSSS

. 00026
. 01565
. 01290
. 00500
. 00059
. 00136
. 00224
. 00263
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

. 02818

. 00000
. 00000
. 00000
. 00537
. 01064
. 01466
. 01974
. 02341
. 02487
. 01522
. 00941
. 00479
. 00169
. 00000

. 12981

" Cham Loss"

. 00000
. 01010
. 00157
. 00013
. 00015
. 00018
. 00028
. 00051
. 00121
. 00164
. 00160
. 00107
. 00061
. 00025

. 01929

Tabl e 19h. Time dependent yields for the Base Case

BS3SSS3SS3 sssS $SSSS S333SSSSZ sssSS XS3SSSSSX3S3SSn«C sssSs SZS8SSSSS3SSSS=S' SSSS3E=SS ssss
"do3"

H n

I dver”

. 00005
. 00518
. 00753
. 00733
. 00785
. 00845
. 00977
.01114
. 01258
. 00870
. 00565
. 00275
. 00101
. 00023

. 08822

d03o - -
do3n --

do3p "

"dHO2"  »dNO2" " dNO2"
"dvCr"  "dHO2''  "dVCrt

. 7135 . 9893 . 4345

. 8027 . 9994 . 5642

. 9411 . 9992 . 6648
1.0989 . 9990 . 7451
1. 2452 . 9987 . 8147
1.3752 . 9982 . 8653
1. 4645 . 9963 . 8713
1, 4857 . 9871 . 8143
1.4721 . 9150 . 7519
1. 4936 . 7468 . 7999
1.5371 . 6332 . 9055
1.5868 .5910 1.0567
1.6359 . 4992  1.2454
1.5156 . 2155 . 9580
1.3393 . 9062 . 8005
organic produced
ol der chem NO2 produced
total chem cal produced

"dmvo2t "

"dvCr"

0

PNRERRENNNNNE R R

. 1404
3664
6052
8430
0583
2380
3304
2808
0988
9153
8788
9945
0621
. 2846

. 0123

03

3

dNo2"

. 0768
. 0000
. 0000
L1711
. 3129
. 4147
. 5338
. 6526
. 7622
L7711
. 7500
. 6733
. 4528

. 0003

. 5043
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PR R R R R

»d03"

" dver "

. 0876
. 0000
. 0000
. 3153
. 6441
. 9280
. 2439
4884
5997
. 4768
. 4092
. 3429
. 9337
. 0004

. 0147

" d030"
vt

. 000005
. 000000
. 000000
. 002312
. 005056
. 007842
. 012148
. 016587
. 020118
. 012852
. 007957
. 003698
. 000945
. 000000

. 089521

"Final "

. 00219
. 00774
. 01908
. 03081
. 04321
. 05699
. 07446
. 09478
. 11846
. 13208
. 13992
. 14366
. 14475
. 14450

. 14450

" doNO2"
"dvCr "

. 0000
. 0117
8121
4338
2691
. 9368
. 4465
. 9319
. 4939
. 3483
. 3355
. 5741
1. 5996
7.6218

PRNN e

1. 2049

"do3n”
vt

. 000000
. 000000
. 000000
. 003054
. 005574
. 006787
. 007540
. 006777
. 004734
. 002337
. 001421
. 001064
. 000733
. 000000

. 040021

"do3p"
vt

. 000005
. 000000
. 000000
. 005366
. 010630
. 014629
. 019688
. 023364
. 024852
. 015190
. 009378
. 004763
. 001678
. 000001

. 129542
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61
121
181
241
302

420
483
540
602
661
721
780

"TOor"

==SSSSS3SSSSSSSSS3SSSSXSSSSSSSSSSSaSSSS=5SSSSSSS33S3SSSSSSSSaSSSSSSSSSSSSSSS=

"d030» "doN02"

1

61
121
181
241
302
362
420
483
540
602
661
721
780

Ave

Exanmpl e | RREVAL Anal ysi s

Tabl e 20a. Tine dependent 3 Mass Bal ance for 2xC0 Case

. 00000
. 00219
. 00792
. 01936
. 03196
. 04572
. 06241
. 08346
. 10798
. 13347
. 14642
. 15431
. 15813
. 15912

. 0000

. 00192
. 00000
. 00000
. 00151

. 00123
. 00055
. 00014
. 00001
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

0 . 00536

. 00000
. 00000
. 00000
. 00015
. 00016
. 00011
. 00005
, 00001
. 00000
. 00001
. 00000
. 00000
. 00000
. 00000

. 00050

sasss ssasx xxss a

"Tinie""Init 03'"'Init NO2""Eniis M)2""Entrain""Chem Prod"

. 00026
. 01573
. 01245
. 00485
. 00021
. 00192
. 00278
. 00321
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

. 02560

. 00001
. 00000
. 00000
. 00622
. 01233
. 01814
, 02397
. 02842
. 02715
. 01480
, 00967
. 00503
. 00169

00009

. 14734

"Chem Loss" "Final"

. 00000
. 01000
. 00101
. 00014
. 00016
. 00021
. 00034
. 00073
. 00169
. 00189
. 00181
. 00123
. 00070
. 00037

. 02027

Tabl e 20b. Time dependent yields for the 2xC0 case.

" "dHO2" "dMD2" "dNO2" »dNO2t"
"Time" "dVCp" "dVCr" »dHO2" "dVCr" "dvCr"
.00006  .7342 . 9893 .4027 1.1290
, 00574 , 8211 .9994  .5115 1.3321
, 00826 , 9453 .9992  .5805 1.5250
,00873 1.0775 . 9989 .6189 1.6952
,00990 1.1879  .9986 .6376  1.8237
.01189 11,2734 ,9977  ,6333 1.9038
,01421 1, 3152 , 9945 ,5909 1, 8989
,01700 11,3094  .9731 .5169 1.7910
.01797 1.3039 .8660 .4864 1.6156
.01118 1, 3251 , 7139  ,5355 1.4816
.00759 1, 3504 , 6343 ,6013  1.4579
.00382 11,3828 .5990  .7032 1.5315
.00137 1.4174 5047 .8452 1, 5606
.00028 1.3190 2100 .6443 . 9213
.11800 1.2365 . 8966 .5720 1.6792
dO030 «- organic produced 03
d03n -- ol der chem NO2 produced 03
dO3p -- total chemical produced 03

67

"d03» "dO03»
"dN0o2" "dvCr"
,0768  .0867
. 0000 . 0000
,0000 0000
, 1881 , 3189
.3382  .6168
, 4586 . 8731
,5798 1, 1009
,6984 1.2508
.7774 1.2559
,7537 11,1166
, 7277 1, 0609
,6464  , 9899
.4108 6411

-.0395 -.0364
.5246  .8808

T

. 000005
. 000000
. 000000
. 002786
. 006109
. 010383
. 015639
. 021268
. 022569
. 012485
. 008048
. 003777
. 000879
. 000010

. 103937

, 00219
. 00792
, 01936
. 03196
. 04572
. 06241
. 08346
. 10798
. 13347
. 14642
. 15431
. 15813
. 15912
. 15876

. 1587

6

"dvCr "

, 0000
. 0112

PR e

6962
0869
8534

, 4177
, 0062

, 6012
, 3265
. 2714
. 2878
, 4998

. 4199

7.3134

. 9239

SS=SSSSS==

udosnn
"dt "

, 000000
, 000000
. 000000
. 003429
. 006209
. 007732
. 008287
. 007139
. 004562
. 002287
. 001589
. 001233
. 000800

-. 000081

. 043184

ud03pu
"dt"

. 000005
. 000000
. 000000
. 006215
. 012318
. 018115
. 023926
. 028408
. 027130
. 014772
. 009637
. 005010
. 001678
. 000091

. 147122
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Base Trajectory, Total 03 - 164 ppb

Entrain 03(17jni) 0 (1832%

Enit NO2 (0;3X)
Init No2 (3.2¢)

METH  (5.2%

I nor03(1. 6%
ALOZ (4;3%

FORM (1.2%

XYL (83%

PAR (32.1%
OLE (S. 6%

ETH (s.1%

Doubl ed CO Trajectory, Total OS - 179 ppb

Entrain 03(14U)%

0] 26. 29
Emit NO2 (0J% (26.2%

InR NO2 (3.0%
I nor03(1. 4%

A (4.0%

FORM (1.1%

XYL (e %
NETH (4. 4%

T (1.9%

OLE (5. 2%

ETH (4.6%

PAR (27.3%

Figure 6. Pie chart of (8 sources for base case and 2xCD simulations.
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The increase in B production in the 2xC0 sinulation can be explained by:

« the increase in the fraction of OH consuned by CO and the decrease in CH
consuned in reactions with NO2;

+ the subsequent increase in 'OH chain length, total "OH production and mass of
HC ei nd CO consuned:;

+ asmll increase in the yield of O3 per N2 resulting fromthe decrease in the
reaction of 'OHwith NO2, and

« the production of nore new CH as the O3 concentration increases.

Finally, it should be noted that Figure 5 showed a smal| decrease in the CH

concentration in the first 200 mnutes of the 2xC0 case but there is actually an
increase in the mass of OH reacted.

69


NEATPAGEINFO:id=EBA67792-B186-4F6B-9D99-7BF4BE9827CF


Exanpl e | RREVAL Anal ysis Single Trajectory (3 Production
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Figure 7. Bar graph conparing VOC reacted, O3 yields and G production for each source for

the base case and 2xCCsi mul ati ons.
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Table 21. Tinme Dependent

"Base Case 0.6:0.1, Std VvOC'

Exanpl e | RREVAL Anal ysis

OH summary for base case and 2xC0 case.

» " "dnOH' "X nOH' »X nOH' "OH! "Total " "dOoH" "OH Ternination"
"Ti me" "ppb" "organ" "inorg" "Ch.L." "OH' »dHO2» "Xorg" "Xinorg'
1 .01 99.7 .3 2.59 .04 .9942  69.1 30. 8
60 1.34 98.5 .5 3.17 4.25 .9997 76.2 23.8
122 2.33 92.9 1 3.02 7.03 .9995 75.0 25.0
182 3.12 82.0 18.0 2.77 8. 63 .9994 71.9 28.1
241 4.09 70.4 29.6 2.73 11.17  .9992 71.5 28.5
300 4.95 60.3 39.7 2.79 13.81 .9986 72.4 27.6
361 5.68 51.6 48.4 2.97 16. 84 .9969 74.7 25.3
420 6.05 44.3 55.7 3.31 20. 03 .9878 79.7 20.3
482 5.74 37.5 62.5 3.53 20.26  .9330 86.3 13.7
541 4.33  30.9 69.1 3.16 13.67 . 8141 91.2 8.8
603 2.62 30.8 69.2 3.08 8.07 .7543  93.0 7.0
661 1.12 39.6  60.4 3.65 4.09 .7718  93.3 6.7
720 .28 57.8 42.2 4.97 1.41 .7994  93.1 6.9
rae .05 82.9 17.1 5.61 .26 .8237 93.0 7.1
Ave 41.78 53.8 46.2 3.12 130. 48 . 9367 80. 4 19.6
—SSS=S==SAaSS!: SSXSSSSASSSSSSSSS3sXsSsss3ss3sssssssss3sassasz3sSs—aassSSSSSSSSSS
Note: PPN new CH is normalized to 60 min intervals."Double CO Surf and Alof, 0.6:0.1, Std VOC'

" Doubl ed CO Case"

" " "dnOH' "X nOH" "X nOH' "OH! "Total " " doH"
"Ti ne" "ppb" "organ" "inorg" "Ch.L." "OH' "dHO2"
1 .01 99.7 .3 2.87 .04 . 9941
61 1.33 98. 4 .6 3.57 4.74 . 9997
121 2.32 92.8 .2 3.43 7.98 . 9995
181 3.14 81.6 18. 4 3.19 9. 99 . 9994
241 4.08 69. 3 30.7 3.19 13.03 . 9990
302 5.12 58.4 41.6 3.33 17. 04 . 9983
362 6. 00 49. 0 51.0 3.61 21.69 . 9953
420 6. 46 41.0 59.0 4. 07 26. 30 . 9779
483 6. 05 32,5 67.5 3.97 24. 06 . 8993
540 4.58 26.8 73.2 3.42 15. 64 . 7959
602 2.78 27.9 72.1 3.41 9.48 . 7647
661 1.20 36.4 63.6 4. 09 4. 89 . 7878
721 .29 54.6 45. 4 5.58 1.64 . 8169
780 .05 82.0 18.0 5.93 .28 . 8393
Ave 43.43 50.8 49.2 3.63 157.76 . 9316
Note: PPMnew OH is normalized to 60 mn intervals.
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"OH Term nation"
"Xog" "Xinorg"
72.2 27.8
78.9 21.1
78.0 22.0
75.7 24.3
75.7 24.3
77.0 23.0
79.8 20. 2
84.8 15. 2
90.1 9.9
93.3 6.7
94. 4 5.6
94. 6 5.4
94. 4 5.6
94.3 5.7
84.1 15.9


NEATPAGEINFO:id=3C6A9DAE-40A8-4822-9432-56D69781953A


Exanpl e | RREVAL Analysis Single Trajectory G8 Production
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Figure 81 l\{emé %Sproduction, the CH chain length and percent OH consumed by organics for

e case.
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Base Case
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Figure 9. Design value simulation O3 and NOx profiles.

Design Val ue Sinul ations

As described above, the enpirical aspect of EKMA is the iterative search for initia

VOC and NOx concentrations, at the specified ratio, that produce the observed (8
maxi num In this exanple, nore O3 production occurs when COis increased, so
EKMA nust use |ower initial VOC and NOx concentrations in the high CO simulation

Wile COis not a VOC, it is chemcally simlar to VOCs. Increasing CO has the
sanme effect as increasing the VOCto NOx ratio. This is evident fromthe design
val ue sinulations in Table 18. The 2xC0 sinulation begins with an initial N
concentration of only 80 ppb conpared to 104 ppb in the base case. As a result,
NOx controls will be relatively nore attractive in the 2xC0 sinulation.

Figure 9 shows plots of the @, NOx, NO and HN®3 profiles for the base case and
2xC0 design value simulations. The B concentration increases nore rapidly in the
2xQ0 case, but it also becomes NOx depleted earlier in the day. As a result, both
sinulations match the O3 design value of 147 ppb
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Control Case Simulations

Control Case Sinul ati ons

Table 18 showed that the control requirenment increased from23.2%for the base
case to 42.5%in the 2xQ0 case. To vnderstand why such a large increase occurred,

wll first conpaxe the origineJ hase case trajectory similation to the controlled hase
case sinmulation and then conpaxe the original 2xC0 sinulation to the controlled

2xC0 sinul ation.

Figure 10 presents pie charts for the original base case sinmulation and the
controlled base case sinulation. In the original base case sinulation, total C3 pro-
duction was 164 pph. 19 pph of O3 reacted to give the final concentration of 144.7
pph. In the controlled simulation, total (3 production was 138 pph Reactions of @8
consumed 18 ppb to give the fined concentration of 120 ppb. In these pie charts,
"Inorganic (" includes net entrainment of 3 and O3 produced frominitial NO2 and
em ssions of NC2.

The contribution of inorganic soturces increased from36.5 pph in the origina
base case to 44.0 ppb in the controlled base case. This is due to increased net en-
trainment of @3 in the controlled base case. The (3 concentration rises nore slowy
inthe controlled case, so more B is entrained. The B in the air aloft creates a
buffering effect on the O3 modeled concentration. If the (3 concentration increases
slowly, aloft air contributes more (3 by entrainment. If the O3 concentration in-
creases rapidly, less B is entrained and more @3 is lost by dilution

In the control sinulation for the base case scenario, initial VOC and em ssions
of VOC were reduced by 23.3% The contribution of @3 fromVQCs fell from93.7 to
66.8 ppb, or 29% The initial COand CH4 concentrations were unchanged, yet (8
production from CO and CH4 fell by about 20% Figure 11 conpares the amount of
each VOC reacted for the two sinulations, the average of (8 per each VOC reacted
and the contribution of O fromeach VOC. The mddle bar graph in Figure 11
shows that the @3 yields for each VOC, CO and CH4 decreased slightly. The top bar
graph shows that the change in O3 production fromeach source is largely due to
the decrease in the mass of the species refu:ted

W woul d expect |ess VOC to react because the VOC | evel s have been reduced

by 23% Ve would like to understand why Iess CO and | ess CH4 reacted, and why
the @3 yields were |ower in the control sinulation.

Tabl e 22 shows the time dependent CH tables fromthe TIMoutput files for
the original hase case and controlled base case sinulations. Looking at the second
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Control Case Sinulations

Oifiiiial Base Sinulatioii 03 Ploductioa
Total 03 Producl Son - 164 ppb

METH S. 2%

Control |l ed Base Sinulation 03 | Yoduction

Total 03 Production - 138 ppb

METH 4. 6%

I noraani c 31. 9%

VOC 48. 4K

Figure 10. Pie chart conparing @3 production in base case original and control sinulations.
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Doubl ed CO Si nul ati ons

aixd third colums of hoth tables, we see that there is a significant reduction in
organi ¢ production of new'CH radical s throughout the simulation in the controlled
case. Thisis due in part to the reduction in the initial aldehyde concentrations in
the control led case. Conpaxing the fifth colum shows that the OH chain length
was also lower in the controlled case for the first 480 mnutes of the two sinulation.
The last two coltims show that the OH chain length is lower in the control case
because a larger fraction of OH radicals are consumed in chain-termnating inorganic
reactions. The conbination of fewer new CH radicals fromthe reduction in al dehyde
photolysis (due to the lower initial VOC concentration) and the |ower OH chain length
creates a more slowy reacting mxture. The O3 concentration rises more slowy, and
thus fewer new OH radicals are produced by 8 photolysis. As a result, a total of
onl'y 104 ppb of OHis produced in the control case conpared to 130 ppb in the
ori ginal base case sinulation. The last row of the two tables shows that only 75.3%
or 78.3 pph of the CH reacted with COand orgemcs in the control case conpared
to 80.4%or 105 ppb in the base case.

Thi's al'so explains the decrease in the (B8 yield per VOC reacted in the control
case. Alarger fraction of NO2 is consuned in the chain termnating reaction with
OHin the control case, so the yield of O3 per N2 is also reduced.

Doubl ed CO Si mul ati ons

Figure 12 shows pie charts for the 2xC0 simulation and the control 2xC0 simulations.
Inthe control sceneirio, COcontributes 31.5%or 43.3 ppb of the total O3 production.
This can be conpared to the base case control scenario in Figure 6, where CO
contributed only 14.8%or 20.4 pbb of total O production. In the 2xQ0 case, there
I's greater (B production fromuncontrollable sources, so the VOC emssions must he
more severely controlled to meet the standard. In the base case simulation, VOCs
coul d produce 66.8 pph of (B and still meet the stjindaxd. In the 2xCO sinulation,
VOCs can produce only 44.0 ppb of 3.

In the 2xC0 sinulation, O3 production fromVOCs nust be reduced from90 pph
to 44 pbh. The precise level of VOC control required will depend on the amount
of VOC which reacts and the yield of 3 per VOC. The VOC reacted will depend on
the amoint of new ' OH produced and the 'OH chain length. Figure 13 conpares
the mass in pbh of each VOC reacted, the O3 yields, and total O3 production for the
2xC0 sinulations. The @8 yields axe nearly the szime for hoth cases, but the mass of
VOCs reacted has decreased by more than 50% This is due in paxt to the 49% VOC
reduction and to the reduction in production of CHradicals. Table 23 shows that
production of new "CH radicals has fallen from43.4 ppb to only 26.7 pbb. CO has
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Doubl ed CO Si nul ati ons

AH Otginai Bas« Trajectory
I'* "1 Controlled Baie Tralectory

co METH  PAH ETH QE TOL XYL  FORM ALD2

Original Base Trajactory

ly.y.-.t Controlled Base Trajectory

co METH  PAH ETH QE TQL XYL FORM ALD2

Oiginal Base Trajeclory

i i Controlled Base Trajectory

co METH  PAR ETH QaE Ta XYL FORM ALD2 Initial Ent ral nment
NO,

Figure 11. Bar graph comparing VOC reacted and @B yields in base case original

si mul ati ons.
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Tahle 22

Doubl ed CO Si nul ati ons

CH summary for the original base case and controlled base

case sinulations.

"Base Case 0.6:0.1, Controlled VOC»

SSSS SAessSS SSSSS SSSSSSSsSsS SS3SSSSSSZZZS3SSS

" "o dnoH
" Ti nme" " pph"
1 .01
60 1. 06
121 1.77
181 2.45
240 3.11
302 3.84
361 4.37
420 4. 66
486 4. 40
545 3. 66
601 2.38
660 1.12
721 .28
780 .04
Ave 33.30

"X nOH" "X nOH
"organ" "inorg"
99. 6 .4
98. 2 1.8
92.1 7.9
80.5 19.5
68.7 31.3
59.2 40.8
51.6 48. 4
45.7 54.3
41. 6 58. 4
39.9 60. 1
41.3 58.7
47.8 52.2
62.8 37.2
81.7 18.3
55.7 44.3 3.11

"OH'  "Total "
"Ch.L. H HHI
2.35 .03
2.90 3.08
2.85 5. 06
2.64 6. 47
2.60 8.09
2.63 10.11
2.73 11. 95
2.94 13. 69
3.28 14. 41
3. 68 13. 49
4. 06 9. 66
4. 60 5.13
5. 60 1.56
4.78 .21
103. 64

" doH!
"dHO2" '

. 9939
. 9997
. 9996
. 9995
. 9994
. 9992
. 9987
. 9974
. 9931
. 9791
. 9533
. 9319
. 9152
. 8790

. 9858

"OH Term nation"
"Xoa"

64

72.
72.
69.
68.
68.
70.
72.
76.
81.
85.
87.
87.
87.

75.3

N NWNO 0 N0 AR RO

"Xi norg"

35.
27.
27.
30.
31.
31.
30.
27.
23.
18.
14.
12.
12.
12.

WW~N0OANWONOOO OGO

24.7

S3S3S ssss SSSSS3S3SSSSSSSS3SS ssss SSSSSXSSSSSS3t S3SSS»aEas SXSSSSSSXS=3SSSS
Note: PPMnew OH is normalized to 60 ntn intervals

"Doubl ed CO Control Case"

u " "dnOH' "X nOH' "X nOH! “OH' "Total" "dOH"
"Time"  “ppb" "organ" "inorg" "Ch.L.:l HOHH " dHO2"
1 .01 99.5 .5 2.64 .02 . 9937
61 .67 97.0 3.0 3.34 2.24 . 9997
120 1.15 87.2 12.8 3.36 3.88 . 9996
182 1.66 71.4 28.6 3.25 5.39 . 9994
241 2.30 58.4 41.6 3.34 7.68 . 9993
301 2.97 49.5 50.5 3.50 10. 40 . 9990
361 3.59 42.4 57.6 3.76 13. 50 . 9981
420 3.92 36.8 63.2 4,21 16.51 . 9950
483 3.89 32.5 67.5 4. 80 18. 70 . 9826
542 3.26 29.5 70.5 5.09 16. 58 . 9477
604 2.03 29.6 70.4 5. 09 10. 33 . 9071
661 .87 36.0 64.0 5. 64 4.92 . 8961
720 .21 51.1 48.9 6. 90 1.43 . 8954
780 .03 74.3 25.7 6. 28 .18 . 8743
Ave 26.65 44.7 55.3 4.24 112.91 . 9718

3S: s
Note: PPMnew OH is nornalized to 60 nmin intervals
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67.
75.
75.
74.
74
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92.
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PP OOCOD®MO®O®”®nwmom o wekr w

" Xinorg"

32.
24.
24

26.
25.
24.
22.
19.
15.
11.

O ©W OO ~MANDMDIMNLIAMO N © N

®~N®o

17.7

sSss sss—sss


NEATPAGEINFO:id=70A7D483-455F-4BEF-BA2C-D8FDAC01FDF0


Doubl ed CO Si nul ati ona

Doubl ed CO Tndectoty Simulatioa 03 Pkoduction

Total 03 Production ¢ 179 ppb

METH (4. 4%
7.9 ppb

Doubl ed CO CoDtzol Simulfliioa OS Rnoduction

Total 03 Production > 138 ppb

co (31.5%
Ino‘:gla? 'L;p(b31. 4% 43~ ppb
VOC (32. 0% METH (5.2%
44.0 ppb 7.1 ppb
Figure 12, Pie chart conparing 8 production in 2xCO simulation and control 2xCO simulation.
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VOC Control Requirenent Prediction

a high propagation factor, so the high CO concentration causes a large CH chain
length. The chain length was 3.63 in the 2xC0 case but increased to 4.24 in the

controlled CO case. The total "CH production in the 2xC case is 158 ppb conpared
to 113 ppb in the 2xCO control case.

Even though new ' CH radical production fromthe photolysis of al dehydes was
significantly reduced in the controlled CO case, the efficient propagation of CHrad-
icals by COstill produced a large number of radicals.

VOC Control Requirenment Prediction

In the discussion above, we gained sone insight into how the 3 production occurred
in each sinulation. Doubling the CO concentration increased 'OH propagation and
increased the mass of COreacted. In the 2xC0 design sinulation, CO produced more
3 so lower initial VOC and NOx concentrations were used to reproduce the design
value. This information shoul d i nprove our understanding of why the predicted
VQC control requirement nearly doubled in the 2xC0 case and help us to judge if
these resTilts seem physical ly plausible.

Figure 14 shows the production of (3 attributed to VOC sources and non-VOC
sources for each of the design value and control case simulations. Non-VQOC sources
include @3 production by CO and CH4. The base case VOC control requirenent was
23.2% Figure 14 shows that for the base case sinulations, the production of (3
by VOCs was reduced from96.7 ppb in the design case to 66.8 ppb in the control
case, or hy 31% Using the TI4 output files, | sumed the mass of VOC reacted
(after converting to units of ppbC) and found that the mass of VOC reacted fell
from88.3 ppbC in the design case to 63.8 ppbCin the control case, a reduction of
21% The average yield of 3 per pphC fell from1.10 to 1.05 The 23.2%reduction
in VOC em ssions reduced new O3 production and CH propagation causing a 27%

reduction in VOC reacted. The yield of O3 per pphC fell because of the increase in
the reaction of "OHwith NC2.

The 2xQ0 control prediction was 42.5% For the 2xC0 simulations, production
of @ by VOCs was reduced from 78 ppb in the 2xC0 sinulation to 44 ppb in the
controlled 2xCO sinulation, or by 44% The mass of VOC reacted fell from69.9 pphC
in the design case to 39.0 ppbCin the control case, a 43%reduction.

To sunmarize, Figure 14 shows that when CO concentrations are doubled, VOCs
contribute a smaller fraction of the total O3 production, and a greater |evel of VOC
control is required to meet the standard.  Non-VOC sources contribute a greater
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VOC Control Requirenment Prediction

2 (oublw) CO Tralactory

60-
I~ Control lad DoutXe CO

50-

40- i

30- 1

11
1
. Hadl - "I,

A
[¢¢] METH  PAR ETH OLE TQL XYL FORM ALD2 Init NO2Enlraln

Doubt ad CO Traj acl of y
r~  Controllad Coubia CO

© METH  PAR ETH OE Ta XYL FORM  ALD2
452 a a  Ooutxad CO TrajKtory
r~n  Controlled QoutMa CO
40-
35-
30-
g
M
. 25
|
20- 1
15 - 1 1
10- ..
A l l
1 AAAnll
o- [ | | |
[¢0] METH  PAR ETH QLE TQL XYL FORM  ALD2 Initial Entrain

Figure 13. Bar graph conparing VOC reacted and B yields in 2xC0 case and 2xC0 control

si mul ations.
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VOC Control Requirenent Prediction

Table 23, Time dependent CH summary for 2xC0 and control | ed

2xQ0 sinul ati ons.

"Doubl e CO Surf and Aloft, 0.6:0.1, Std VCC'

" " "dnOH" "X nOH" "X nCH' "CH' "Total " "dOoH "CH Termination"
“Time"  "ppb" "organ" "inorg" "Ch.L." "OH' "dH02"  "Xog" "Xinorg"
1 .01 99.7 .3 2.87 .04 .9941 72.2 27.8
61 1.33 98.4 1.6 3.57 4.74  .9997 78.9 21.1
121 2.32  92.8 7.2 3.43 7.98  .9995 78.0 22.0
181 3.14 81.6 18.4 3.19 9.99 .9994 75.7 24.3
241 4.08 69.3 30.7 3.19 13.03  .9990 75.7 24.3
302 5.12 58.4 41.6 3.33 17.04  .9983 77.0 23.0
362 6.00 49.0 51.0 3.61 21.69  .9953 79.8  20.2
420 6.46 41.0 59.0 4.07 26.30 .9779 84.8 15.2
483 6.05 32.5 67.5 3.97 24.06  .8993  90.1 9.9
540 4.58 261  73.2 3.42 15.64  .7959  93.3 6.7
602 2.78 27,9 72,1 3.41 9.48  .7647 94.4 5,6
661 1.20 36.4 63.6 4.09 4.89 .7878 94.6 5, 4
721 .29 54.6 45,4 5,58 1.64  .8169 94.4 5.6
780 .05 82.0 18,0 5.93 .28  .8393 94.3 5,7
Ave 43, 43 50. 8 49.2 3.63 157.76 . 9316 84.1 15.9

Note: PPMnew OH is nornelized to 60 nin intervals.

"Doubl e CO Surf and Aloft, 0.6:0.1. Std VCC'

3SSSSSSSS SSSXSXNS SSSSSBSSXX XSSSSSSXS SXXS2«& ANSSSSS SXXSX S«SS SsSssssa

" " "dnOH' "X nOH' "X nOH' "OH' "Total" "doOH' "OH Ternination"
"Time"  "ppb" "organ" "inorg" "Ch.L." "CH' "dH02" "Xog" "Xinorg"

1 .01 99. 5 .5 2.64 .02 . 9937 67.3 32.7
61 .67 97,0 3.0 3.34 2.24 . 9997 75.1 24.9
120 1.15 87.2 12.8 3. 36 3.88 . 9996 75.3 24.7
182 1, 66 71. 4 28.6 3.25 5.39 . 9994 74.0 26.0
241 2.30 58, 4 41. 6 3.34 7.68 . 9993 74.6 25. 4
301 2,97 49.5 50.5 3.50 10. 40 . 9990 75.8 24.2
361 3.59 42. 4 57.6 3.76 13. 50 . 9981 77.6 22. 4
420 3.92 36, 8 63. 2 4,21 16. 51 . 9950 80, 6 19. 4
483 3.89 32,5 67.5 4, 80 18, 70 , 9826 84.8 15.2
542 3. 26 29.5 70.5 5.09 16. 58 , 9477 88.6 11. 4
604 2.03 29.6 70. 4 5.09 10. 33 , 9071 91.0 9.0
661 .87 36.0 64.0 5.64 4.92 . 8961 92.0 8.0
720 .21 51.1 48. 9 6. 90 1.43 . 8954 92.1 7.9
780 .03 74,3 25.7 6. 28 .18 . 8743 92.1 8.0
Ave 26. 65 44. 7 55.3 4.24 112.91 . 9718 82.3 17.7

Note: PPMnew OH is nornalized to 60 nmin intervals
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VOC Control Requirenent Prediction

120
VOC Sour ce

n2 CO Source
EHU  non-VOC Source

?’03

03°®

Base Sim Doubl e CO Doubl ed CO Doubl e CO
S(m Desi gn Cont rol Contr ol

Figure 14. Bar graph conmparing @3 production from VOC and non-VOC sources for design

val ue and control simulations.

fraction of the G production in the control scenario. This suggests that CO and
NOx control strategies shoul d be considered in addition to the VOC control strategy.
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Concl udi ng Remar ks

Traditionally, air pollution nodels produce output in the formof concentration
profiles. I'n some nodels, instantaneous rates of reaction can be included in the
output, but these axe difficult to analyze.

The integrated rate analysis nethod can significantly inprove our understand-
ing of model predictions. It saves information on the rates of reactions which is
lost in sinple concentration profiles. Integrated rates are useful because they show
what happens over sone time interval rather than an instantaneous point in tine.

The | RREVAL program automates the analysis of the integrated rates. It
enabl es the user to elimnate the confusing effect of groups of reactions which rapidly
Interconvert species. It can use a mass halance on intermediate species to show the
final products of a species after all of the internediates inits degradation chain

have react ed.

| RREVAL evol ved froma programwhich performed a sinple mass anal ysis
on a given species. As arestdt, it was not planned nor designed for efficiency. It
has the advantage that the origin of values in each output file can be understood
by going back to more primtive output files. For exanple, the values givenin an
OH svmmary table in the TIMfile can be traced back to the conplete HX bal ance
performed each interval in the HXx output file. The source of values given in the

HOx bal ance can be found in the BAL output file. This is very useful for debugging
errors when the programis nodified.

| RREVAL has several potential applications which were not developed in the
exanple in Chapter 7. It could be used, for exanple, to performa conplete carbon
mass bal ance. It has the advantage that umeactive species, such as CO2, which were
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FViture Mdificationg to | RREVAL Concl udi ng Remarks

ignored in the nodel can be reintroduced into the conpressed mechanismfile and
included in the | RREVAL ajialysis.

It woul d also be useful for conparing different chemical nechanisnms. The
ability to atrribute O3 production to specific organics and to show the new CH

production and CH chain length over time woul d be especial ly useful for conparing
nmechani sns.

Future Modifications to | RREVAL

Several inmprovenent shoidd be made in the program Currently, the program shows
sinply the total production of O3 fromeach source. Some sources produce (3 at
different times in the simlation, and O3 |osses occur during the sinulation. It
woul d be useful to know the fraction of the final concentration of O3 attributed to

each source as well as the total amount of (8 produced by each source. This can he
done using the algorithmthat is currently used for NJ

Some (B is lost in the algorithmuwhich elimnates the replaced species for the
time dependent analysis. This is usually less than 3%of the total O3 production.

Ctirrently, the lost mass is recovered by redistributing it anong the primry VOGs.
This error shoul d be reduced.

The content and structure of the output files will also continue to be changed
or inproved. It mght be desireable to produce plots instead of tables for some of
the out put.

The method of analysis developed in this work could eventual Iy be applied to
the Urban Airshed nodel and to regional scale nmodels.
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Appendi x A
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Appendi x A

As described in Chapter 4, the 3 production fromeach VOCis cal culated by sumn
mng the final NO2 and HO® production fromeach VOC at the end of its reaction
chain. For exanple, for ethene (ETH the equation

AC3 / AHO2 ANO2 ANO2\  AGB
AETH ~ VAETH AHO AETH ANCa

is used to calculate the @3 yield per ETH where

ANC2 Production of N from HO
AHO2 Total Production of HQ

AR Production of (3 from NOQ2
ANQ2 Total Production of N2

AIN102/AH02 is listed at the end of the *.HC output file and ACB/ANC is Hsted at
the end of the *.NOX output file.

Figure 15 shows the ETH chain reaction and the pathways which produce HR2
and NG2. The first level inthe the tree shows the production of each internediate per
ppmof ETH reacted. Lower |evels show the mass (ppm of final products produced
per ppmof intermediate produced in the previous step. For exanple, reactions of
ETH produce 0.0272 ppmof CO per ppmof ETH reacted. Wien COreacts, it produces
one HJ, but only 3%of the total COreacts in this sinulation, so each ppmof CO
produced by ETH causes 0.03 ppmadditional production of HJ.

The production of NCQ or HJ in each path of the chain reaction is calculated
by taking the product of the coeficients at each level inthe tree. The production of
NC2 and HQ2 per ETH are then found by summng HJ and NO2 production in each
path. For exanmple, in Figure 15, N2 production per ETHis cal cul ated as

e (0.9385) (0. 9650) + 0. 2067 . £T06[0. 7364 + (0. 88L1)(0. 3650
10,0198 (0.9%50)] |

= 1.084 ppm ppm
and HO® per ETH production is
AH®2/ AETH = 1. 953 ppm ppm
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ETHENE
0.9474 0. 9385 1. 5250
Ho2 X002 =
0. 9850
NO2
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NO2
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NO2 FORM HO2 %02
0. 9850
NO2
0.5476 0.6374
Ho2 co
0. 030
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Figure 15. Exanple Calculation of AQS/AETH,

ppmof reactant produced (see text).
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Appendi x A

Fromthe *.HC and *. NOX output files in Table 12 (Hne 28) and Table 14 (second
line from end)
ANO2/ AH®2 = 0.9083 ppni ppm

ACa/ ANG = 0.6069 ppm ppm
so the 3 yield per ETH reacted is

ACB/ AETH - {(1.9530) (0. 9083) + 1.084}(0. 6069)
= 1.735

This is the value shown in line 9 of the *.03 output file in Table 11

The calculation is nore conplicated for a time dependent analysis. The (3
production fromETH i's cal cul ated during each interval, but some intermediates
produced in ETH reactions in one interval may not react until later intervals. For
exanple, ETH may react in the first interval to produce ALD2. This ALD2 may react
in the second and third intervals to produce FORM and this FORM may react in
the second through sixth intervals. e can plot AG/AETH as a function of tine,
but it mght be difficult to intepret this plot because the G production does not
occur in the sane interval as the ETH reaction. The @ production fromETH can
be summed over the entire simulation, however, and an average (3 yield can he
cal culated. The average values for a tinme dependent analysis are listed at the end
of the *.TI4 output file. They provide a better approximtion of the O3 yield per
VOC because the time dependent analysis considers the time dependence of the
varoi us chemcal reactions. For the exanple output files in Chapter 5, the time-
averaged anal ysi s gave a AGB/AETH = 1.735, while the tine dependent analysis gave
A3/ AETH = 2.542. The large difference between the two values occurs hecause the
tine-averaged anal ysis overestinates the contribution of initial NG to 8 production
and underestimates the contribution of chemcally produced NC2.
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